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ABSTRACT The induction of systemic antibody titers against hemagglutinin has long 
been the main focus of influenza vaccination strategies, but mucosal immunity has also 
been shown to play a key role in the protection against respiratory viruses. By vaccinat­
ing and challenging healthy volunteers, we demonstrated that inactivated influenza 
vaccine (IIV) modestly reduced the rate of influenza while predominantly boosting serum 
antibody titers against hemagglutinin (HA) and HA stalk, a consequence of the low 
neuraminidase (NA) content of IIV and the intramuscular route of administration. The 
viral challenge induced nasal and serum responses against both HA and NA. Correla­
tions between mucosal IgA and serum IgG against specific antigens were low, whether 
before or after challenge, suggesting a compartmentalization of immune responses. 
Even so, volunteers who developed viral shedding for multiple days had lower baseline 
titers across both systemic and mucosal compartments as compared to those with no 
shedding or a single day of shedding. Regression analysis showed that pre-challenge 
HA inhibition titers were the most consistent correlate of protection across clinical 
outcomes combining shedding and symptoms, with NA inhibition titers and HA IgG 
levels only predicting the duration of shedding. Despite the inclusion of data from 
multiple binding and functional antibody assays against HA and NA performed on 
both serum and nasal samples, multivariate models were unable to account for the 
variability in outcomes, emphasizing our imperfect understanding of immune correlates 
in influenza and the importance of refining models with assessments of innate and 
cellular immune responses.

IMPORTANCE The devastating potential of influenza has been well known for over 
100 years. Despite the development of vaccines since the middle of the 20th century, 
influenza continues to be responsible for substantial global morbidity and mortality. 
To develop next-generation vaccines with enhanced effectiveness, we must synthesize 
our understanding of the complex immune mechanisms culminating in protection. Our 
study outlines the differences in immune responses to influenza vaccine and influenza 
infection, identifying potential gaps in vaccine-induced immunity, particularly at the 
level of the nasal mucosa. Furthermore, this research underscores the need to refine 
our imperfect models while recognizing potential pitfalls in past and future attempts to 
identify and measure correlates of protection.

KEYWORDS influenza, influenza vaccines, mucosal immunity, correlates of protection, 
human challenge

T he induction of robust, durable immune protection against RNA respiratory viruses 
such as influenza poses a significant scientific and public health challenge (1). 

Vaccination is a fundamental component of public health responses, yet the efficacy 
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of current vaccine strategies is limited by viral immune evasion adaptations and waning 
host immunity. Contemporary vaccines are unable to effectively prevent the spread 
of the virus and often offer inadequate protection to individuals at the highest risk 
of complications and death. The development of new vaccine strategies offering more 
robust, broad, and durable protection is urgently needed but requires an improvement 
in our understanding of immunoprotection.

Existing influenza vaccines induce a systemic immune response to the major surface 
protein, hemagglutinin (HA), and are standardized by the stimulation of serum anti-
HA antibodies as the primary correlate of protection. The FDA and EMA CHMP both 
define “protective titers” as a serum HA inhibition (HAI) titer of ≥40 (2). Despite this 
acceptance of HA-specific antibodies as a surrogate for immunity, there is a body of 
research highlighting the importance of the immune response to other antigenic targets, 
such as neuraminidase (NA) (3–7). The role of mucosal immunity in influenza A virus 
infection has long been studied (8), and recent research on mucosal immunity against 
both influenza and SARS-COV-2 has illustrated the significance of nasal IgA in protec­
tion against respiratory viruses (9–12). The stimulation of robust mucosal immunity 
has shown promise as a mechanism to reduce viral transmission, an outcome that 
is largely unaffected by systemically administered vaccines (13–15). Further potential 
benefits of strategies targeting mucosal immunity include more potent viral neutraliza­
tion via polymeric secretory IgA (16, 17) and improved durability of responses (18). 
Intranasally delivered live-attenuated influenza vaccine has demonstrated a capacity to 
provide superior efficacy compared to intramuscular vaccine, though inconsistently (19, 
20). Hence, the ideal amount, kinetics, and antigenic specificity of mucosal antibodies 
needed to confer protection from influenza remain unknown.

In the setting of this public health and scientific impetus, this trial was designed to 
investigate mucosal and systemic immunity after influenza vaccination and infection 
in a human challenge study. This initial report summarizes the immune responses to 
vaccination and infection, describes the relationship between mucosal and systemic 
immunity, explores the correlation of immune responses to clinical outcomes, and 
raises questions that must be addressed as we pursue more protective vaccines against 
respiratory viruses.

