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Background. Preclinical animal studies and retrospective human studies suggest that adult females have worse outcomes from
influenza than males. Prospective studies in humans are missing.
Methods. Data from 164 healthy volunteers who underwent influenza A/California/04/2009/H1N1 challenge were compiled
to compare differences between sexes. Baseline characteristics, including hormone levels, hemagglutination inhibition (HAI) titers,
neuraminidase inhibition (NAI) titers, and outcomes after challenge were compared. Linear and logistic regression models were
built to determine significant predictor variables with respect to outcomes of interest.
Results. HAI titers were similar between the sexes, but NAI titers were higher in males than females at 4 weeks and 8 weeks
postchallenge. Females were more likely to have symptoms (mean, 0.96 vs 0.80; P = .003) and to have a higher number of symptoms
(median, 3 vs 4; P = .011) than males. Linear and logistic regression models showed that prechallenge NAI titers, but not HAI titers
or sex hormone levels, were predictive of all shedding and symptom outcomes of interest.
Conclusions. Females in our cohorts were more likely to be symptomatic and to have a higher number of symptoms than males.
NAI titers predicted all outcomes of interest and may explain differential outcomes between the sexes.
Keywords. influenza; sex differences; neuraminidase; hemagglutinin; estrogen; testosterone.
Among humans, males and females reportedly differ in the
prevalence, pathogenesis, prognosis, and treatment responses
for many viral infectious diseases, including coronavirus disease 2019, hepatitis C, human immunodeficiency virus (HIV),
and influenza [1, 2]. Biological sex (ie, differences caused by sex
chromosome complement and sex steroid hormone concentrations) can impact susceptibility to viruses by affecting antiviral
immune responses that restrict virus replication as well as responses that promote inflammation and contribute to tissue
damage and prolonged disease [3]. Male–female differences in
exposure to and outcomes of viral infections, including influenza, can also be caused by differences in the behaviors, occupations, and even societal norms that define our genders [4].
The complex psychological and cultural interactions between
biological sex and gender can complicate interpretation of
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observational, epidemiological studies reporting male–female
differences in infectious disease outcomes.
Preclinical animal models have been used to test hypotheses
about the mechanisms mediating sex differences in influenza
pathogenesis and responses to inactivated influenza vaccines.
These studies collectively show that adult female mice develop
greater inflammation and immunity following infection with
either H1N1 or H3N2 viruses, which contribute to more severe
outcomes in females compared with males [5–8]. Protection
against severe outcomes from influenza A virus infections in
males is mediated by androgens, which dampen inflammation,
including recruitment of monocytes and eosinophils into the
lungs of male mice [9]. In humans, epidemiological studies suggest that women of reproductive age have higher rates of influenza [10] and influenza-related hospitalizations [11] compared
to men of the same age, though this trend is reversed prior to
puberty and at older ages [12]. Pregnancy is a known femalespecific risk factor for hospitalization among patients with influenza, but it does not solely explain all female-biased severe
outcomes from influenza [13, 14].
In addition to sex-specific differences in infectious disease
pathogenesis, a number of preclinical and clinical studies illustrate that females tend to have greater immune responses, reporting of adverse reactions, and even efficacy of vaccines that
protect against a number of viral diseases, including influenza
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Participants who received
placebo
Abbreviation: HA, hemagglutinin; HAI, hemagglutination inhibition; TCID50, median tissue culture infectious dose.

