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Abstract

Allergic asthma affects more women than men. It is mediated partially by IL-4/IL-13-driven 

polarization of monocyte-derived macrophages in the lung. We tested whether sex differences 

in asthma are due to differential IL-4 responsiveness and/or chemokine receptor expression in 

monocytes and monocyte-derived macrophages from healthy and allergic asthmatic men and 

women. We found female cells expressed M2 genes more robustly following IL-4 stimulation than 

male cells, as did cells from asthmatics than those from healthy controls. This likely resulted from 

increased expression of γC, part of the type I IL-4 receptor, and reduced IL-4–induced SOCS1, 

a negative regulator of IL-4 signaling, in asthmatic compared to healthy macrophages. Monocytes 

from asthmatic women expressed more CX3CR1, which enhances macrophage survival. Our 

findings highlight how sex differences in IL-4 responsiveness and chemokine receptor expression 

may affect monocyte recruitment and macrophage polarization in asthma, potentially leading to 

new sex-specific therapies to manage the disease.
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1. Introduction

Allergic asthma is a common chronic inflammatory disease of the lung that affects 235 

million people worldwide. Asthma prevalence shows a sex difference that changes with age. 

More boys than girls are diagnosed before puberty [1] but, in adulthood, women are twice 

as likely as men to have asthma. Asthmatic women frequently experience premenstrual 

exacerbations, have greater disease severity, and require more corticosteroid treatment than 

men [2]. Sex hormones appear to play an essential role in asthma affecting the function of 

multiple cell types, such as ILC2s [3,4], B-cells/IgE [5,6], mast cells [7,8], and neutrophils 

[9]. However, the cellular and molecular mechanisms in human cells that underpin the sex 

differences in asthma are poorly understood.

Monocytes and macrophages are important contributors to asthma pathogenesis. The 

presence of M2-polarized macrophages is associated with more severe allergic inflammation 

and poor lung function in humans and animal models [10,11]. Furthermore, M2-polarized 

macrophages are more abundant in the airways of female asthmatics than in males [12]. 

M2 macrophages in the lung differentiate either from resident alveolar macrophages [13,14] 

or from recruited monocytes [15,16] in the presence of the Th2-cytokines, IL-4 or IL-13. 

M2 macrophages contribute to allergic lung inflammation by producing eosinophil and 

Th2-cell chemoattractants (e.g., CCL17 and CCL22 [17–19]) and molecules that cause 

tissue remodeling (e.g., MMP12 [20], TGM2 [21], and CD200R [22]). In addition, we and 

others have shown previously that, compared to macrophages from male mice, macrophages 

from female mice express more M2 genes in vitro upon IL-4 stimulation and in vivo after 

allergen challenge [11,23,24].

Although M2 macrophages are more abundant in the lungs of asthmatic women than in 

asthmatic men [12], it is not known whether this is due to more monocyte recruitment to the 

lungs and/or greater propensity to polarize into M2 phenotype upon stimulation with IL-4 

and IL-13 in monocytes and macrophages from asthmatic women compared to asthmatic 

men. How these responses differ from those in monocytes and macrophages from healthy 

men and women has not been studied. Therefore, we hypothesized that sex differences 

in mechanisms of monocyte recruitment and M2 polarization result in more M2-polarized 

MDMs in the lungs of asthmatic women than of asthmatic men, and of healthy men and 

women without the disease. To understand how sex differences and asthma contribute to 

human monocyte-macrophage recruitment and IL-4-induced M2 polarization, we conducted 

an analysis of chemokine and IL-4 receptor expression in peripheral blood monocytes and 

MDMs from asthmatic men and women. We also measured M2 gene expression in response 

to IL-4 and IL-13 in both cell types. We then compared these readouts to same cells from 

healthy men and women without asthma.
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Our interest in the contribution of sex to monocyte-macrophage responses in asthma led us 

to adopt several unique approaches in our study. We accomplished these comparisons in a 

highly controlled manner that accounts for age, race, and sex hormone fluctuations across 

the menstrual cycle in women, by matching pairs of male and female donors for disease 

status, age, and race. Also, we drew blood from the matched pairs simultaneously on the 

morning of day 21 of the woman’s menstrual cycle to avoid sex hormone fluctuations. 

Monocytes and MDMs from the same donor were cultured in autologous serum to 

maintain the identical sex hormone environment during the experiments. These painstaking 

approaches sought to avoid the variability found in human populations and allow new 

insights into how sex differences in monocytes and macrophages affect the outcome of 

allergic asthma.

2. Material and methods

2.1. Study populations

Men and women (21–45 years old) with and without (control) allergic asthma were recruited 

according to guidelines of the Johns Hopkins Institutional Review Board. The demographic 

and clinical features of the participants are reported in Table 1. All allergic asthmatic 

subjects reported allergies to multiple environmental agents, experienced mild-to-moderate 

disease, and used symptom-modifying medications. None used oral systemic steroids 

during the study or were taking, or had a history of taking, immunotherapy treatment. 