RESULTS

Study Population

The study enrolled a total of 80 participants, of which 40 were vaccinated intramusc­
ularly (IM) with standard quadrivalent influenza vaccine (IIV) and 40 remained unvacci­
nated. The vaccine composition consisted of A/Michigan/45/2015 (H1N1)pdm09-like, A/
Singapore/INFIMH-16–0019/2016 (H3N2)-like, B/Colorado/06/2017-like (Victoria lineage), 
and B/Phuket/3073/2013-like (Yamagata lineage) viruses. Three participants in the 
vaccinated cohort withdrew prior to the viral challenge: two due to voluntary withdrawal 
and one due to safety lab abnormalities. Three in the unvaccinated cohort withdrew 
prior to viral challenge: two voluntarily withdrew, and one had a positive nasal wash 
for another respiratory virus prior to challenge. Therefore, 74 participants (37 per 
cohort) were challenged with a 2 mL inoculum containing 107 TCID50 of the Influenza 
A/Bethesda/MM2/H1N1 challenge virus delivered equally into each nostril via atomized 
spray and included in the final analysis. Results of a sequence alignment between 
challenge and vaccine virus HA and NA are provided in the supplemental (Tables S1 
and S2). The average age of participants was 34 years. Similar distributions of age, race, 
gender, and ethnicity were enrolled in both the vaccinated and unvaccinated cohorts 
(Table 1).

Clinical outcomes after H1N1 challenge

The binary clinical outcomes of the viral challenge are summarized in Table 2 . Compared 
to the unvaccinated cohort, a significantly lower proportion of the vaccinated cohort 
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developed flu [defined as at least one symptom, plus either at least 1 day of viral 
shedding or a greater than fourfold increase in either HAI or NA inhibition (NAI) titers], 
mild to moderate influenza disease (MMID, defined as at least one symptom plus at 
least 1 day of viral shedding), and symptoms. While shedding was less common in 
vaccinated participants, this difference was not statistically significant. In the vaccinated 
vs unvaccinated cohort, trends toward shorter duration of shedding, shorter duration of 
symptoms, and lower number of symptoms were observed (P = 0.0944, P = 0.0819, and P 
= 0.0634, respectively) (Fig. 1; Table S3). InFLUenza Patient-Reported Outcome (FLU-PRO) 
scores, a validated measure of symptom severity, were lower in the vaccinated cohort (P 
= 0.0434) (Fig. 1; Table S3) (21).

Serum and nasal humoral immune responses after vaccination

Antibody titers against challenge virus from serum and nasal mucosa were assessed pre- 
and post-challenge in both cohorts, and in the vaccinated cohort, pre- and post-vacci­
nation. Twenty-eight days after vaccination, significant increases in serum anti-HA IgG 
and anti-HA stalk IgG enzyme-linked immunosorbent assay (ELISA) titers (Fig. 4) were 
observed (P < 0.0001 for both), as well as a modest increase in serum HAI titers that 
was not statistically significant (Fig. 2). However, no increase was observed in serum 
antibodies against NA or in mucosal IgA titers against HA, HA stalk, or NA (Fig. 2–4).

TABLE 1 Demographics of participantsa

Overall Unvaccinated Vaccinated

Total N 74 37 37
Race
  White 38 (51.4%) 20 (54.1%) 18 (48.6%)
  Black 27 (36.5%) 12 (32.4%) 15 (40.5%)
  Asian 2 (2.7%) 0 (0.0%) 2 (5.4%)
  Multiple race 5 (6.8%) 4 (10.8%) 1 (2.7%)
  Unknown 2 (2.7%) 1 (2.7%) 1 (2.7%)
Ethnicity
  Hispanic or Latino 11 (14.9%) 4 (10.8%) 7 (18.9%)
  Not Hispanic or Latino 61 (82.4%) 31 (83.8%) 30 (81.1%)
  Unknown 2 (2.7%) 2 (5.4%) 0 (0.0%)
Gender
  Female 40 (54.1%) 20 (54.1%) 20 (54.1%)
  Male 34 (45.9%) 17 (45.9%) 17 (45.9%)
Enrollment age 34 (8.20) 34 (8.86) 34 (7.61)
aCategorical variables are presented as N (%), and continuous variables are presented as mean (SD).

TABLE 2 Incidence of binary clinical outcomes after H1N1 challenge

Unvaccinated N (%) Vaccinated N (%) P-valuea

Total N 37 37
MMIDb 30 (81%) 18 (49%) 0.0068
Fluc 34 (92%) 22 (59%) 0.0023
Symptomsd 35 (95%) 27 (73%) 0.0242
Sheddinge 30 (81%) 23 (62%) 0.1208
aP-values from Fisher’s exact tests with no adjustment for multiple comparisons. P < 0.05 considered statistically 
significant.
bMMID defined as at least one influenza symptom plus at least 1 day of viral shedding.
cFlu defined as at least one influenza symptom, plus either at least 1 day of viral shedding or a greater than 
fourfold increase in either hemagglutinin inhibition titers or neuraminidase inhibition titers.
dSymptoms defined as presence of at least one influenza symptom.
eShedding defined as presence of shedding on at least 1 day.
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Serum and nasal humoral immune responses after H1N1 challenge

