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Abstract

Despite high levels of MMR-II usage in the US, mumps outbreaks continue to occur. Evidence 

suggests that mumps vaccine-induced humoral immunity wanes over time. Relatively few studies 

have examined cell-mediated immunity or reported on sex-based differences. To better understand 

sex-based differences in the immune response to mumps vaccine, we measured neutralizing 

antibody titers and mumps-specific cytokine/chemokine responses in a cohort of 748 adolescents 

and young adults after two doses of MMR vaccine. We observed significantly higher neutralizing 

antibody titers in females than in males (120.8 IU/mL, 98.7IU/mL, p=0.038) but significantly 

higher secretion levels of MIP-1α, MIP-1β, TNFα, IL-6, IFNγ, and IL-1β in males compared to 

females. These data demonstrate that sex influences mumps-specific humoral and cell-mediated 

immune response outcomes, a phenomenon that should be considered during efforts to improve 

vaccines and prevent future outbreaks.
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Introduction

Humans serve as the only natural host for mumps virus. The current live attenuated mumps 

virus (MuV) vaccine in the US contains the Jeryl Lynn (JL) strain, and for more than 30 

years, has been administered as a two-dose series in the U.S. as part of the trivalent measles-

mumps-rubella (MMR) vaccine [1]. Although the introduction of vaccination against mumps 

substantially reduced disease incidence, recent outbreaks in vaccinated populations and 

subsequent study findings have demonstrated inadequate long-term mumps vaccine efficacy 

[1–5]. From 2015 to 2019, the CDC reported nearly 20,000 mumps cases throughout the 
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United States [6]. Multiple studies report waning of MuV-specific antibody titers and a 

decline in seropositivity starting at 8 years to as late as 27 years after vaccination [3, 

7–9]. The effect of waning immunity to mumps vaccine has been observed on college 

campuses, when 10–15 years have generally passed since students’ last immunization, and 

outbreaks have been observed [2, 3, 10, 11]. It is probable that disease prevalence has been 

underestimated, given that nearly one third of those infected remain asymptomatic [12][13].

Despite similar vaccination rates, a greater disease incidence has been reported in several 

studies in females compared to males [2, 14, 15]. Studies have demonstrated that female 

adolescents exhibit significantly higher mumps-specific IgG antibody titers than males 

[16–18]. Though mumps-specific sex-based differences in humoral immunity have been 

reported, little is known about the effect of sex on vaccine-induced cellular immunity. It 

has been suggested that cellular immunity may provide protection against mumps infection 

in individuals who experience exposure to natural infection but lack detectable mumps 

virus-specific antibodies [19]. It is known that mumps-specific T cell responses may be 

maintained longer than memory B cells and virus-specific long-lived plasma cells, which 

have been thought to confer protective immunity [1, 20, 21].

In this study, we sought to examine mumps-specific immune responses (i.e., neutralizing 

antibody and cytokine/chemokine responses) in healthy adolescents following two doses of 

MMR-II vaccine in order to understand inter-individual variation and sex-based differences 

in immune responses to mumps vaccination.

Methods

Study Design

As previously detailed [22–25], the 748-subject study cohort was formed from two 

independent, age-stratified cohorts from the Minnesota Independent School District 535 in 

Rochester, MN. Subjects were 11–19 years of age and had been vaccinated with two doses 

of MMR-II vaccine, with the second dose received 1–17 years prior to study participation. 

There were no known mumps outbreaks in the surrounding area during the lifetimes of 

participants prior to sample collection. All study participants provided written informed 

consent, and all study proceedings were endorsed by the Mayo Clinic Institutional Review 

Board. The methods described herein are similar or identical to those we have previously 

published for other mumps-specific studies [9, 26, 27].

PBMC isolation and storage

Blood collection and biospecimen processing and storage methods are identical to those 

reported in previous studies [28, 29, 30]. Briefly, collection of whole blood from 

subjects was performed using BD Vacutainer® CPT™ tubes containing sodium citrate. 

