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Abstract

Background: Influenza vaccines are important for prevention of influenza-associated
hospitalization. However, the effectiveness of influenza vaccines can vary by year and influenza
type and subtype and mechanisms underlying this variation are incompletely understood.
Assessments of serologic correlates of protection can support interpretation of influenza vaccine
effectiveness in hospitalized populations.

Methods: We enrolled adults hospitalized for treatment of acute respiratory illnesses during the
2014-2015 and 2015-2016 influenza seasons whose symptoms began <10 days prior to
enrollment. Influenza infection status was determined by RT-PCR. Influenza vaccination status
was defined by self-report and medical record/registry documentation. Serum specimens collected
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at hospital admission were tested in hemagglutination-inhibition (HAI) and neuraminidase-
inhibition (NAI) assays. We evaluated how well antibody measured in these specimens represented
pre-infection immune status, and measured associations between antibody and influenza
vaccination and infection.

Results: Serum specimens were retrieved for 315 participants enrolled during the 2014-2015
season and 339 participants during the 2015-2016 season. Specimens were collected within 3 days
of illness onset from 65% of participants. Geometric mean titers (GMTSs) did not vary by the
number of days from illness onset to specimen collection among influenza positive participants
suggesting that measured antibody was representative of pre-infection immune status rather than a
de novo response to infection. In both seasons, vaccinated participants had higher HAI and NAI
GMTs than unvaccinated. HAI titers against the 2014-2015 A(H3N2) vaccine strain did not
correlate with protection from infection with antigenically-drifted A(H3N2) viruses that circulated
that season. In contrast, higher HAI titers against the A(HLN1)pdmO09 vaccine strain were
associated with reduced odds of A(HLN1)pdmO039 infection in 2015-2016.

Conclusions: Serum collected shortly after illness onset at hospital admission can be used to
assess correlates of protection against influenza infection. Broader implementation of similar
studies would provide an opportunity to understand the successes and shortcomings of current
influenza vaccines.

Keywords

Influenza; Hemagglutinin; Neuraminidase; Influenza vaccine; Serology; Correlates of protection;
Inpatient

1. Introduction

Influenza infections are responsible for substantial numbers of hospitalizations and deaths
each year [1]. Therefore, in the US, all individuals >6 months of age are recommended to
receive annual influenza vaccination to prevent clinical influenza and the severe
complications associated with influenza illness [2]. Continuous evolution of the influenza
virus necessitates annual assessment of the strains composing influenza vaccines with
vaccine strain selection occurring well in advance of the subsequent influenza season [3].
Because influenza vaccine effectiveness (VE) can vary, particularly by the antigenic match
between vaccine strain and circulating epidemic viruses, annual VE assessments are
necessary to inform policy makers, health care providers, and the public of the effectiveness
of the influenza vaccine.

As a result, influenza VE is now evaluated annually in many countries with the majority of
studies carried out in outpatient settings [4-6]. A number of issues with current influenza
vaccines have now become clear, many of which are influenza type and sub-type specific.
On average, influenza vaccines have been only approximately 30% effective in preventing
influenza A(H3N2) infection, and were ineffective in preventing antigenically drifted viruses
during the 2014-2015 season [7-9]. Reasons for low VE against A(H3N2) are not
completely understood, but given consistently lower VE, it is likely that factors contribute in
addition to antigenic match between the hemagglutinin of vaccine and circulating viruses
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[10]. A potentially related issue is that reduced VE has been frequently demonstrated among
individuals vaccinated in consecutive seasons compared to those vaccinated only in the
current season [11].

Immunologic evaluations are needed to help explain the factors underlying low VE, improve
vaccine strain selection, and guide novel vaccine development [12]. Unfortunately, in
outpatient settings, it is difficult to integrate immunologic evaluations because subject
participation is generally limited to a short interaction during acute illness. VE studies are
increasingly being carried out among inpatient populations [13—16]. Hospitalized patients
regularly have blood collected at hospital admission for clinical purposes that could be used
to support VE estimates from hospital-based studies. It is unclear how well antibody titers
measured in these specimens reflect pre-infection immune status, because the antibody
response to infection can begin within days of illness onset.