Phase 2 placebo-controlled study assessing efficacy of a monoclonal antibody against HA stem through
early infusion after influenza challenge
CR6261

≤1:10

Participants who received
placebo
Phase 2 placebo-controlled study assessing efficacy of a novel conserved capsid peptide vaccine through
vaccination and subsequent influenza challenge
FLU-V

<1:40

All participants
Influenza challenge comparing participants with low and high HAI titers designed to investigate correlates of immunity
HAI pdMIST

<1:40 and ≥ 1:40

Participants who received influenza challenge at 107 TCID50
Influenza dose escalation challenge study designed to determine the optimal dose for influenza challenge
H1N1 pdMIST

≤1:40

Data Selection for Sex Differences Analysis
Original Study HAI Titer Criteria
Study Description
Study

Data collected from 4 previous H1N1 influenza challenge
studies was aggregated. Selection criteria for analysis included
only participants who received a dose of challenge virus of 107
median tissue culture infectious dose50 and excluded participants who received other experimental vaccine or therapeutic
products as a part of the treatment arms in these studies (Table

Datasets Included in Study With Study Descriptions and Selection Criteria Applied to Each Study

Study Design

Table 1.

MATERIALS AND METHODS
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[8, 15, 16]. For example, following vaccination with trivalent inactivated vaccine (TIV), women of reproductive age have worse
injection site discomfort and greater hemagglutination inhibition (HAI) titers and neutralizing antibody titers than men
[17], with these differences observed in response to either a full
dose or a half dose of TIV [18]. Although HAI and neutralizing
antibody titers have been considered a correlate of protection,
there is a growing appreciation that neuraminidase inhibition
(NAI) titers also serve as a correlate of protection because these
antibodies reduce influenza viral burden through impairment
of viral budding from infected cells [19–21]. Sex differences in
NAI, however, have not been evaluated or reported.
Influenza challenge studies provide a unique opportunity for
the careful study of a homogenous group of participants controlled for many of the confounders present in retrospective
studies. Participants are typically all young, healthy volunteers,
thereby controlling for confounding by comorbidities and age.
Pregnancy is an exclusion factor for participation in challenge
studies. All participants are subjected to equal doses of challenge virus, thereby eliminating exposure differences secondary
to occupation and other gender-related factors, which may underlie some of the differences between sexes [22]. Finally, data
collection and follow-up in challenge studies are standardized,
attenuating differences in reporting and eliminating differences
in access to care. We reviewed data from 4 different influenza
challenge studies performed by our group, abbreviated as H1N1
pdMIST [23], HAI pdMIST [19], FLU-V [24], and CR6261
[25]. H1N1 pdMIST was the first challenge study using Good
Manufacturing Practice–produced wild-type influenza, designed to determine in a dose-escalating manner the optimal
dose of virus capable of causing mild to moderate disease in
>60% of participants. HAI pdMIST recruited participants with
high and low HAI titers to evaluate anti-hemagglutinin (HA)
and anti-neuraminidase (NA) antibodies as correlates of protection. The FLU-V study evaluated the efficacy of a novel influenza vaccine against placebo in reducing shedding and
symptoms after influenza challenge. Finally, the CR6261 study
evaluated the efficacy of a monoclonal antibody infusion (compared to placebo) in reducing shedding and symptoms after influenza challenge. Using data from these 4 influenza challenge
studies, we set out to characterize differences between males
and females and explore the underlying factors contributing to
these differences.

Ethical Considerations

The study was conducted in accordance with the provisions of
the Declaration of Helsinki. Approval was obtained from the
National Institute of Allergy and Infectious Diseases institutional review board and written consent was obtained from all
participants.
Hormone Assays

Testosterone was tested using an enzyme-linked immunosorbent assay (ELISA) per the manufacturer’s instructions
(Immuno-Biological Laboratories, Minneapolis, Minnesota).
Estradiol was tested using an ELISA per the manufacturer’s instructions (Calbiotech, El Cajon, California).
Immunologic and Virologic Assays