The vaccinated cohort demonstrated rises in HAI titers between day −1 pre-challenge 
and day 56 post-challenge (P = 0.0011), despite starting with significantly higher HAI 
titers than the unvaccinated cohort on day −1 (P < 0.0001) (Fig. 2). HAI titers also 
increased by day 56 post-challenge, compared to day −1 pre-challenge, in the unvacci­
nated cohort (P < 0.0001) (Fig. 2), with more individuals developing a greater than 
fourfold rise in titer than in the vaccinated cohort (29 vs 15, P = 0.0001) (Table S3). 
However, we observed an overall higher HAI titer in the vaccinated cohort on day 56 than 

FIG 1 Clinical outcomes after challenge demonstrating duration (days) of shedding (A), duration (days) of symptoms (B), total number of symptoms (C), and 

FLU-PRO (D) scores, which standardize symptom severity based on number of symptoms and duration with higher numbers signifying more severe illness. 

Individual values represented by dots for unvaccinated participants in blue and vaccinated participants in yellow. Horizontal lines represent medians and first 

and third quartiles. P-values from Wilcoxon rank sum tests comparing unvaccinated and vaccinated participants shown, with P < 0.05 considered statistically 

significant.

FIG 2 Antibody titers after vaccination (phase 1) and H1N1 viral challenge (phase 2) as tested by HA inhibition (HAI) assays (A), ELISA for nasal anti-HA IgA 

(B), and ELISA for serum anti-HA IgG (C). In phase 1, day 0 represents baseline titers on the day of vaccination. Subsequently, in phase 2, day −1 represents 

baseline titers prior to viral challenge on day 0. Individual values represented by dots for unvaccinated participants in blue and vaccinated participants in yellow. 

Horizontal lines represent medians and first and third quartiles. Vertical lines represent minimum and maximum non-outliers. P-values from Wilcoxon rank sum 

tests, adjusted for multiple comparisons by Holm’s method, comparing unvaccinated and vaccinated participants shown, with P < 0.05 considered statistically 

significant. Important non-significant (N.S.) comparisons also shown.
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in the unvaccinated (P = 0.0416) (Fig. 2). There was also an increase in NAI titers on day 56 
post-challenge compared to day −1 pre-challenge in both the unvaccinated cohort (P = 
0.0114) and the vaccinated cohort (P = 0.0701), though the latter did not reach statistical 
significance. No difference in the mean NAI titer was noted between the cohorts on day 
56 (Fig. 3).

Prior to the challenge, vaccinated participants had higher anti-HA IgG and anti-HA 
stalk serum IgG (P < 0.0001 for both) compared to unvaccinated participants. There were 
no between-group differences in the other day −1 serum or any of the mucosal antibody 
titers from the vaccinated and unvaccinated cohorts (Fig. 2–4). In the vaccinated cohort, 
there was an increase in mucosal anti-HA IgA and anti-NA IgA on day 7 (P < 0.0001 and 
0.0004, respectively) and mucosal anti-HA IgA on day 28 (P = 0.027) after challenge. In 
unvaccinated individuals, we observed similar rises in mucosal anti-HA IgA and anti-NA 
IgA titers by day 7 (P < 0.0001 and <0.0001, respectively), and we observed the rise 
in anti-HA IgA to be sustained longer, at both day 28 (P = 0.0002) and day 56 (P = 
0.0007) (Fig. 2 and 3). Overall, on day 56 post-challenge, the vaccinated cohort demon­
strated higher levels of anti-HA IgG and anti-stalk IgG in the serum (P < 0.0001 and 
<0.0001, respectively) compared to the unvaccinated. No other serum or mucosal ELISA 
titers were significantly different between the study cohorts on day 56 post-challenge. 
When comparing the change in titer levels from day −1 pre-challenge to other study 
timepoints between vaccinated and unvaccinated cohorts, only the change from day −1 
pre-challenge to day 56 post-challenge in serum anti-NA IgG was significantly different 
(P = 0.0032), with unvaccinated subjects having a larger increase compared to vaccinated 
(Fig. 2–4; Table S4).

Correlations between serum and nasal humoral immune responses

For all participants regardless of the vaccination cohort, the correlations between 
antibody titers were generated at multiple timepoints (pre-challenge, 7 days post-chal­
lenge, and 56 days post-challenge), and the correlations were generally similar across 
timepoints except where noted. Serum HAI titers were highly correlated with serum HA 

FIG 3 Antibody titers after vaccination (phase 1) and H1N1 viral challenge (phase 2) as tested by NAI assays (A), ELISA for nasal anti-NA IgA (B), and ELISA for 

serum anti-NA IgG (C). In phase 1, day 0 represents baseline titers on the day of vaccination. Subsequently, in phase 2, day −1 represents baseline titers prior 

to viral challenge on day 0. Individual values represented by dots for unvaccinated participants in blue and vaccinated participants in yellow. Horizontal lines 

represent medians and first and third quartiles. Vertical lines represent minimum and maximum non-outliers. P-values from Wilcoxon rank sum tests, adjusted 

for multiple comparisons by Holm’s method, comparing unvaccinated and vaccinated participants shown, with P < 0.05 considered statistically significant. 