In this study we aimed to determine if antibody titers measured in serum specimens
collected from hospitalized patients during acute influenza illness accurately reflect pre-
infection humoral immunity, and if so, to determine how well influenza vaccine specific
antibodies correlated with odds of infection. The study was performed during the 2014-2015
and 2015-2016 influenza seasons. These two seasons differed in the predominant circulating
strains and the resulting VE estimates. In 2014-15, a drifted influenza A(H3N2) virus
belonging to the 3C.2a genetic group predominated in the United States [9]. The vaccine
was ineffective in ambulatory populations against drifted viruses, but moderately effective
against other circulating genetic groups that were more closely related to the vaccine virus
[9]. In contrast, we estimated modest, but statistically significant VE against influenza
A(H3NZ2) in this hospitalized population [13]. The following year, 2015-20186, influenza
A(H1IN1)pdmO9 viruses predominated, and VE was 45% against influenza A(H1N1)pdm09
in the ambulatory setting [17].

Methods

During the 2014-2015 and 2015-2016 influenza seasons adult (=18 years) patients
hospitalized for treatment of acute respiratory illnesses at the University of Michigan
Hospital in Ann Arbor and the Henry Ford Hospital in Detroit were prospectively enrolled in
a case-test negative design study of influenza vaccine effectiveness as previously described
[13]. All patients were enrolled <10 days from illness onset during the period of influenza
circulation each year (November-March 2014-2015; January-April 2015-2016). Participants
completed an enrollment interview and had throat and nasal swab specimens collected and
combined for influenza identification. When available, clinical serum specimens collected as
early as possible after hospital admission were retrieved; all specimens were collected <10
days from illness onset based on the enrollment case definition. Serum specimens were
available only for patients enrolled from University of Michigan Hospital during the 2014—
2015 season, but were available for patients enrolled from both hospitals during the 2015-
2016 season. The institutional review boards at both participating health systems reviewed
and approved the study.
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2.1. Participant data

Enrolled patients were interviewed to collect information on demographic characteristics
(age, sex, race/ethnicity), illness onset date, self-reported influenza vaccination status, and
frailty (instrument fully described in Supplement). Health System Electronic Medical
Records were reviewed to document evidence of health conditions present during the year
before enroliment to calculate the Charlson comorbidity index. Influenza vaccination in each
season was based on documented evidence of vaccine receipt from the Electronic Medical
Record or statewide immunization registry or from self-report of vaccine receipt at
enrollment with plausible location and timing of vaccination (plausible self-report).

2.2. Laboratory assays

Respiratory specimens were tested for influenza by RT-PCR in the investigators’ laboratory
at the University of Michigan School of Public Health using primers, probes and testing
protocols developed by the Influenza Division of the Centers for Disease Control and
Prevention (CDC) and provided by the CDC’s International Reagent Resource.

Serum specimens collected from patients enrolled during the 2014-2015 influenza season
were tested in hemagglutination-inhibition (HAI) assays using monovalent inactivated
influenza vaccine subunit material (provided by Sanofi-Pasteur) representing the A/Texas/
50/2012 (H3N2) virus present in the 2014-2015 Northern Hemisphere influenza vaccine and
the A/Hong Kong/4801/2014 (H3N2) virus present in the 20162017 Northern Hemisphere
influenza vaccine, representing the dominant variant 3C.2a genetic group that circulated in
2014-2015. Serum specimens collected from patients enrolled during the 2015-2016
influenza season were similarly tested by HAI using monovalent inactivated influenza
vaccine subunit material representing the A/California/7/2009 (H1IN1)pdmO09 virus present
in the 2015-2016 Northern Hemisphere influenza vaccine. Serum specimens collected in the
2014-2015 and 2015-2016 seasons were also tested by neuraminidase inhibition (NAI)
assay using reassortant influenza viruses with the NA of the 2014-2015 A(H3N2) and
2015-2016 A(H1N1)pdmO09 vaccine strains, respectively, and a mismatched HA (H6
subtype) to avoid interference by HA-specific antibodies [18]. Serologic testing was
performed in the investigators’ laboratory at the University of Michigan School of Public
Health (methods for each assay are fully described in Supplement).