Assays were performed as previously described [19, 23]. HAI titers
were measured against genetically identical virus to the challenge
virus whereas NAI titers were measured using an enzyme-linked
lectin assay using reassortant virus with a genetically identical NA
to the challenge virus but a distinct HA subtype (H6), using previously reported standard methods [26, 27]. In brief, reassortant
H6N1 and H6N2 viruses were mixed with serial dilutions of heatinactivated participant sera and incubated overnight in 96-well
plates coated with fetuin. Plates were washed and then peanut
agglutinin conjugated to horseradish peroxidase was added.
After a 2-hour incubation in the dark, plates were washed and
o-phenylenediamine dihydrochloride was added. After 10 minutes
in the dark, the reaction was quenched with sulfuric acid and the
plates were read at 490 nm. Titers were assessed from a minimum

dilution of 10 to a maximum of 640 for the FLU-V and CR6261
studies and 2560 for H1N1 pdMIST and HAI pdMIST. Titers
below the minimum were coded as 1. All measurements were
made in triplicate. Nasal washes were analyzed for viral shedding
using 1-step real-time quantitative reverse-transcription polymerase chain reaction for the influenza A virus matrix 1 gene [28].
A standard curve with an external standard was used to calculate
copy number.
Outcome Measures

Ages were presented as means. HAI and NAI titer raw data were
available as titers and transformed (log2). Data were available at
week 4 and week 8 postchallenge for H1N1 pdMIST and HAI
pdMIST. Data were available for FLU-V at baseline, day 35 (approximated as week 4), and day 63 postchallenge (approximated
as week 8). Data were available for CR6261 at baseline, day 29
(approximated as week 4), and day 66 (approximated as week
8). Presence of symptoms included proportions of participants
who had any influenza-related symptoms at any time point.
Presence of shedding included proportions of participants who
had shedding of influenza at any time point. Mild to moderate
influenza disease, defined as presence of shedding and symptoms, included proportions of participants who had both presence of symptoms and presence of shedding at any time point.
Days of symptoms and days of shedding were presented as medians. Number of symptoms includes the number of different
symptoms each participant had throughout the study period
and was presented as a median.
Statistical Analysis

Data was collected in Excel and processed using RStudio version 1.1.463. Comparisons between sexes were performed using
t tests for normally distributed variables (age, testosterone,
prechallenge NAI titers, week 4 NAI titers, week 8 NAI titers),
using Wilcoxon rank-sum tests for nonnormally distributed
variables (estradiol, prechallenge HAI titers, week 4 HAI titers,
week 8 HAI titers, days of shedding, days of symptoms, number
of symptoms), and using tests of proportions or Fisher exact test
for proportions. The analysis was repeated for the subgroup of
participants with documented viral shedding. Differences and

H1N1 pdMIST
46 Total
28 M
18 F

HAI pdMIST
70 Total
35 M
35 F

FLU-V
123 Total
87 M
36 F

CR6261
83 Total
48 M
35 F

Eligible
n = 322

H1N1 pdMIST
13 Total
9M
4F

HAI pdMIST
70 Total
35 M
35 F

FLU-V
42 Total
29 M
13 F

CR6261
39 Total
18 M
21 F

Included
n = 164

Figure 1. Flow diagram of number of subjects from each dataset included for analysis after application of selection criteria, with breakdown by sex. Abbreviations: F,
female; HAI, hemagglutination inhibition; M, male.
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1). Of note, 2 of the studies only included participants with HAI
titers ≤1:40 [23, 24], 1 additional study only included participants with HAI titers ≤1:10 [25], and the fourth study included
participants with both low and high HAI titers [19]. Participants
who did not undergo influenza challenge, including those who
were found to be infected with other respiratory viruses, were
not included in analysis. An aggregate of 322 participants from
the aforementioned studies were screened and after application
of selection criteria, 164 participants were included in the analysis (Figure 1).