Important N.S. comparisons also shown.
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IgG and, to a lesser degree, HA stalk IgG, but not NA IgG (Fig. 5). Serum NAI titers were 
moderately correlated with serum NA IgG titers (significantly at day −1 and day 7 but 
not day 56), but not with serum HA IgG or HA stalk IgG. Serum HA IgG correlated well 
with serum HA stalk IgG pre-challenge, and serum NA IgG generally did not correlate 
well with HA IgG (except at day 56, rho 0.411) or HA stalk IgG. Nasal HA IgA, HA stalk 
IgA, and NA IgA correlated moderately well with each other. Notably, serum IgG titers 
against each antigen had no correlation with nasal IgA titers against the same antigen 
(e.g., serum HA IgG and nasal HA IgA). None of the antigen-specific antibody titers 
demonstrated a correlation with total serum IgG or IgA levels. Serum antibody titers 
against specific antigens had high correlations across timepoints (e.g., HA IgG at day 

FIG 4 Antibody titers after vaccination (phase 1) and H1N1 viral challenge (phase 2) as tested by ELISA for nasal anti-HA stalk IgA (A) and ELISA for serum anti-HA 

stalk IgG (B). In phase 1, day 0 represents baseline titers on the day of vaccination. Subsequently, in phase 2, day −1 represents baseline titers prior to viral 

challenge on day 0. Individual values represented by dots for unvaccinated participants in blue and vaccinated participants in yellow. Horizontal lines represent 

medians and first and third quartiles. Vertical lines represent minimum and maximum non-outliers. P-values from Wilcoxon rank sum tests, adjusted for multiple 

comparisons by Holm’s method, comparing unvaccinated and vaccinated participants shown, with P < 0.05 considered statistically significant. Important N.S. 

comparisons also shown.

FIG 5 Heatmaps of Spearman rank correlation coefficients between serum and nasal antibody titers. Numbers within squares and square colors represent rho 

values, with blue indicating positive and red representing negative correlations. Green asterisks indicate statistically significant comparisons after the Bonferroni 

adjustment. Black squares represent comparisons left untested for scientific or statistical reasons.
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−1 compared to HA IgG at day 7) and were highly statistically significant (Table S5). In 
contrast, mucosal antibody responses across timepoints correlated less strongly (Table 
S5).

Comparisons of clinical outcomes and humoral responses by shedding status

Grouping participants by duration of post-challenge shedding (non-shedders, 1-day 
shedders, and long-shedders) demonstrated significant differences in multiple pre-
challenge antibody titers across groups, with the highest titers seen in non-shedders 
and 1-day shedders and the lowest in long-shedders, for serum HAI, serum NAI, serum 
HA IgG, and nasal HA IgA. Antibody titers were not significantly different between 
non-shedders and 1-day shedders (Table 3; Table S6). The proportion of symptoms and 
number of symptoms were different across groups, but pairwise differences were not 
statistically significant when adjusted for multiple comparisons (Table 4).

Correlates of protection assessment through regression modeling

In all participants combined, pre-challenge serum HAI titers were observed to have a 
significant, independent, and negative association with flu, MMID, shedding, and days of 

TABLE 3 Median antibody titers before H1N1 challenge at day −1 grouped by participant shedding 
statusc,d,e

Non-shedders 1-day shedders Long-sheddersa P-valueb

Total N 21 19 34
Serum HAI 80 80 20 0.0008
Serum NAI 160 160 80 0.0079
Serum HA IgG 447,088 402,805 290,263 0.0008
Serum HA stalk IgG 187,087 196,786 130,218 0.0739
Serum NA 5,967 4,556 3,879 0.1633
Nasal HA IgA 953 790 467 0.0273
Nasal HA stalk IgA 586 1,215 790 0.2374
Nasal NA IgA 36 35 35 0.8814
aLong-shedders defined as those with 2 or more days of shedding.
bP-values from Kruskal–Wallis tests (pairwise Wilcoxon rank sum tests adjusted by the Benjamini–Hochberg 
method performed when P-value <0.05, results available in supplemental). P < 0.05 considered statistically 
significant.
cSymptoms defined as presence of at least one influenza symptom.
dShedding defined as presence of shedding on at least 1 day.
eHAI, hemagglutinin inhibition; NAI, neuraminidase inhibition; HA, hemagglutinin; NA, neuraminidase.