Peripheral blood mononuclear cells (PBMCs) were isolated according to the manufacturer’s 

protocol (BD; Franklin Lakes, NJ) and established laboratory SOPs. Purified PBMCs 

were re-suspended at 1×10^7 cells/ml in freezing media (GIBCO RPMI with L-glutamine 

[Invitrogen; Carlsbad, CA], 20% heat inactivated FCS [HyClone; Logan, UT [, 10% DMSO 

[Protide Pharmaceuticals Inc.; Lake Zurich], IL]) and stored in liquid nitrogen. Cells were 
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thawed and cultured for the detection of mumps-specific cytokines as previously described 

[31, 32].

Mumps-specific neutralizing antibody assay

Neutralizing antibodies to mumps virus (JL strain) were quantified by a mumps-specific 

plaque-reduction neutralization assay established and performed by the Center for Biologics 

Evaluation and Research, U.S. Food and Drug Administration (FDA), as previously 

described [33]. Briefly, heat-inactivated sera were diluted with minimal essential media 

(MEM) 2-fold from 1:2 to 1:2,048 in 96-well microtiter plates. A standard control reference 

serum was also diluted to be used as a positive control. Equal volumes of media containing 

100 plaque forming units (PFU) of MuV-JL were added to all wells. Virus was also added to 

medium-only wells (containing no serum), which served as a virus-only control. Plates were 

incubated for 1hr at 37°C/5%CO2. The inoculum was transferred in duplicate to 24-well 

plates with Vero cell monolayers. Following 1.5hr incubation at 37°C/5% CO2, the inoculum 

was aspirated and plates were supplemented with MEM containing 5% FBS, antibiotics 

and 2% carboxymethlycellulose. Following 5 days of incubation (37°C/5% CO2), Vero 

cell monolayers were stained with neutral red dye and incubated for additional 12–24hr. 

After the monolayers were fixed with formaldehyde and allowed to air dry, plaques were 

counted. The Karber method was used, and neutralizing antibody titers were determined as 

the highest serum dilution at which the number of plaques were diminished by 50% when 

compared to the virus-only control [33, 34]. According to the control reference mumps 

immune serum, the coefficient of variation for this assay was 7.95% [33].

Mumps-specific cytokine/chemokine secretion

The following cytokines (i.e., IL-2, IL-6, IL-10, IFNα2a, IFNγ, IL-1β, TNFα) and 

chemokines (i.e., IP-10, MCP-1, MIP-1α, MIP-1β) were measured using the Meso 

Scale Discovery’s electrochemiluminescence-based ELISA in cell culture supernatants, 

as previously described [35]. Briefly, PBMC cultures were stimulated with mumps virus 

(MuV) antigen (Enders strain, Bio-Rad/Abd Serotec cat. #PIP014) at 1:20 dilution, and 

PBMCs were incubated for 48 hours at 37°C/5% CO2. Cell culture supernatants were 

tested in duplicate in 96-well round bottom plates. Cell cultures for each subject included 

unstimulated wells (negative control) and phytohemagglutinin (PHA, 200ug/mL)-stimulated 

wells (positive control). Following incubation, supernatants were harvested and stored 

at −80°C until the electrochemiluminescence-based ELISA assays were performed. The 

coefficient of variation ranged from 10% - 31% depending on the analyte.

Statistical Methods and Analysis

Subjects were included for analysis depending on biospecimen availability and consent 

for use. Additionally, samples that failed quality control were excluded from data 

analysis. Self-reported ethnicity was used. Demographic data were expressed descriptively 

using the means and ranges for continuous variables (Table 1). The influence of 

demographic characteristics on mumps-specific immune response outcomes were assessed 

for significance using the Wilcoxon non-parametric test.
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Neutralizing antibody titer values were multiplied by each plate’s adjusting factor, resulting 

in the final adjusted outcome. Neutralizing antibody values were expressed using medians 

and the first and third interquartile range (Table 2).

Cytokine/chemokine readings below or above detection range were set to the minimum 

or maximum of the range, respectively. The average cytokine/chemokine value for each 

set of duplicates was then calculated, followed by background subtraction of subjects’ 

unstimulated wells. These values (stim – unstim) were expressed by the medians and first 

and third interquartile ranges (Table 2).

Rank-based inverse normal transformation of cytokine/chemokine outcomes were used in 

univariate regression analyses. For each outcome, the stim – unstim readings were ranked 

and then divided by the total number of readings. These values were then converted to 

standard normal z-scores by inverse normal transformation, which were treated as the final 

transformed value.