RESULTS

Predictive Modeling

Linear and logistic models (Table 5, Supplementary Tables
1–6) demonstrated that prechallenge NAI titers significantly
predicted all outcomes (Supplementary Figures 3–8), which
were presence of symptoms (P = .042), presence of shedding
(P < .001), days of symptoms (P = .001), days of shedding
(P < .001), number of symptoms (P < .001), and mild to moderate influenza disease (P < .001). Age, sex, baseline testosterone level, baseline estradiol level, and prechallenge HAI titers
were not statistically significant predictors of outcomes. Tests
of interactions between sex and all other covariates were not
significant, with exception of an interaction between sex and
prechallenge HAI titer for presence of shedding as outcome.
DISCUSSION

Baseline Characteristics

Of the 164 participants included in the analysis, 91 were male
and 73 were female. Age was similar between the sexes (Table
2). At baseline, testosterone levels were higher in males than
females and estradiol levels were lower in males than females.
Prechallenge geometric mean HAI titers were similar between
males and females. Similarly, prechallenge geometric mean
NAI titers were not significantly different between males and
females.
Postchallenge Antibody Titers and Outcomes

Postchallenge geometric mean HAI titers rose at week 4
and 8 but were similar between males and females (Table 3,
Supplementary Figure 1). The geometric mean NAI titers, however, were significantly greater in males compared to females at
weeks 4 and 8 (Table 3, Supplementary Figure 2). Males were
16% less likely to have symptoms of influenza than females,
though the likelihood of viral shedding was similar. Males had
a median 4 days of symptoms, whereas females had a median
5 days of symptoms, though this did not reach statistical significance. Males had a significantly fewer median number of symptoms than females. Days of shedding did not significantly differ
between males and females. Similar differences between sexes
Table 2.

were observed in a subgroup analysis of participants with viral
shedding (Table 4), though the only outcome to retain statistical
significance was the number of symptoms.

These findings add to a growing body of literature exploring sex
differences in disease from influenza. Through analysis of data
from healthy volunteer influenza challenge studies, we were
able to overcome many of the limitations and confounding factors found in prior studies that have demonstrated sex differences with respect to clinical outcomes and antibody responses.
We have demonstrated that clinical influenza disease experienced by females in our cohorts was worse compared to males.
Specifically, a higher proportion of women experienced symptoms after challenge and women had more symptoms during
their illness than men. Even among a subgroup of participants
with evident infection demonstrated by active viral shedding,
females had a higher number of symptoms. The rest of the observations lost their statistical significance, likely due to low
sample size, though the trends of higher NAI titers in males
and more severe symptoms in females persisted. These findings
are in agreement with observations from retrospective studies
showing that women have worse outcomes with influenza, even
when accounting for comorbidities and exposure risk [10, 11].
Prior work has hypothesized that hormonal differences
leading to transcriptional changes in immune cells may account
for some of the variation in responses between sexes to influenza [5, 16, 29, 30]. The linear and logistic regression models

Comparison of Baseline Characteristics Between Sexes Among Influenza Challenge Participants (n = 164)

Characteristic

Male (n = 91)

Female (n = 73)

Difference (95% CI)

Age, y, mean

29.3

29.8

–0.47 (–2.59 to 1.65)

Testosterone, ng/mL, mean

5.84

0.93

P Value
.664

4.91 (4.48–5.33)

<.001
<.001

Estradiol, pg/mL, median (IQR)

16.22 (12.55–24.21)

31.58 (17.38–64.8)

…

Prechallenge log2 HAI titer, median (IQR)

0 (0–3.82)

0 (0–4.32)

…

.862

0.60 (–.21 to 1.42)

.147

Prechallenge log2 NAI titer, mean

6.55

5.94

Means were compared by t test and medians by Wilcoxon-rank sum test.
Abbreviations: CI, confidence interval; HAI, hemagglutination inhibition; IQR, interquartile range; NAI, neuraminidase inhibition.