TABLE 4 Clinical outcomes after H1N1 challenge grouped by participant shedding statusg

Non-shedders 1-day shedders Long-sheddersa P-valueb

Total N 21 19 34
Sheddingc,d 0 19 (100%) 34 (100%)
Symptomsd 14 (67%) 18 (95%) 30 (88%) 0.0350
MMIDc,e 0 18 (95%) 30 (88%)
Fluc,f 8 (38%) 18 (95%) 30 (88%)
Median (IQR) days of sheddingc 0 (0, 0) 1 (1, 1) 3 (2, 4)
Median (IQR) days of symptoms 3 (0, 5) 5 (3, 6.5) 4 (2, 6.75) 0.1363
Median (IQR) number of symptoms 2 (0, 4) 4 (2.5, 6.5) 3 (2, 5) 0.0268
aLong-shedders defined as those with 2 or more days of shedding.
bP-values from Kruskal–Wallis tests (pairwise Wilcoxon rank sum tests adjusted by the Benjamini–Hochberg method performed when P-value <0.05, results available in 
supplemental). P < 0.05 considered statistically significant.
cStatistical analysis not performed on shedding outcomes between groups, which are defined by shedding status, and outcomes that are dependent on shedding status (flu, 
MMID). Symptoms defined as presence of at least one influenza symptom.
dShedding defined as presence of shedding on at least 1 day.
eMMID defined as at least one influenza symptom plus at least 1 day of viral shedding.
fFlu defined as at least one influenza symptom, plus either at least 1 day of viral shedding or a greater than fourfold increase in either hemagglutinin inhibition titers or 
neuraminidase inhibition titers.
gIQR, interquartile range.
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shedding (Tables S7 and S8). Serum NAI titers and HA IgG at day −1 were also inde­
pendently negatively associated with days of shedding. When vaccination cohorts were 
evaluated separately, only HAI titer and serum anti-HA IgG at day −1 were significantly 
negatively associated with days of shedding in vaccinated participants. In the unvaccina­
ted cohort, none of the studied immune measures demonstrated an ability to predict 
outcome measures (Tables S9 and S10).

Multivariate models were identified using the Akaike information criterion (AIC), but 
all of them had R2 values of <0.5, with the majority <0.1 (Table S11). The best models 
with the largest R2 in each cohort related to shedding and days of shedding; of note, the 
models for the vaccinated cohort were more complex than those for the unvaccinated 
but had higher R2 values, indicating slightly better performance as predictive models.

DISCUSSION

The ability of IIV to prevent influenza caused by challenge with A/Bethesda/MM2/H1N1 
in this study was modest, resulting in only a 33% difference in proportions of flu 
incidence between groups. This measure fits well with real-world measures of effective-
ness, estimated at 56% in the northern hemisphere against H1N1, but with considerable 
variation from season to season due to the degree of match between the vaccine 
and circulating strains (22). These findings validate the challenge model as a vaccine 
assessment tool, especially considering there was a small degree of antigenic drift in 
both HA and NA of vaccine virus relative to the challenge virus. In our study, vaccination 
did not confer a significant reduction in the incidence of shedding, suggesting that 
the ability of IIV to prevent transmission may be very limited. This shortcoming may 
exist because the vaccine, given via the IM route, provoked no measurable induction of 
mucosal humoral immunity, as has been observed previously with IM influenza vaccines 
(23–31). Additionally, our observation that IM vaccination failed to increase antibody 
titers against NA is unsurprising, considering that in general the NA content of IIV is low 
and not standardized (32).

Immunity induced by IM vaccination contrasted profoundly with that induced by 
influenza infection, which provoked significant mucosal antibody titers against HA and 
NA by day 7. Mucosal responses appeared short-lived, peaking 7 days after challenge, 
in contrast to serum HAI and NAI titers, which peaked at day 56 (despite stable or 
decreasing levels of serum HA IgG and NA IgG after day 7). The discordance between 
the kinetics of functional and binding antibody titers in serum may reflect the effect 
of affinity maturation. Interestingly, participants in both vaccinated and unvaccinated 
cohorts experienced increases in serum titers after challenge, suggesting that expo­
sure to influenza may be important in boosting vaccine-induced systemic immunity. 
Unvaccinated individuals narrowed the baseline difference in HAI titers by day 56 but 
never fully closed the gap with vaccinated individuals. The differential timing of the peak 
in mucosal IgA (early in the course of infection) versus serum HAI and serum NAI titers (in 
the recovery phase) may reflect differing immunologic roles of these antibodies, with IgA 
assisting in viral clearance and serum HAI and NAI contributing to long-term protection 
against future infections. In contrast, serum and mucosal antibody titers against HA stalk 
were not affected by challenge but did increase significantly after vaccination. While 
the general lack of HA stalk-directed humoral response has been primarily blamed on 
the immunodominance of the head domain (33), the discordance in responses to virus 
and IIV seen in this study supports the hypothesis that steric hindrance in intact virions 
contributes to diminished stalk responses (34). Furthermore, IIV demonstrated some 
potential as an HA stalk vaccine, considering its ability to boost antibodies against stalk. 
Strategies to develop HA stalk-specific vaccines should include direct comparisons to 
currently approved IIV, to ensure elicited responses are superior.