Approximately 60% of reproductive-age women take hormonal birth control [25], but only 

1 of 4 healthy women and 4 of 12 asthmatic women in our study were on hormonal birth 

control medication. To minimize day-to-day experimental variation in culture conditions, we 

recruited age- and race-matched subjects in pairs, one female and one male, either healthy 

or asthmatic, for blood collection and simultaneous peripheral blood mononuclear cell 

(PBMC) isolation and culture. As 20–40% of women with asthma experience premenstrual 

exacerbations [26], all samples were collected on day 21 of the menstrual cycle of each 

female subject between 8:00 AM and 10:00 AM. Serum collected from these subjects was 

used for measurement of sex hormone concentrations and monocyte-to-MDM culture after 

heat inactivation. The data shown in the figures represent paired male–female comparisons 

of samples collected, processed, and quantified in parallel.

AMs were obtained from asthmatic and healthy subjects for the analysis of SOCS1 

expression in response to IL-4. Bronchoalveolar lavages (BAL) were performed to four 

asthmatic study participants enrolled in the INHALE 2 study, an interventional study 

to determine whether removing indoor air pollutants in the homes of asthmatic patients 

improved asthma morbidity and lung inflammation. These study participants were non-

smoking adult men and women, aged 18–50, with a physician diagnosis of asthma. Female 

participants were not pregnant, and none of the participants had other major pulmonary 

diseases. 50% of the subjects were taking inhaled prescription asthma medications; the other 

50% were not taking any medication. The healthy control macrophages were obtained from 

six healthy volunteers who were undergoing a clinically indicated bronchoscopy and lavage 

for diagnostic purposes. Typical reasons for bronchoscopy included possible sarcoidosis (4 

donors) and investigation of lung nodules (2 donors). AMs were obtained from BAL fluid 
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from uninvolved lobes. Forced expiratory volume in 1 s (FEV1) as an indicator of lung 

function was measured on healthy and asthmatic donors. Healthy donors had a FEV1 of 

98% ± 2.7% while the asthmatics had a significantly decreased FEV1 of 76% ± 5.2% (**p < 

0.01) [27].

2.2. PBMC and AM isolation

Enriched monocytes (>90% pure monocytes; Supplemental Fig. 1) were obtained by 

adherence of PBMCs isolated from whole blood by gradient separation in Lympholyte H 

(Cedarlane Laboratories, Ontario, Canada). For qPCR analysis, freshly isolated enriched 

monocytes plated in serum-free X-VIVO 10 (Lonza, USA) were used immediately for 

cytokine stimulation and gene expression experiments. Other enriched monocytes were 

differentiated into MDMs by culture for 7 days in rhM-CSF (25 ng/mL) (R&D Systems) in 

X-VIVO 10 supplemented with 10% heat-inactivated autologous serum (Fig. 1). To measure 

chemokine receptors and IL-4 receptor subunits by flow cytometry, we stained PBMCs 

immediately with antibodies that recognized lineage markers, chemokine receptors, and IL-4 

receptor subunits (see Table 1).

AMs from bronchoscopy samples of asthmatic and healthy subjects were isolated after 

instillation of 50–100 mL warmed sterile saline. Briefly, BAL samples were filtered through 

a 100 μm strainer, rinsed with phosphate-buffered saline and 2% penicillin/streptomycin, 

and counted. BAL cells were plated in serum-free X-VIVO 10 (Lonza, USA) for 2 h. 

Non-adherent cells were removed. AMs were stimulated with IL-4 (20 ng/mL) for 0, 2, 6, or 

24 h in X-VIVO 10 supplemented with 20% Cell-ESS (Essential Pharma, Ewing, NJ).

2.3. Cell culture and real-time RT-PCR

Monocytes and MDMs were stimulated for 24 h with IL-4 (0.1, 0.3, 1.0, 3.0 ng/mL) or with 

IL-13 (3.0 ng/mL). Total RNA was isolated with the RNeasy kit (Qiagen, Valencia, CA), and 

complementary DNA (cDNA) was generated with the SuperScript III First-Strand Synthesis 

System (Invitrogen). Quantitative PCR was carried out with specific primers (Supplemental 

Table 1) in a 7500 Fast Real-Time PCR instrument from Applied Biosystems (Grand Island, 

NY). M2 gene expression was determined by using the 2-ΔΔCT method and compared to the 

amount of mRNA in the unstimulated male sample of each pair.

2.4. Flow cytometry

PBMCs were stained for viability (Zombie Yellow, BioLegend, San Diego, CA) [23]. Anti-

Fc receptor and True-stain Monocyte Blocker (BioLegend) were used to reduce nonspecific 

antibody and fluorophore binding before cells were labeled with antibodies. Non-monocytic 

cells were excluded with a “dump” channel containing CD3, CD19, CD20, CD56, and 

CD66b. Staining with CD14 and CD16 identified the two major human monocytic subsets. 

The antibodies used for IL-4 and chemokine receptor identification are listed in Table 2. 