Neutralizing antibody log2 transformed values were used to assess correlations with 

cytokine/chemokine stim – unstim raw values. Pearson correlation and Spearman p 

values were used. Univariate regression analysis was employed to complete covariate 

analysis. Log2 transformed neutralizing antibody and inverse normal transformed values 

for cytokines/chemokines were used. The effect of sex was further assessed using raw stim – 

unstim median values and ranges for both sexes (Table 2). Each covariate was examined, and 

the analysis took any effects into account.

Results

Study subjects

The demographics of our study cohort (n=748) are detailed in Table 1. The cohort had an 

average age of 14.9 years, and the majority of subjects were non-Hispanic/white (97.3%). 

Males were slightly over-represented, comprising 56% of our study cohort. Overall, the 

median age was 1.3 years of age for receipt of the first dose of MMR-II and 8.4 years of age 

for the second dose of MMR-II. Biospecimen collection was performed an average of 6.5 

years post-second immunization. There were no significant demographic and vaccine history 

differences between male and female subjects (Table 1).

Neutralizing antibody responses

Neutralizing antibody titers were measured in all study participants (n= 748). The median 

neutralizing antibody titer was 109.8 IU/mL, with an interquartile range of 43.9 – 

250.7IU/mL. The distribution of antibody titers (using log2 transformed values) is shown 

in Supplemental Figure 2C.

Mumps-specific cytokine/chemokine responses

Cytokine/chemokine responses were robust for MIP-1α, MIP-1β, IL-6, MCP-1, and IP-10. 

There was moderate secretion of TNFα, IFNγ, and IFNα2a in response to mumps virus 

stimulation. IL-1β, IL-10 and IL-2 exhibited minimal secretion. IL-13 was also included in 

the panel but was excluded from further analysis because the majority of the samples tested 
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were below the lower limit of detection. These immune outcomes are summarized in Table 

2.

Mumps-specific immune response outcome correlations

Correlations between individual cytokines and chemokines are illustrated in Supplemental 

Figure 1. There was at least a slight positive correlation between all cytokines and 

chemokines of interest except for IL-1β and IL-2, which demonstrated a significant but 

weak negative correlation of r= −0.034 (p=0.00008). Several cytokine and chemokine 

outcomes demonstrated highly significant (p<2e−16) positive correlations: MIP-1α with 

MIP-1β, IL-10, IL-1β, and TNFα; IL-1β with IL-10, TNFα, and IL-6; TNFα with IL-6.

Covariate influence of sex on immune outcomes

All immune response outcomes were evaluated for correlations with sex as a covariate. 

Neutralizing antibody titer was significantly associated with sex; higher median values were 

observed in females when compared to males (Table 2, Figure 1A). Correlations between 

sex and cytokine/chemokine outcomes were found to be significant for the following 

analytes: MIP-1α, TNFα, MIP-1β, IL-6, IFNγ, and IL-1β (Table 2). Immune outcomes 

(median values, IQR) were presented by sex and compared for statistically significant 

differences between sexes (Table 2). All cytokine/chemokine median responses (except 

IFNα2a and IP-10) were higher in males when compared to females (Table 2, Figure 1B).

Covariate influence of ethnicity, age, and vaccination schedule on immune outcomes

All immune response outcomes were evaluated for correlations with other covariates; 

significant associations were noted between age at enrollment and the following mumps-

specific immune outcomes: IL-2, IFNγ, IP-10, and MCP-1. Age at second immunization 

and the time interval between the last immunization and sample collection were both 

significantly associated with two mumps-specific immune outcomes: MIP-1α and MIP-1β 
(Supplemental Table 1). The influence of ethnicity on mumps-specific immune outcomes 

could not be assessed due to limited ethnic diversity in the study cohort.

Our study cohort involves school-age children and therefore puberty may be a factor in 

the observed immune responses. In order to assess this, we split the cohort by age in 

years and sex. We noted that immune outcomes displayed some variation by year (See 

Supplemental Figure 4). As we did not obtain any information on puberty onset in our 

study cohort, we could not classify subjects as pre- or post-pubescent, therefore we used 

age as an approximate indicator. We added 2 years to the average age of puberty in boys 

and girls in order to more fully capture hormonal maturation. For girls, we compared 

those 13 and younger (n=109) with those 14 and older (n=218). For boys, we compared 

those 14 and younger (n=186) with those 15 and older (n=235). Using these cut-offs 

we compared mumps-specific immune outcomes between older and younger participants 

and found several statistically significant differences for boys and for girls (Supplemental 

Table 2), suggesting that puberty may affect immune responses to mumps. Given these 

differences, we next compared mumps-specific immune outcomes between the younger 

boys and younger girls and performed a similar comparison between older participants. The 

results (reported in Table 3) demonstrate that sex-based differences are present in the older 
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participants but not the younger participants, indicating that puberty and hormonal changes 

are a potential cause of the observed differences in immune outcomes.