The relationships between antibody titers measured in this study provide additional 
understanding of immune responses against influenza and may help guide next-gen­
eration vaccine design. Interestingly, there was no correlation between mucosal IgA 
titers and serum IgG titers against specific antigens. Similar findings have been recently 
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reported in research on COVID-19 and may reflect differences between populations 
of IgA-producing plasma cells (residing locally in the mucosal lamina propria) and 
IgG-producing plasma cells (residing at distant sites such as the bone marrow) (10, 15, 
35, 36). Systemic antibody titers may, therefore, not be an appropriate surrogate for 
mucosal antibodies. The consistent lack of correlation across post-challenge timepoints 
further strengthens these conclusions. These findings also suggest that a vaccination 
strategy targeting the respiratory mucosa could be used to complement systemically 
administered vaccine, thereby boosting titers in both compartments.

Strong correlations were observed among systemic titers across multiple timepoints 
within individuals, meaning that participants with lower titers, despite experiencing a 
boost with challenge, continued to have relatively lower titers after challenge. Mucosal 
antibody levels lack this within-subject consistency over time. Further research is 
necessary to determine if titer differences between individuals are due to host factors 
or if they reflect differences in immunologic history, such as the number, timing, and 
intensity of influenza exposures.

Post hoc analysis of participants grouped by duration of shedding (0, 1, or >1 day) 
revealed significant differences in pre-challenge antibody titers, thereby providing a 
glimpse into potential correlates of protection. As expected, non-shedders had the 
highest antibody titers, and long-shedders had the lowest titers, with differences noted 
between serum HAI, NAI, HA IgG, and nasal HA IgA, suggesting these are important 
markers of protection. Notably, 1-day shedders had baseline antibody titers more like 
non-shedders, rather than long-term shedders.

More sophisticated, direct analysis performed through regression modeling identified 
a few significant associations, with HAI titers at day −1 predicting outcomes related 
to shedding, duration of shedding, MMID, and flu. Notably, we did not observe an 
association between mucosal antibody titers and clinical outcomes, in contrast to 
findings from a previous influenza challenge study (12). In addition, NAI titers were 
not as crucially predictive of clinical outcomes as was observed in aggregate data of 
four previous challenge studies conducted by our group (4). However, in almost all 
of these previous studies, participants were required to have low baseline serum HAI 
titers pre-challenge, which likely decreased the impact of HAI titers and increased the 
relative contribution of other correlates of protection, like serum NAI and mucosal IgA. In 
contrast, the administration of IM vaccine in this study boosted the contribution of HAI 
titers to protection and consequently decreased the signal from other immune correlates 
(37).

In a similar study performed in 1986 by Clements et al., participants were given 
intranasal (IN) live attenuated influenza vaccination (LAIV) or IM IIV and then challenged 
with influenza A virus. In the IN LAIV cohort, pre-challenge nasal IgA against HA (as well 
as serum NAI) correlated with reductions in viral shedding and clinical illness, while in the 
IIV cohort, only serum-related markers [pre-challenge serum HAI, serum NAI, and nasal 
HA IgG (which results from serum HA IgG spillover)] correlated with these outcomes (38). 
In our study, IM vaccination predominantly increased serum HAI titers, which emerged 
as the main correlate of protection. When performing regression analyses separately in 
the vaccinated and unvaccinated cohorts, HAI titers remained significantly predictive 
only for the duration of shedding in the vaccinated cohort and were not predictive 
of any outcomes in the unvaccinated cohort. Upon further analysis with multivariate 
models evaluated using AIC, we found that the models were extremely limited with no 
R2 value better than 0.5 and most <0.1. Therefore, even after developing models with 
data representing multi-antigen humoral responses in both serum and mucosa, we were 
unable to accurately predict most of the variation in outcomes due to influenza infection.