Stained cells were acquired with a CytoFLEX flow cytometer (Beckman-Coulter, Brea, 

CA), courtesy of the Anesthesiology and Critical Care Medicine Flow Cytometry Core. 

CytEXPERT software v.2.0 (Beckman-Coulter) was used for analysis, and isotype control 

antibody-labeled cells were used to set negative gates. Data are reported as the change in 

mean fluorescence intensity (MFI) of the different receptors (MFI target – MFI isotype).
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2.5. ELISA

Concentrations of testosterone (Immulite 2000 Meditecno), estradiol (MP Biomedicals 

RIA), and progesterone (ALPCO ELISA) were measured in serum by the University of 

Virginia Ligand Assay and Analysis Core.

2.6. Statistics

GraphPad Prism software (La Jolla, CA) was used for all graph generation and statistical 

analysis for IL-4 and chemokine receptor subunits. Data are plotted as the mean ± 

SEM. Statistical significance was determined by using a parametric Student t-test, and p 
< 0.05 was considered statistically significant. For M2 gene expression by qPCR, data 

were analyzed by the Biostatistics Core of the Johns Hopkins Institute for Clinical and 

Translational Research (ICTR). Non-parametric analyses were used to test for differences 

because of the small sample sizes and non-normality of the data. Two-group comparisons, 

i.e., comparing sex, cell type or disease status, were made using Wilcoxon rank sum tests. 

Doses were compared using a Kruskal-Wallis test. No adjustment was made for multiple 

comparisons. Analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, 

NC). All tests were two-sided and significance was set at < 0.05.

2.7. Study approval

Both studies were approved by the Johns Hopkins Institutional Review Board, and written 

informed consent was obtained from each subject.

2.8. Online supplemental material

Supplemental Fig. 1 shows monocyte enrichment by adherence. Supplemental Fig. 2 

shows the gating strategy for CD14+CD16− “classical” and CD14−CD16+ “non-classical” 

monocytes. Supplemental Fig. 3 shows the differential expression of chemokine receptors 

in monocytes and MDMs from allergic asthmatic donors. Supplemental Fig. 4 shows 

sex hormone receptor gene expression on monocytes from allergic asthmatic donors. 

Supplemental Table 1 shows quantitative PCR primer sequences.

3. Results

3.1. Chemokine receptor expression on monocytes from healthy and asthmatic men and 
women

Blood monocyte-derived macrophages recruited to the lung promote allergic lung 

inflammation [16]. Lung M2 macrophages, that correlate with worse lung function, are more 

abundant in asthmatic women [12] and in female mice with allergic lung inflammation than 

in males [23,24]. It is possible that differences in recruitment of monocytes to the allergic 

lung by chemokines might explain sex differences in the abundance of monocyte-derived 

M2 macrophage in the allergic lung. Therefore, to determine sex differences in chemokine 

receptor expression on human monocytes, we measured surface expression of CCR1, CCR2, 

CCR5, and CX3CR1 on CD14+ “classical,” or inflammatory, monocytes and CD16+ “non-

classical,” or “patrolling,” monocytes from asthmatic and healthy men and women by flow 

cytometry (gating strategy, Supplemental Fig. 2). These receptors participate in monocyte 
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recruitment into inflamed tissues [28–31]. No significant differences were present in the 

percentages of CD14+ and CD16+ monocytes between men and women (Fig. 2A). However, 

we observed slight a trend toward a greater percentage of CD14+ monocytes in the PBMCs 

from women than in those from men, regardless of whether they were healthy or asthmatic. 

Conversely, men had a trend toward a greater percentage of CD16+ monocytes.

CD14+ monocytes expressed an average of 12-fold more CCR1 than did CD16+monocytes. 

No differences were observed in CCR1 expression between cells from men and women, or 

between asthmatic and healthy subjects (Fig. 2B). CCR2, a receptor necessary for monocyte 

egress from bone marrow and recruitment into inflamed tissue [32], was expressed 

predominantly in CD14+ monocytes. Expression of CCR2 was significantly lower on CD14+ 

monocytes from asthmatic men than on similar cells from healthy men (Fig. 2C). We did not 

detect sex differences in CCR2 expression between men and women (Fig. 2C), but we noted 

that expression of CCR2 decreased after monocyte-to-MDM maturation (Supplemental Fig. 

3).

CD14+ monocytes from healthy and asthmatic women, and asthmatic males, expressed 

similar levels of CCR5, while it was essentially undetectable in similar cells from healthy 

males (Fig. 2D). Although there were no differences in CX3CR1 expression in monocytes 

from healthy subjects, CD14+ monocytes from asthmatic women had a modest but 

significantly higher expression of CX3CR1 than those from asthmatic men (Fig. 2E).

3.2. IL-4-/IL-13-induced M2 gene expression in monocytes and MDMs

IL-4 and IL-13 are major drivers of the M2 polarization program in macrophages [33,34]. 