Discussion

In this study we investigated mumps-specific humoral and markers of cellular immune 

response after two doses of MMR-II vaccine. We identified correlations between mumps-

specific immune response outcomes and covariates (e.g., sex) potentially influencing 

individual immune responses in a study cohort of 748 healthy individuals. Though race has 

been found to impact Th1 responses to measles, another paramyxovirus, racial differences 

could not be assessed in this study due to the limited racial diversity of the cohort [36].

Overall cellular immune response outcomes were pro-inflammatory in nature, as 

characterized by increased secretion of: TNFα, IL-1β, IL-6, and IFNγ (Table 2). Secretion 

of IL-10 was minimal and IL-13 was below the limit of detection, suggesting that our cohort 

did not have Th2-biased responses. We also noted considerable inter-individual variation in 

the cytokine and chemokine response to in vitro mumps virus stimulation (Supplemental 

Figure 2. A, B). The finding that females have higher IgG neutralizing antibody titers 

compared to males (p=0.038) is significant and is supported by other studies which have 

found higher mumps-specific total IgG responses in females [16, 37]. Mumps-specific 

cytokines and chemokines significantly associated with sex included the following: MIP-1α, 

TNFα, MIP-1β, IL-6, IFNγ, and IL-1β, suggesting the potential impact of sex on mumps 

vaccine-induced cellular immunity and inflammatory response. These cytokine/chemokine 

median secretion values were higher in males compared to females and were also highly 

correlated with each other (Supplemental Figure 1). A prior study did not find significant 

associations between measures of cellular and humoral immunity [38] while other studies 

have identified associations between specific T cell subsets and antibody responses to 

measles [39, 40]. Those data and the results reported here suggest that cellular and humoral 

immunity are regulated by overlapping but not identical processes. Further investigation into 

the linkages between coordination between these arms of the immune system after measles 

vaccination is warranted.

We and others have previously reported sex-based differences in humoral immune responses 

to mumps vaccine [8, 17, 41]; however, no studies have assessed MuV-specific neutralizing 

antibody in a cohort of this size. Though a significant sex-based difference was observed, it 

is unclear whether a difference in titer of ~20 IU/mL (Table 2) is clinically meaningful 

in terms of vaccine effectiveness or durability of immunity, nor do our results link 

these differences in antibody titer to differential susceptibility to infection between males 

and females. It is possible that such a difference does reflect and is of importance for 

maintaining longer-term immunity for subjects at the higher end of the antibody-response 

spectrum. Interpreting the neutralizing antibody results is further complicated because an 

antibody correlate of protection has yet to be established for mumps, though neutralizing 

antibody is generally considered to be required for protection [42, 43]. Several studies 

have indicated that females experience mumps infection more often than males, yet some 

have reported the opposite trend [2, 14, 17, 44]. Though commonly employed, neutralizing 

antibody measurements only partially represent the full range of possible immunologic-
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effector mechanisms that antibodies are capable of in vivo [42]. Additional studies that 

more comprehensively examine the humoral immune response to mumps may be needed to 

determine if sex differences in mumps vaccine-induced neutralizing antibody titers have a 

clinical impact on protection from disease. Our cohort was also predominantly Caucasian 

and was drawn from a community with high vaccine coverage and no endemic disease, thus 

eliminating/reducing contamination of our results due to wild virus boosting. The results 

may be quite different in areas of the world with varying immunization policies and/or 

disease prevalence.