There are several limitations to this study. These results may be specific to H1N1 and 
may differ when looking at other influenza subtypes. Influenza vaccine effectiveness 
against H3N2 is consistently lower than that against H1N1 (22), in part due to a higher 
rate of antigenic drift and also due to a diminished protective capacity of HAI and NAI 
titers (39). The small sample size limited our power to detect small differences. The 
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study was not blinded, which may have introduced bias into the reporting of symptoms. 
In addition, enrollment was not randomized, instead following a pragmatic sequential 
enrollment approach; selection bias may have contributed to differences in baseline 
titers between the vaccinated and unvaccinated cohorts. It is important to note that 
most participants enrolled in the unvaccinated cohort were found to have low (<40) 
baseline HAI titers. In contrast, the vaccinated cohort had much higher baseline HAI 
titers, even before vaccination, suggesting potential differences in exposure to influenza. 
While the study showed short-lived mucosal responses, functional antibody assays were 
not performed on mucosal samples for comparison to functional antibody assays on 
serum; thus, the evaluation of mucosal antibodies may be considered less robust. 
Measurements of cellular immunity and cytokine levels were not available at this time, 
but these evaluations will be conducted in the future and may further refine our models. 
Furthermore, additional approaches such as repertoire sequencing, transcriptomics, 
and machine learning strategies may advance our understanding of the correlates of 
protection against influenza and guide next-generation vaccine development. Finally, 
the challenge model differs from natural infection, especially in the method of inocula­
tion, which involves one large intranasal delivery of virus by atomized liquid, which may 
impact the clinical course of infection and estimates of immune correlates of protection. 
However, the similarity in estimates of vaccine efficacy between challenge models and 
natural infection is reassuring for the validity of challenge studies (40, 41).

CONCLUSION

The initial results from this study demonstrate that the correlates of protection to 
influenza are complex and reach beyond systemic or even mucosal antibody titers. 
These measures, though useful, can only predict clinical outcomes to a limited degree 
and do not account for the multiple immunological mechanisms underlying protection. 
For decades, our influenza vaccination strategy has targeted the systemic humoral 
response, namely, HAI titers; however, it is clear from this and other studies that we must 
expand our investigations to encompass the interaction between mucosal and systemic 
immunity and explore how vaccination in one immune compartment could beneficially 
or detrimentally effect the other. Further analysis of samples from studies like this will be 
required to elucidate how the immune system orchestrates cellular, innate, and humoral 
responses, within both the systemic and mucosal compartments, to combat infection 
and how we can translate this knowledge into better protection against disease.

MATERIALS AND METHODS

Study design

The challenge study was performed at the NIH Clinical Center between April and 
October of 2019. The primary objective was to identify mucosal correlates of protec­
tion against influenza in vaccinated and unvaccinated healthy volunteers. Protection 
was evaluated using a primary endpoint of flu defined as at least one symptom of 
influenza plus either (i) a positive clinical test for influenza within 10 days of inoculation 
or (ii) a fourfold or greater increase in anti-HA or anti-NA antibody titer at 56 days 
after the administration of challenge virus. Secondary protection endpoints included 
incidence of shedding, incidence of symptoms, duration of shedding, duration and 
number of symptoms, FLU-PRO score, and incidence of MMID, defined as viral shedding 
detected by clinical molecular testing plus a minimum of one symptom of influenza after 
intranasal challenge, as previously described (42). This study (clinicaltrials.gov identifier 
NCT01971255) was approved by the NIAID Institutional Review Board and was conduc­
ted in accordance with the provisions of the Declaration of Helsinki and Good Clinical 
Practice guidelines. All volunteers consented prior to participation in this study.

Participants were eligible for the study if they were healthy and non-smokers, had 
not received influenza vaccine since September 2018, and had no history of allergies to 
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influenza vaccine, influenza antivirals, and multiple classes of antibiotics. Participants 
were excluded if they had clinically significant abnormalities on echocardiography, 
pulmonary function testing, or blood laboratory testing or had a history of anatomic 
or functional problems of their nasopharynx. The first 40 participants were enrolled in 
the vaccinated cohort and were vaccinated IM with IIV (Flucelvax), referred to as phase 
1 of the study. Mucosal cell samples were collected from the middle turbinate using 
a nasal speculum and pathology brush. Nasal secretion samples were collected using 
a synthetic absorbent material (SAM) strip. Mucosal samples, whole blood, peripheral 
blood mononuclear cells, and serum were collected pre-vaccination on the day of 
vaccination as well as on day 3 and day 28 post-vaccination. All vaccinations in this 
cohort were administered 32–155 days prior to challenge (median 64 days). Another 40 
participants were identified and enrolled in the unvaccinated cohort, and 74 participants 
from both cohorts were brought into the NIH Clinical Center as mixed cohorts for 
challenge with influenza A virus.

All participants were challenged with a 2 mL inoculum containing 107 TCID50 
of the certified Vero-grown Good Manufacturing Practices-produced Influenza A/
Bethesda/MM2/H1N1 challenge virus (an A/California/04/2009/H1N1pdm-like virus used 
extensively in our previous challenge studies) delivered equally into each nostril via 
atomized spray and were assessed daily for a minimum of 9 days in the isolation unit 
as previously described, referred to as phase 2 of the study (42). Mucosal and systemic 
samples were collected pre-challenge (the day prior to inoculation) and on days 1, 3, 5, 
and 7 post-challenge. Nasal washes were performed daily, pre-challenge, and all days 
after challenge, for the purpose of viral detection by multiplex PCR. Participants who 
had detection of influenza A (H1N1) on a single post-challenge day were classified as 
1-day shedders. Participants who had 2 or more days of positive testing were classified as 
long-shedders. Samples were also collected on day 28 and day 56 post-challenge during 
the outpatient follow-up.