To determine sex differences in the degree of M2 polarization of human monocytes 

and MDMs in response to IL-4 and IL-13 stimulation, we compared expression of 

five IL-4/IL-13-induced M2 macrophage genes. We measured CCL17, CCL22, TGM2, 

MMP12, and CD200R by qPCR, as these genes had been described previously as being 

detrimental to lung function or related to lung fibrosis [17,18,20–22,35]. M2 polarization 

of monocytes and MDMs from asthmatic and healthy men and women was measured using 

low concentrations of IL-4 and IL-13 to reveal subtle differences in the response among 

the different experimental groups. A schematic of the experimental approach is shown in 

Fig. 1. Thorough statistical analysis was performed by the Biostatistics Core of the Johns 

Hopkins Institute for Clinical and Translational Research (ICTR), to detect differences 

between the men and women, disease status (healthy or allergic asthmatic), and the different 

concentrations of cytokine stimulus (details in section 2.6. Statistics). We were able to detect 

statistically significant differences in M2 gene expression between the different groups, 

despite the small sample size. In general, IL-4 induced the mRNAs for the five M2 genes 

more robustly in cells from asthmatic than from healthy subjects, and from female MDMs 

more than male MDMs. This is emphasized by the shaded gradient towards the lower right 

corner in each set of graphs.
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3.3. CCL17 and CCL22 are highly induced in MDMs from asthmatic subjects, with female 
dominance of CCL22

Monocytes and MDMs from asthmatic men and women expressed significantly more 

CCL17 in response to IL-4/IL-13, indicated by the vertical arrows to the right of each 

graph (Fig. 3A–D) compared to same cells from healthy controls. However, these responses 

were small. CCL17 induction was greater in response to IL-4 than to IL-13 and more 

robust in monocytes than in MDMs. Monocytes from asthmatic subjects expressed up to 

25-fold more CCL17 than did MDMs from the same group. Overall, female cells expressed 

more CCL17 than males in response to IL-4 but variability within the group prevented 

statistical significance from being reached. Expression of CCL22 (Fig. 3E–H) in MDMs 

from asthmatic women was highly induced by IL-4 concentrations as low as 0.3 ng/mL (Fig. 

3H) although variability precluded detection of sex differences.

3.4. Tissue remodeling genes MMP12 and TGM2 increase in asthmatic men and women

MMP12 is involved in lung fibrosis and tissue remodeling, and is associated with severe 

asthma [36,37]. IL-4/IL-13 induced MMP12 expression in all male groups (Fig. 4A–D), 

yet MDMs from asthmatic women showed greater MMP12 induction after stimulation (Fig. 

4D). MMP12 expression was significantly greater in MDMs from asthmatic compared to 

healthy women (Fig. 4B, D). Similarly, TGM2, a key initiator of airway inflammation [21], 

was also mainly induced by IL-4/IL-13 in MDMs rather than monocytes (Fig. 4E, G). We 

saw a clear and robust concentration-dependent induction of TGM2 in MDMs only from 

asthmatic subjects (Fig. 4H), not from healthy ones (Fig. 4F). Moreover, even at baseline, 

unstimulated MDMs from asthmatic females expressed higher levels of TGM2 than MDMs 

from asthmatic males

3.5. Sex differences in CD200R

CD200R is a marker of M2 macrophage polarization [38] and a negative regulator of 

AM responses [22]. No CD200R gene induction was observed in monocytes from healthy 

subjects (Fig. 5A). Induction of CD200R was poor in asthmatic monocytes as well, although 

statistically significant in some male samples (Fig. 5C). IL-4/IL-13 did not induce CD200R 
expression on MDMs from healthy men and women, but IL-4 elicited a concentration-

dependent increase in CD200R expression in MDMs from asthmatic men (Fig. 5B, D). 

MDMs from asthmatic men expressed significantly more CD200R than did monocytes from 

asthmatic men (4C, D) or MDMs from asthmatic women (Fig. 5D) upon IL-13 stimulation.

3.6. Sex differences in IL-4 and IL-13 receptor subunits and SOCS1 in human monocytes 
and macrophages

We hypothesized that differences in expression of cell surface IL-4 receptor complexes, 

estrogen or androgen receptors, or regulators of IL-4 signaling such as SOCS1, might 

explain the differential responsiveness of the cells to IL-4 and IL-13. To test this, we 

measured the surface expression of all four of the IL-4 and IL-13 receptor subunits on 

CD14+ and CD16+ monocytes and MDMs by flow cytometry. Expression of γC, which is 

part of the type I IL-4R complex, was significantly greater on CD14+ monocytes than on 

CD16+ monocytes (Fig. 6A). CD14+ monocytes from asthmatic subjects expressed more 
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γC than did those from healthy controls, and asthmatic women had significantly more γC 

than did asthmatic men (Fig. 6A). Similarly, γC expression was greater on MDMs from 

asthmatics than from healthy subjects (Fig. 6E).

Next, we measured IL-4Rα, the IL-4 ligand-binding subunit of type I IL-4 receptors (Fig. 

6B). The expression of IL-4Rα on CD14+ monocytes was much greater than that on CD16+ 

cells, which was very low, and no differences were observed among groups (Fig. 6B). 