Our study is the first to demonstrate a sex-specific difference in innate, inflammatory, and 

T cell cytokine/chemokine responses to mumps vaccine. Sex-associated cytokine/chemokine 

outcomes (MIP-1α, MIP-1β, IFNγ, IL-1β, IL-6, and TNFα) all demonstrated significantly 

(p<0.05) greater median values for males compared to females (Table 2, Figure 1B). To our 

knowledge, no studies have explored sex-based differences in markers of mumps-specific 

cell-mediated immunity with such a comprehensive panel of nearly a dozen cytokines/

chemokines. Jokinen et al. studied a small cohort (n=50) of Finnish participants 21 

years after the first of two MMR-II immunizations and found that mumps-specific IFNγ 
production was significantly greater in females than males [45]. The results from this study 

are different from our findings. An explanation as to why this discrepancy exists could be 

due to sample size (50 subjects in Jokinen et al.’s study vs 748 subjects in our study), 

age at first and second immunizations (First dose: 1.5 or 6 years in Jokinen et al. vs 1.5 

years in our study; Second dose: 6 or 11–13 years in Jokinen et al. vs 8 years in our 

study), time since vaccination (21 years in Jokinen et al. vs 1–17 years in our study), 

disease prevalence during the lifetimes of the study cohorts (and possibilities of subclinical 

infection and immune boosting), differences in IFNγ cytokine assay and measurements, or 

even biases in subject-recruitment (Jokinen et al. sought seronegative or low antibody titer 

subjects, while our study did not screen subjects). Others have used IFNγ measurements as a 

marker of mumps-specific cell-mediated immunity but do not assess sex-specific differences 

[46–48]. Despite clear evidence that sex affects the immune response to both vaccination 

and infection, very few studies actually report results by sex [49, 50]. Because of this, the 

National Institutes of Health has emphasized the study of sex as an important biological 

variable. We have identified a trend toward higher vaccine-induced neutralizing antibody 

titers in women and significant differences in markers of cellular immunity. Follow-up 

studies are necessary to confirm these findings and to more accurately measure the effect of 

sex on mumps vaccine-induced immunity.

The results from this study specifically demonstrated that the immune response to mumps in 

our cohort had a distinct Th1 bias and that multiple cytokines were secreted at higher levels 

in males compared to females. Our data also indicate that puberty may play a role in these 

sex-based differences, as the immune responses in younger males were not significantly 

different from that of younger females. While Villacres et. al. noted higher baseline IFNg 

production in females, Girón-González et. al. reported an increased IFNg:IL-4 ratio in 

mitogen-stimulated PBMCs[51, 52]. This result is in-line with our results demonstrating 

a more robust Th1 response males following antigenic-stimulation of PBMCs with MuV 

[52]. Challenges exist in characterizing Th1/Th2 sex-specific responses, especially when 

considering distinct cell subsets, pathogen/stimulant exposure, timing of infection, and/or 
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model differences (i.e., human, rodent, in vitro cell studies) [50, 53]. The clinical relevance 

of our findings remains to be determined; however the findings are interesting given the 

propensity for more serious illness in males – perhaps reflective of a stronger inflammatory 

response at sites of infection. A potential follow-up to this study would be to compare the 

relative number of mumps virus-specific activated IFNγ+, CD69+, CD25+ effector T cells 

and IFNγ-central memory T cells in males compared to females [54, 55]. This would allow 

for a better understanding of the magnitude (number of MuV-specific T cells) and durability 

(number of central memory cells compared to effector cells) of MuV-specific Th1 response 

in males versus females. Another area for follow-up is a more careful examination of the 

role of puberty in controlling the immune response to mumps vaccination and/or infection.

While mumps vaccine-specific studies examining the explicit roles of each of the cytokines/

chemokines assessed remain to be completed, general in-vitro data suggests possible 

functions of MIP-1α and MIP-1β at the secretion levels we have observed [56]. MIP-1β 
has been shown to attract CD4+ T cells in-vitro, while the in-vitro chemoattractant effect 

of MIP-1α activity has chemo-attractive effects on B cells and CD8+ T cells at ~100pg/mL 

and CD4+ T cells at concentrations >10,000pg/mL [56]. The median MIP-1α and MIP-1β 
concentrations for male subjects in our study (Table 2) would suggest that CD4+ T cells 

(due to MIP-1β), CD8+ T cells, and B cells (both due to MIP-1 α) could be more 

abundantly recruited to the vaccination site in males. It is possible that the chemoattractant 

effects of MIP-1α and MIP-1β may help establish stronger mumps-specific T cell memory 

in men, potentiating a longer durability of mumps vaccine-induced immunity in males.