Vaccine

The licensed 2018–2019 northern hemisphere version of Flucelvax Quadrivalent, 
produced by Seqirus (Holly Springs, North Carolina), was administered to the vaccina­
ted cohort. It contained 15 μg of each of four HA subunits from A/Michigan/45/2015 
(H1N1)pdm09-like, A/Singapore/INFIMH-16-0019/2016 (H3N2)-like, B/Colorado/06/2017-
like virus (Victoria lineage), and B/Phuket/3073/2013-like (Yamagata lineage) viruses.

Sample collection and processing

Whole blood and serum were collected and processed. Nasal brushings were placed in 
RNAlater and stored at −80°C prior to extraction for further analysis. Nasal SAM strips 
were frozen initially at −80°C and then were thawed on ice for processing. The absorbent 
strip was removed from its handle and placed into a microcentrifuge tube. Elution buffer 
(300 µL, 1% BSA in PBS) was added on top of the SAM strip. The tube containing the strip 
with buffer was vortexed for 30 seconds. Using sterile forceps, the strip was removed, 
a spin filter mini-column (catalog no. 9301; Costar) was inserted in the same tube, and 
the strip was replaced inside the column. Samples were centrifuged at 16,000 × g for 
20 min at 4°C. After removing samples from the centrifuge, the strip and spin column 
were removed. The eluate was aliquoted and stored at −80°C.

Immunologic assays

Standard methods were used to measure serum HAI and NAI antibody titers against the 
challenge virus (43–45). HAI assays were performed against the challenge virus, and NAI 
assays were performed against an H6N1 reassortant virus containing an N1 identical to 
the challenge virus. ELISA for IgA and IgG antibodies against HA, NA, and HA stalk was 
performed on nasal secretions and serum, respectively, as previously described (46, 47) 
with minor modifications (Table S12). HA, NA, and HA stalk proteins used for ELISA were 
identical to the challenge strain.
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Calculation of IgA and IgG antibody titers against HA, NA, and HA stalk

Antibody titers were calculated using an extrapolation method. Four serum and SAM 
samples with the highest reactivity to each construct (HA, NA, and HA stalk) were 
preselected using the ELISA technique described. These samples were pooled in equal 
volumes and serially diluted to create the standard for their respective construct and 
sample type. This standard was used to generate a standard curve against the deter­
mined titer for each plate. The titer was determined by running an ELISA plate per 
antigen with the standard serially diluted multiple times, with various dilution factors. 
The optical density (OD)490 of each dilution was measured using the ELISA method 
described, and the cutoff value was set as the mean OD plus 3 standard deviations (48) 
of the wells containing only the secondary antibody. The titer was defined as the highest 
dilution factor to produce an OD value above the generated cutoff value. The titer of the 
mucosal sample standard was 37,500 for HA, 8,600 for NA, and 16,000 for HA stalk. The 
titer of the serum standard was 409,600 for HA, 12,800 for NA, and 218,000 for HA stalk. 
Serial dilutions of the standard were added to each plate to generate the standard curve. 
The constructs’ antibody titers were measured three times independently, and means of 
the replicates were used for further analysis.

Statistical analysis

Participants were divided among two groups: vaccinated and unvaccinated. Wilcoxon 
rank sum tests were used to compare continuous outcomes between groups and within 
a group between timepoints. Fisher’s exact tests were used for categorical outcomes. 
Univariate linear regression models were used to examine the relationship between 
log-transformed antibody titer values and continuous outcomes of number of symp­
toms, number of days of symptoms, number of days of shedding, and FLU-PRO scores 
for each group separately and for all subjects combined. Univariate logistic regression 
models were used to examine the relationship between log-transformed antibody titer 
values and binary outcomes of the presence of flu, symptoms, shedding, and MMID 
for each group separately and for all subjects combined. Spearman’s rank correlation 
coefficients were calculated for specified sets of antibody titers at days −1, 7, and 
56. Spearman’s rank correlation coefficients were also calculated for all antibody titers 
between timepoints (days −1 and 7, days −1 and 56, and days 7 and 56). Participants 
were grouped by shedding duration into three groups: non-shedders, 1-day shedders, 
and long-shedders (>1 day of shedding). Kruskal–Wallis tests were used to compare 
pre-challenge antibody titers and post-challenge symptom-based clinical outcomes 
between the shedding groups. An exhaustive search to find the best model fit using AIC 
was done using all log-transformed antibody measures at phase 2 day −1 as predictors 
for each outcome measure. The model with the lowest AIC was selected, and the R2 

was calculated. Groups were modeled separately. P-values were adjusted for multiple 
comparisons to maintain the 0.05 level of significance as detailed in the supplementary 
appendix. All analyses were done in R version 3.6.3. Heatmap figures were created in 
Prism 9.3.1.
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