IL-4Rα was more easily measurable on MDMs from asthmatic subjects than on those 

of healthy controls (Fig. 6F). Expression of IL-13Rα1 was robustly expressed on CD14+ 

monocytes and very low on CD16+ cells but did not differ between the sexes or the groups 

(Fig. 6C). IL-13Rα1 was also significantly lower on MDMs than on CD14+ monocytes (Fig. 

6G).

Surface expression of IL-13Rα2, the inhibitory or “decoy” receptor for IL-13, was more 

strongly expressed in CD14+ monocytes than in CD16+ cells across the sexes and groups. 

Expression of IL-13Rα2 showed a trend to slightly higher expression on CD14+ monocytes 

from healthy men than on those from healthy women (Fig. 6D) and on MDMs than on 

monocytes (Fig. 6H).

We previously demonstrated that estrogen and androgen acting through their respective 

receptors augment M2 polarization of mouse macrophages in vivo and in vitro [23,39]. 

To determine whether differences in estrogen and androgen receptor expression might 

contribute to enhanced M2 polarization, we measured expression levels in monocytes 

from asthmatic men and women by qPCR. Monocytes from women expressed all estrogen 

receptor-α isoforms (ER α 66, 46, and 33) to a greater degree than did monocytes from 

men. Surprisingly, women exhibited significantly greater androgen receptor (AR) expression 

on monocytes than did men (Supplemental Fig. 4), despite having 13.5-fold less circulating 

testosterone (Table 1). Interestingly, the concentration of estrogen in asthmatic men was 

elevated above the normal range for healthy men.

We previously reported that SOCS1, a negative regulator of IL-4 signaling and M2 

polarization, was poorly induced by IL-4 in peripheral blood monocytes from allergic 

individuals compared to healthy controls [40]. To determine whether this was true for 

lung macrophages, we compared SOCS1 induction in BAL macrophages from the lungs of 

allergic asthmatic and healthy men and women. Although we did not segregate by sex, AMs 

from asthmatic subjects exhibited less induction of SOCS1 in response to IL-4 than did AMs 

from healthy controls at 2, 6, and 24 h after stimulation (Fig. 6I).

4. Discussion

In this study, we have shown important differences between monocytes and MDMs from 

asthmatic and healthy subjects and between men and women. To our knowledge, this is 

the first study to examine sex differences in human monocyte-macrophage M2 polarization 

in response to IL-4 and IL-13. Further, we carefully analyzed all subunits of the IL-4/−13 

receptor complex and key chemokine receptors. Our study uniquely controls for menstrual 

cycle as a variable. In summary, we found moderate sex differences in CX3CR1 expression 
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on CD14+ monocytes from asthmatic women and men. This suggests possible enhanced 

survival of these cells in women although further experiments are needed to support this 

hypothesis. Also, we found monocytes and MDMs from asthmatic subjects had increased 

sensitivity to IL-4/IL-13, leading to enhanced M2 polarization, which was greatest in 

MDMs from asthmatic women. IL-4R subunits from asthmatic subjects, particularly in 

γC expression, support greater IL-4 responsiveness in female than in male monocytes. We 

also noted poor induction of SOCS1 that downregulates IL-4 signaling and M2 polarization 

in AMs from asthmatics, recapitulating our observations in blood monocytes from allergic 

individuals [40]. Due to the small sample size, we did not segregate SOCS1 expression in 

AM by sex. When we did, SOCS1 was more highly expressed in AM from both healthy 

and asthmatic male cells compared to their female counterparts (data not shown), but more 

samples are required to solidify this finding. Poor induction of SOCS1 in asthmatic AMs 

supports the idea that lung-infiltrating monocytes that differentiate into AMs lack regulation 

of IL-4-directed polarization to the M2 phenotype, with female cells being more affected 

than male cells.

Percentages of CD14+ and CD16+ monocytes in PBMCs were similar across the different 

groups in our study, but several significant differences were found in the expression of 

key monocyte-macrophage chemokine receptors. CCR1 has been studied as a monocyte 

chemoattractant in other diseases [41], but monocyte subset-specific expression has not 

been conclusively demonstrated [42]. We showed that CCR1 is expressed predominately 

on CD14+CD16− “classical” monocytes and can be used to differentiate classical from 

non-classical human blood monocytes. Expression of CCR2 and CCR5 was related to 

disease status, with greater CCR2 on healthy cells and more CCR5 in asthmatic cells. As 

CCR2 acts as a “chemokine sink”, CD14+ monocytes from asthmatic subjects with less 

surface CCR2 may have a reduced ability to clear high concentrations of CCL2 and other 

CCR2-utilizing chemokines found in the allergic asthmatic lung [43]. CCR5, a marker 

of monocyte-to-macrophage differentiation [44], was greater on CD14+ monocytes from 

healthy women than from healthy men. Hence, CD14+ monocytes from women may have 

a greater propensity to accumulate in inflamed lung and are potentially primed to become 

pathogenic macrophages. CX3CR1, which promotes monocyte cell survival [29] and M2 

macrophage-mediated lung fibrosis [28], was greater on CD14+ monocytes of asthmatic 

women than on those of asthmatic men. Together, our work suggests that CD14+ monocytes 

in women may be responsible, in part, for sex differences in asthma-associated allergic 

inflammation, as they are recruited more easily, survive more efficiently, and have less 

capacity to down regulate local CCL2 responses than monocytes from men.