4 • jid 2021:XX (XX XXXX) • Giurgea et al

Downloaded from https://academic.oup.com/jid/advance-article/doi/10.1093/infdis/jiab422/6356350 by Institute for Systems Biology user on 14 October 2021

95% confidence intervals were provided for t tests. Interquartile
ranges were provided for non–normally distributed variables.
P values < .05 were considered statistically significant. No adjustment for multiple analyses was performed. Linear regression models were performed to examine outcomes (days of
shedding, days of symptoms, number of symptoms) with age,
sex, prechallenge estrogen level, prechallenge testosterone level,
prechallenge HAI titer, and prechallenge NAI titer as predictor
variables. Logistic regression models were performed to analyze
outcomes (presence of shedding, presence of symptoms, mild
to moderate influenza disease) with age, sex, prechallenge estrogen level, prechallenge testosterone level, prechallenge HAI
titer, and prechallenge NAI titer as predictor variables. There
was a small amount of missing data, particularly in antibody
assays at day 28 (10 participants, all male), due to participant
nonadherence with appointments.

Table 3.

Comparison of Postchallenge Outcomes Between Sexes Among Influenza Challenge Participants (n = 164)
Male (n = 91)

Female (n = 73)

Difference (95% CI)

Week 4 log2 HAI titer, median (IQR)

Outcome

5.32 (3.32–6.32)

4.82 (2.49–6.32)

…

P Value

Week 8 log2 HAI titer, median (IQR)

4.32 (0–6.32)

5.32 (0–6.32)

…

.733

Week 4 log2 NAI titer, mean

7.95

7.33

0.62 (.01–1.23)

.046

Week 8 log2 NAI titer, mean

8.03

7.39

0.64 (.03–1.25)

.039

Presence of symptoms

0.80

0.96

–0.16 (.06–.25)

.003

Presence of shedding

0.62

0.60

–0.01 (–.16 to .14)

.869

Mild to moderate influenza disease

0.56

0.59

–0.03 (–.12 to .18)

.7129

Days of symptoms, median (IQR)

4 (1–7)

5 (3–7)

…

.064

No. of symptoms, median (IQR)

3 (1–5)

4 (2–7)

…

.011

Days of shedding, median (IQR)

1 (0–4.5)

2 (0–6)

…

.486

.784

Abbreviations: CI, confidence interval; HAI, hemagglutination inhibition; IQR, interquartile range; NAI, neuraminidase inhibition.

constructed in this study did not find that baseline testosterone
or estradiol levels were predictive of outcomes. Despite prior
studies showing that postvaccination HAI titers were higher in
women than men [17, 18], this study found no differences at 4 or
8 weeks after inoculation with a live wild-type challenge virus.
However, 3 of 4 data sets in this study restricted participation
to participants with lower HAI titers, which potentially selected
for participants with poor immunologic responses to HA compared to the general population, potentially obscuring differences between the sexes. Serum NAI titers were higher in males
than females after challenge, reaching statistical significance at
4 weeks and 8 weeks postchallenge but not at the prechallenge
timepoint. Interestingly, all models identified prechallenge NAI
titers as the highly significant variable predictive of all disease
outcomes of interest. Sex itself was not a significant predictor
variable, suggesting that differences in prechallenge NAI titers,
once adjusted for other variables, underlie some of differences
in outcomes observed between males and females. This finding
is consistent with previous work demonstrating that anti-NA
antibodies are pivotal in decreasing symptoms and attenuating
disease severity [19, 20, 31, 32]. Two of the challenge studies
[19, 25] used for this analysis already determined the importance of anti-NA antibodies in protection against influenza
challenge, but importantly, the addition of 2 additional datasets

Table 4.

only reinforced this finding. This further supports recent efforts
drawing attention to the importance of immunity against NA
to develop novel therapeutics and vaccines with improved efficacy and breadth of protection [21, 33, 34]. The protection
afforded by anti-NA antibodies is generally considered infection permissive and is consistent with the similar rates of infection in the male and female subgroups despite differences
in NAI titers [35]. However, it is important to note that it is
unknown whether the artificial manner of inoculation with a
single spray of a large inoculum of virus manifests any clinical
differences from natural infection, which typically arises from
longer exposure times.
The overall higher NAI titers seen in male participants provide a potential mechanism to explain some of the differences
in symptom-related outcomes between sexes observed in this
study, while acknowledging that the difference in NAI titers
between sexes did not quite reach statistical significance at
baseline. However, the difference became significant at both
postchallenge timepoints, suggesting the possibility that males
have a better NAI memory response during the early days of
the infection, from which we do not have data. Additional features of anti-influenza immunity that were not measured could
also potentially play important roles in sex-based differences in
the pathogenesis of influenza. Cell-mediated immunity was not