Of note, all cytokines and chemokines significantly associated with sex were also highly 

correlated with each other (Supplemental Figure 1). It is clear that these six signaling 

molecules, (i.e., MIP-1α, MIP-1β, IFNγ, IL-1β, IL-6, and TNFα) are involved in one or 

several signaling pathways in the male response to mumps vaccine. Signaling pathways 

involving these cytokines/chemokines could be partially regulated by prominent sex-specific 

differences like sex chromosomes and hormones [16, 50, 53]. However, it is certain that 

upstream immune pathways and other transcriptional regulators are also influencing the 

observed immune response outcomes. Among the many functions of transcription factor 

NF-κB in viral immune responses is the role of inducing expression of HLA I and HLA 

II genes as well as genes encoding IFNγ, IL-1β, IL-6, and TNFα [57]. NF-κB is likely 

integral in the cellular immune response to mumps vaccine. The transcription factor T-bet, 

a known regulator of Th1 cell differentiation or the transducer STAT-1, an activator of the 

Type II Interferon response and subsequent cytokine production, are also likely involved 

[58–60]. It is probable that these transcriptional regulators and their pathways, in addition to 

those not described, contribute to the production of differing responses in men compared to 

women. Functional studies examining these molecular mechanisms remain to be performed 

in the context of mumps vaccine-induced immunity.

Limitations of our study include study cohort recruitment from one area of the US and 

the lack of diversity in racial and ethnic groups. Furthermore, the immunological challenge 

employed whole inactivated mumps virus in order to focus on the immune response to the 

viral antigens without the confounding effect of viral infection. These conditions may not 

produce the same results as cell stimulation with live mumps virus. The large size of our 
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cohort, in addition to the inclusive profile of numerous cytokines and chemokines, which 

to our knowledge have not been this comprehensively reported, are major strengths of this 

study. Furthermore, study participants were in the age range within which the majority of 

recent mumps outbreaks are occurring [45, 61].

Conclusion

In conclusion, our study demonstrated a pronounced impact of sex on markers of cellular 

and humoral immunity to mumps vaccine. It is imperative that immunological variations 

induced by basic attributes, like sex, be thoroughly assessed when studying infectious 

diseases and vaccine-induced immunity as these variations could reveal specific mechanisms 

that underly the differences observed. Sex-based differences to mumps vaccine could be 

better understood through (1) functional studies evaluating the mumps-specific activity of 

transcription factors and signaling pathways, (2) assessing differences in the mumps-specific 

activity of these transcription factors and pathways between the sexes, (3) investigating 

variations in mumps-specific cell subsets between sexes. These studies could inform the 

development of future vaccine candidates that better target upstream effector mechanisms 

and induce greater neutralizing antibody and memory T cell production in males and 

females. These improvements could help make mumps vaccines more effective at preventing 

infection/outbreaks and could help combat waning immunity in both sexes by inducing more 

durable mumps vaccine-induced immune responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Even with high vaccine coverage, mumps outbreaks still occur in the U.S.

• MuV-specific neutralizing antibody titers significantly higher in females 

(p=0.038)

• Significantly enhanced secretion of MuV-specific MIP-1α, MIP-1β, TNFα, 

IL-6, and IL-1β in males

• MuV-specific cellular immunity should be considered when developing more 

effective mumps vaccines
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Figure 1. 
(A) MuV-specific neutralizing antibody density plot by sex. (B) MuV-specific cell-mediated 

immune outcome box plots (stim-unstim) by sex with associated p-values.
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Table 1.

Demographic and clinical variables of the study population

Variable Overall (n=748) Female (n=327) Male (n=421) Sex p-value*

Age at Enrollment

 Mean years (range) 14.9 (11.0–19.0) 14.9 (11.0–19.0) 14.9 (11.0–19.0) 0.97

Age at First MMR Vaccination

 Mean months, (range) 16.6 (11.0–185.0) 17.0 (11.0–132.0) 16.4 (11.0–185.0) 0.550

Age at Second MMR Vaccination

 Mean years (range) 8.3 (1.0–17.0) 8.4 (1.0–17.0) 8.3 (1.0–15.0) 0.995

Time from Second Vaccination to Enrollment

 Mean years, (range) 6.5 (0.4–15.5) 6.4 (0.6–15.4) 6.6 (0.4–15.5) 0.288

Sex

 Female N (%) 327 (43.7%)
NA

 Male N (%) 421 (56.3%)

*
The Wilcoxon rank-sum test was used to generate p-values measuring statistical difference between female and male groups.
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Table 2.