Our comparison of IL-4- and IL-13–induced M2 genes in primary human monocytes and 

MDMs revealed important differences between asthmatic and healthy subjects, monocytes 

and MDMs, and men and women. Notably, the greater responsiveness of monocytes and 

MDMs from asthmatic subjects to IL-4 and IL-13 resulted in increased M2 gene expression. 

Our data suggest that, with monocytes as potential source of CCL17 and MDMs as potential 

source of CCL22, allergic inflammation would be compounded by increased Th2 cell 

recruitment in the lungs of asthmatic women. Indeed, blockade of CCL17, CCL22, and 

their receptor, CCR4, suppresses inflammation in various models [45] and might represent 

a potential therapy for asthma in women. TGM2, MMP12, and CD200R were dramatically 
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induced by IL-4/13 in MDMs. Moreover, MDMs from asthmatic women expressed MMP12 
and TGM2 mRNA to a high degree even in the absence of cytokine. Greater induction of the 

negative regulator CD200R in monocytes from asthmatic men and MDMs from asthmatic 

and healthy men suggests that MDMs from men may downregulate activated M2 responses 

more efficiently than MDMs from women. Future studies will test expression of these 

and other M2 marker proteins, and the functional consequences of differential chemokine 

receptor expression on monocyte recruitment and cell survival.

We found that the four IL-4/−13 receptor subunits are expressed predominantly on CD14+ 

cells. Analysis of all receptor chains is essential because the ratio of subunits that compose 

functionally competent type I and II IL-4 receptor complexes dictates the outcome of 

IL-4/−13 responses [46]. In particular, γC expression and type I IL-4 receptor engagement 

specifically activates IRS-2 signaling and more robust M2 gene expression in macrophages 

[46]. The elevated expression of γC on CD14+ monocytes from asthmatic subjects, coupled 

with the higher M2 gene expression observed in women and asthmatic subjects, led us 

to conclude that CD14+ monocytes from asthmatics and from women have enhanced 

sensitivity to IL-4. Greater expression of γC likely also affects CD14+ monocyte responses 

to other asthma-associated cytokines, IL-2, IL-7, IL-9, IL-15, and IL-21, which utilize 

γC-containing receptor complexes. How sex differences in γC expression on monocytes 

affect the IL-4/type I receptor-triggered signaling pathways to increase M2 gene expression 

and responses to other γC cytokines will be the subject of future studies.

Previous reports have highlighted that asthma prevalence and symptoms differ among adults 

depending on genetic background [47] and age [48]. Here, we carefully matched the male 

and female blood donor pairs for age and race and sampled subject pairs when the female 

was in the mid-luteal phase (day 21) of the menstrual cycle. Subsequently, cells were 

cultured in autologous serum to exclude animal serum proteins or hormones for our M2 gene 

expression studies, we measured the relative gene expression of our matched subject pairs 

using the unstimulated male value as the baseline for comparison. This approach was useful 

for revealing baseline differences in gene expression between men and women, but it added 

greater variability in values from the female groups. In addition, although subjects taking 

systemic steroids were excluded from our study, it was impractical to exclude asthmatics 

using over-the-counter medications, such as antihistamines (Table 1); these compounds also 

have the potential to impact the monocyte-MDM phenotype and responses. Nonetheless, we 

were able to detect disease and sex-specific differences in monocytes and MDMs.

Although we found the expected differences in female and male sex hormones and ER 

α expression between men and women, surprisingly, AR expression was higher in female 

than in male monocytes. How this expression affects monocyte biology in women that lack 

significant concentrations of androgen is unknown [49], although both E2 and DHT promote 

M2 macrophage polarization in vitro [23,39].

5. Conclusions

Here, we have shown that monocytes and MDMs from asthmatic and healthy women and 

men differed in their responsiveness to IL-4/−13 by sex that could impact the outcome of 
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allergic asthma. In general, MDMs expressed IL-4-induced M2 genes more robustly than 

monocytes. Similarly, asthmatic MDMs were more responsive than MDMs from healthy 

men and women. This reveals the importance of MDMs as mediators of inflammation 

in asthma and suggests why women suffer more severe asthma in general than men. 

Analysis of cell surface IL-4 receptor complexes and chemokine receptors revealed that 

the four IL-4/−13 receptor subunits are expressed predominantly on CD14+ cells compared 

to CD16+, that γC expression was greater on MDMs from asthmatics than from healthy 

subjects, and that asthmatic women had significantly more γC than did asthmatic men. 

Also, interesting differences were found in chemokine receptor expression on monocytes. 