Comparison of Postchallenge Outcomes Between Sexes Among Participants With Influenza Viral Shedding (n = 100)

Outcome

Male (n = 56)

Female (n = 44)

Difference (95% CI)

P Value

Week 4 log2 HAI titer, median (IQR)

4.82 (3.32–6.07)

4.32 (0–6.32)

…

.839

Week 8 log2 HAI titer, median (IQR)

4.32 (0–5.32)

4.32 (0–6.32)

…

.797

Week 4 log2 NAI titer, mean

7.58

7.17

0.41 (–.41 to 1.23)

.328

Week 8 log2 NAI titer, mean

7.87

7.22

0.65 (–.15 to 1.45)

.112

Presence of symptoms

0.91

0.98

…

.225

6 (3–8)

6 (4–9)

…

.368

No. of symptoms, median (IQR)

3.5 (2–6)

5 (2–10)

…

.047

Days of shedding, median (IQR)

4 (1–6)

5 (2–6)

…

.084

Days of symptoms, median (IQR)

Data are presented as medians, means, or proportions. Medians were compared by Wilcoxon-rank sum test, means by t test, and proportions using test of proportions or Fisher exact test.
Abbreviations: CI, confidence interval; HAI, hemagglutination inhibition; IQR, interquartile range; NAI, neuraminidase inhibition.
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Medians were compared by Wilcoxon-rank sum test, means by t test, and proportions using test of proportions.

Table 5. Outcomes of Interest and Significant Predictor Variables
Obtained Using Linear and Logistic Regression Models
Predictor Variables

Presence of symptoms

Sex

.089

Age

.658

Estrogen

.535

Presence of shedding

Days of symptoms

Testosterone

.729

Prechallenge log2 HAI titer

.842

Prechallenge log2 NAI titer

.042

Sex

.418

Age

.107

Estrogen

.675

Testosterone

.840

Prechallenge log2 HAI titer

.451

Prechallenge log2 NAI titer

<.001

Sex × prechallenge log2 HAI titer

.046

Sex

.442

Age

.799

Estrogen

.959

Testosterone

Days of shedding

No. of symptoms

P Value

.663

Prechallenge log2 HAI titer

1.000

Prechallenge log2 NAI titer

.001

Sex

.400

Age

.337

Estrogen

.608

Testosterone

.508

Prechallenge log2 HAI titer

.096

Prechallenge log2 NAI titer

<.001

Sex

.131

Age

.618

Estrogen

.554

Testosterone

.576

Prechallenge log2 HAI titer

.605

Prechallenge log2 NAI titer

<.001

Mild to moderate influenza disease Sex

.262

Age

.270

Estrogen

.524

Testosterone

.250

Prechallenge log2 HAI titer

.207

Prechallenge log2 NAI titer

.001

Abbreviations: HAI, hemagglutination inhibition; NAI, neuraminidase inhibition.

measured in this study but is known to be a significant factor in
cross-protective immunity against influenza [36]. Furthermore,
mucosal immunity is likely to play an underappreciated role in
protection, especially against mild infections of the upper respiratory tract [37, 38]. Future models integrating these measures, including mucosal levels of anti-NA antibodies, may be
better equipped to explain the relationships between sex and
outcomes with influenza.
Despite the aforementioned benefits of influenza challenge studies, there are some limitations inherent to challenge studies in general, and to the specific characteristics
of the cohorts used in this study. Volunteers with baseline
HAI titers <1:40 were selected to participate in 2 of the 4
studies (and HAI titers <1:10 in a third study), leading to a
specially curated population with decreased external validity.
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Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
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