MuV-specific humoral and cell-mediated immune outcomes overall and by sex

Neutralizing 
Antibody/Cytokine/

Chemokine

Overall Response (n = 748) 
(stim-unstim, pg/ml) Median 

(25%, 75% IQR)

Sex Female (n = 327) 
Median (25%, 75% IQR)

Sex Male (n = 421) Median 
(25%, 75% IQR)

Sex p-value

Neutralizing 
Antibody 109.8 (43.9, 250.7) 120.8 (49.7, 297.6) 98.7 (40.6, 238.0) 0.038

MIP-1α 780.6 (267.5, 1917.3) 561.3 (201.3, 1566.9) 922.4 (319.2, 2147.9) 0.000044

TNFα 53.1 (27.2, 96.7) 45.2 (25.0, 80.4) 58.5 (30.0, 107.0) 0.0003

MIP-1β 565.8 (263.2, 1097.8) 494.7 (228.7, 958.9) 618.1 (304.0, 1199.1) 0.001

IL-6 572.8 (320.6, 1011.1) 519.0 (306.5, 874.1) 603.6 (333.1, 1088.3) 0.028

IFNγ 109.0 (42.4, 246.1) 96.7 (37.8, 217.2) 119.1 (47.3, 262.4) 0.031

IL-1β 15.6 (6.3, 38.2) 13.6 (5.6, 34.8) 17.4 (7.2, 42.4) 0.032

IFNα2a 71.2 (27.7, 145.4) 71.4 (29.1, 146.8) 70.7 (26.7, 139.5) 0.28

IL-10 4.9 (2.41, 9.62) 4.8 (2.1, 9.4) 5.2 (2.7, 9.8) 0.29

MCP-1 8848.5 (5114.2, 13533.7) 8030.3 (4777.1, 12979.8) 9292 (5191.9, 13632.2) 0.31

IL-2 13.6 (6.7, 25.6) 13.2 (6.2, 25.7) 13.9 (7.5, 25.3) 0.35

IP-10 902.2 (292.8, 2229.6) 907.6 (264.9, 2252.5) 887.8 (323.4, 2205.8) 0.41

Outcomes and p-values significant for sex are indicated in bold. The p-value for neutralizing antibody was calculated using the Wilcoxon 
non-parametric test; cytokine/chemokine p-values are from coefficients of univariate regression.
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Table 3.

Sex Differences in Mumps Immune Outcomes by Age

Younger Participants (Females <14 and Males <15)

Females (pg/ml IQR) Males (pg/ml IQR) p-value

Neutralizing antibody 142.0 52.9–302.0 105.5 35.6–266.3 0.22

MIP-1α 727.7 295–1, 942 813.9 284.9–1, 902.8 0.64

MIP-1β 565.5 253.8–1, 042.0 549.1 263.1–1, 039.9 0.92

IFNγ 92.4 29.4–195.5 92.3 41.3–221.5 0.68

IL-1β 14.9 6.2–36.0 14.5 5.9–39.1 0.87

IL-6 520.7 331.1–941.6 533.6 307.0–999.9 0.86

TNF α 46.8 27.3–84.5 51.0 26.2–90.9 0.68

Older Participants (Females ≥14 and Males ≥15)

Females (pg/ml IQR) Males (pg/ml IQR) p-value

Neutralizing antibody 119.0 46.7–287.6 96.0 43.1–207.0 0.08

MIP-1α 452.8 179.7–1, 452.5 1033.5 362.2–2, 313.5 <0.001

MIP-1β 402.1 226.5–912.9 681.4 338.3–1, 252.3 <0.001

IFNγ 98.9 43.1–223.8 153.4 53.6–293.8 0.003

IL-1β 13.3 5.4–33.5 20.4 7.9–44.3 0.003

IL-6 516.6 297.4–856.0 677.3 397.9–1, 193.5 <0.001

TNF α 42.0 24.7–78.9 66.5 34.4–125.3 <0.001
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