CD14+ cells from asthmatic women may be responsible, in part, for sex differences in 

asthma-associated allergic inflammation as might have a decreased regulatory profile (lower 

expression of CCR2), accelerated maturation into macrophages (increased CCR5), and 

increased survival (increased CX3CR1) when compared to monocytes from men.

In summary, we have shown important differences between monocytes and MDMs from 

asthmatic and healthy subjects and from men and women. Our results suggest that targeting 

recruitment, cytokine responsivity, and hormone responses have the potential to be exploited 

to treat sex-related asthma exacerbations.
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Fig. 1. 
Schematic of the experimental approach to blood donor characteristics, matching, 

monocyte and MDMs culture, and stimulation conditions. A peripheral blood sample was 

simultaneously obtained from age-and race-matched subjects in pairs, one female and one 

male, either healthy or asthmatic between 8:00 AM and 10:00 AM on day 21 of the 

menstrual cycle of each female subject. Blood mononuclear cells (PBMC) were isolated by 

gradient separation and monocytes were enriched by adhesion. Serum from each subject 

was collected for monocyte-to-MDM culture after heat inactivation (autologous serum). 

Enriched monocytes were either stimulated with IL-4 or IL-13 for 24 h prior to mRNA 

collection or cultured in 10% autologous serum and 25 ng/mL of rmM-CSF for 7 days 

(monocyte-to-MDM culture), MDMs were stimulated with IL-4 or IL-13 for 24 h followed 

by mRNA collection.
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Fig. 2. 
Monocyte subpopulations in peripheral blood and monocyte chemokine receptor expression 

in healthy and allergic asthmatic men and women. PBMCs were isolated from the peripheral 

blood of healthy and allergic asthmatic study participants, stained with specific antibodies 

for surface markers of monocyte subsets and chemokine receptors, and analyzed by flow 

cytometry. Monocytes were gated on live cells, CD45+CD3−CD19−CD20−CD56−CD66b−, 

and either CD14+ or CD16+. (A) Differential proportions of CD14+CD16− “classical” and 

CD14−CD16+ “non-classical” monocytes in PBMCs. (B-E) Analysis of (B) CCR1, (C) 

CCR2, (D) CCR5, and (E) CX3CR1 in classical and non-classical monocytes. The change in 

mean fluorescence intensity (MFI) of the different chemokine receptors (MFI target – MFI 

isotype) is shown. The number of donors in each group are healthy male (n = 14), healthy 

female (n = 11), asthmatic male (n = 12), and asthmatic female (n = 13). *p < 0.05, **p < 

0.01.
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Fig. 3. 
CCL17 and CCL22 gene expression in monocytes and MDMs. Monocytes were enriched 

from PBMCs of healthy and allergic study participants, serum-starved for 2 h, and 

stimulated with 0.1, 0.3, 1.0, or 3.0 ng/mL IL-4 or 3.0 ng/mL IL-13. Monocytes from 

the same donor were grown simultaneously into MDMs by culturing them for 7 days in 

25 ng/mL rhM-CSF and autologous serum. After the same IL-4/IL-13 stimulation protocol 

as before, RNA was harvested from the MDMs, and expression of the indicated M2 genes 

was determined by qPCR using the ΔΔ cycle threshold (CT) method. Amounts of mRNA 

were compared to those in the male unstimulated sample of each pair. CCL17 expression 

in (A) monocytes and (B) MDMs from healthy subjects; (C) monocytes and (D) MDMs 

from asthmatic subjects. CCL22 expression in (E) monocytes and (F) MDMs from healthy 

subjects; (G) monocytes and (H) MDMs from asthmatic subjects. The number of donors in 

each group is shown in Table 1. † p < 0.05, comparing asthmatic and healthy samples of the 

same cell type and sex. ▲ p < 0.05, comparing monocytes and MDMs from participants of 

the same health status and sex. The dashed vertical arrow indicates a statistically significant 

response in males, and the solid vertical arrow indicates a statistically significant response in 

females in the expression of the M2 genes after IL-4 and IL-13 stimulation.
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Fig. 4. 
MMP12 and TGM2 gene expression in monocytes and MDMs. Monocytes and MDMs were 

grown and stimulated as described in Fig. 3. Gene expression was analyzed as in Fig. 3. 

MMP12 expression in (A) monocytes and (B) MDMs from healthy subjects; (C) monocytes 

and (D) MDMs from asthmatic subjects. TGM2 expression in (E) monocytes and (F) MDMs 

from healthy subjects; (G) monocytes and (H) MDMs from asthmatic subjects. The number 

of donors in each group is shown in Table 1. † p < 0.05, comparing asthmatic and healthy 

samples of the same cell type and sex. ▲ p < 0.05, comparing monocytes and MDMs 

from participants of the same health status and sex. Dashed and solid arrows indicate a 

statistically significant increase in cytokine-dependent M2 gene expression in males and 

females, respectively. *p < 0.05, comparing men and women of the same health status, cell 

type, and cytokine stimulation.
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Fig. 5. 
CD200R gene expression in monocytes and MDMs. Monocytes and MDMs were grown and 

stimulated as described in the legend to Fig. 3. Gene expression was also analyzed as in 

Fig. 3. CD200R expression in (A) monocytes and (B) MDMs from healthy subjects and (C) 

monocytes and (D) MDMs from asthmatic subjects. The number of donors in each group 

is shown in Table 1. † p < 0.05, comparing asthmatic and healthy samples of the same cell 

type and sex. ▲ P < 0.05, comparing monocytes and MDMs from subjects of the same 

health status and sex. Dashed and solid arrows indicate a statistically significant increase 

in cytokine-dependent M2 gene expression in males and females, respectively. *p < 0.05, 

comparing men and women of the same health status, cell type, and cytokine stimulation.
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Fig. 6. 
IL-4 and IL-13 receptor subunit expression on monocytes and MDMs, and induction of 

SOCS1 in AMs of healthy and asthmatic men and women. PBMCs were isolated from 

the peripheral blood of healthy and allergic asthmatic study participants, stained as in Fig. 

2 for monocyte subsets and for IL-4 and IL-13 receptor subunits, and analyzed by flow 

cytometry. Monocytes were gated on live cells, CD45+CD3−CD19−CD20−CD56−CD66b−, 

and either CD14+ or CD16+. Analysis of (A) gamma C (γC), (B) IL-4Rα, (C) IL-13Rα1, 

and (D) IL-13Rα2 in “classical” and “non-classical” monocytes. MDMs were identified as 

live CD45+CD14+CD16+ cells. Analysis of (E) γC, (F) IL-4Rα, (G) IL-13Rα1, and (H) 

IL-13Rα2 in MDMs. The change in mean fluorescence intensity (MFI) of the different IL-4 

and IL-13 receptor subunits (MFI target – MFI isotype) is shown. The number of donors in 

each group is the same as in Fig. 1. (I) AMs were isolated from the lungs of healthy (n = 

6) and asthmatic (n = 4) subjects and stimulated with IL-4 (20 ng/mL) for 0, 2, 6, or 24 h. 

Expression of SOCS1 was determined by qPCR using the ΔΔ cycle threshold (CT) method. 

Amounts of mRNA were compared to those in the unstimulated sample of each donor. *p < 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Becerra-Díaz et al. Page 21

Cell Immunol. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Becerra-Díaz et al. Page 22

Table 1

Demographic and clinical information of study participants.

Participant demographics Healthy men (n = 4) Healthy women (n = 
4) Asthmatic men (n = 12) Asthmatic women (n = 

12)

Age (y), mean ± SEM 36.8 ± 4.4 40.5 ± 4.1 28.1 ± 1.7 28.3 ± 2.0

Race, n (%)

Caucasian 4 (100) 2 (50) 7 (58.3) 7 (58.3)

African American 0 1 (25) 1 (8.3) 1 (8.3)

Latino 0 0 2 (16.6) 2 (16.6)

Asian 0 1 (25) 2 (16.6) 2 (16.6)

Two allergic triggers, n (%) N/A N/A 12 (100) 12 (100)

Three or more allergic triggers, n 
(%)

N/A N/A 7 (58.3) 8 (66.6)

Serum sex hormone concentration, mean ± SEM

Testosterone, ng/ mL* N/A N/A 3.65 ± 0.45 0.27 ± 0.04

Progesterone, ng/ mL† 0.31 ± 0.03 4.73 ± 1.08

Estrogen, pg/mL‡ 114.9 ± 8.8 199.6 ± 23.9

Oral contraceptive use, n (%) N/A 1 (25) N/A 4 (33.3)

Medication use, n (%)

Albuterol inhaler, n (%) N/A N/A 7 (58.3) 8 (66.6)

Over-the-counter antihistamines N/A N/A 7 (58.3) 10 (83.3)

Body mass index, mean ± SEM§ 27.3 ± 4.1 24.1 ± 1.5 28.0 ± 1.1 27.4 ± 2.8

N/A indicates not applicable.

*
The normal range of serum testosterone is 2–15 ng/mL for men and 0.2–0.8 ng/ mL for women.

†
The normal range of serum progesterone is 0.25–0.90 ng/mL for men and 1–18 ng/mL for women.

‡
The normal range of serum estrogen is 15–50 pg/mL for men and 60–200 pg/ mL for women.

§
Normal = 18.5–24.9; overweight = 25.0–29.9.
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Table 2

Antibodies used for flow cytometry analysis of monocyte populations and surface receptor.

Antibody Fluorophore Clone

CD3 FITC HIT3a

CD19 FITC HIB19

CD20 FITC 2HT

CD56 FITC MEM-188

CD66b FITC G10F5

CD14 APC-Cy7 HCD14

CD16 PerCP 3G8

CCR5 PE 2D7

CCR1 PECy7 5F10B29

CCR2 APC K036C2

CX3CR1 BV421 2A9–1

IL-13Rα1 PE 419718

IL-13Rα2 PE B-D13

γC APC TUGh4

IL-4Rα APC 25463
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