2.3. Statistical analysis

Subjects were characterized by demographics, health status, influenza vaccination status,
and RT-PCR defined influenza infection status. For the 2014-2015 influenza season subjects
testing positive for influenza A(H3N2) were considered to be cases, and those testing
negative for influenza A(H3N2) were controls. Similarly for the 2015-2016 season,
influenza A(H1N1)pdmOQ9 positive subjects were cases and influenza A(HIN1)pdm09
negative subjects were controls. HAI and NAI titers were calculated as the reciprocal (e.g.,
40) of the highest dilution of sera (e.g., 1:40) that inhibited HA or NA activity. Titers were
log-base 2 transformed, and the mean of the transformed values was calculated and then
exponentiated to obtain the geometric mean titer (GMT). GMTs were compared by subject
characteristics including health, current and prior vaccination, and RT-PCR defined
influenza infection status using unbalanced ANOVA F-tests or Wilcoxon Rank Sum tests.

Vaccine. Author manuscript; available in PMC 2020 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petrie et al.

Page 5

To evaluate the assumption that antibody titers measured in specimens during acute illness
reflect pre-infection titers rather than a de novo response to infection, we estimated the
association between log-base-2 antibody titer and days from illness onset to specimen
collection among individuals with RT-PCR confirmed influenza infection using linear
regression models. If measured antibody titers reflect a de novo response, those collected
later in the illness would be expected to have higher antibody titers, which would be
reflected in a positive slope estimated by the regression. Similarly, we evaluated the
possibility that influenza negative controls, particularly those enrolled later in the season,
could have been infected before the time of enrollment. This was accomplished by
estimating the association between log-base-2 antibody titer and day of illness onset within
each season among influenza negative controls using linear regression models. If a
substantial proportion of control subjects were infected at some time prior to enroliment,
those enrolled later in the season would be expected to have higher antibody titers, which
would be reflected in a positive slope estimated by the regression.

We estimated the change in odds of influenza infection (Odds Ratio [OR]) associated with a
2-fold increase in preseason HAI and NAI titers modeled as continuous, log-base 2
transformed predictors in logistic regression models for each influenza season. We specified
models to assess the effect of each titer individually, to assess the independent effect of each
titer holding other measured titers constant (partial adjustment), and to assess the effect of
each titer after adjustment for other measured titers and covariates identified a priori as
potential confounding variables associated with both antibody titer and odds of infection
(full adjustment). The following covariates were included in fully adjusted models:
vaccination status, gender, age category (18-49, 50-64, =65 years), frailty score, and
Charlson comorbidity index category (0,1, 2, =3).

All statistical analyses were performed using SAS (release 9.3; SAS Institute); figures were
prepared using R software (version 3.1.0). A P-value of < 0.05 indicated statistical
significance.

3. Results

During the 2014-2015 influenza season, 624 patients with acute respiratory illness were
enrolled in the VE study. Of these, 341 were enrolled at the University of Michigan Hospital
and serum specimens were retrieved for 315 (92%) of these patients. Serum specimens were
retrieved for 339 (77%) of all 441 patients enrolled from both hospitals during the 2015—
2016 influenza season. At the University of Michigan site, subject characteristics of those
with retrieved specimens (2014-2015: 92%; 2015-2016: 95%) weresimilar to those of all
patients enrolled at the University of Michigan Hospital for both seasons (Supplemental
Tables 1 and 2). However, subjects with specimens retrieved from the Henry Ford Hospital
during the 2015-2016 season (52%) were more likely to be white (28% vs 13%, £=0.03)
and have higher Charlson comorbidity index (3+: 53% vs 38%, 2= 0.02) compared to those
subjects for whom specimens were unable to be retrieved (Supplemental Table 2). The
characteristics of the subjects with specimens retrieved during each season are presented in
Tables 1 and 2, respectively.
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Blood specimens were collected 0-10 days after illness onset; specimens were collected
within 3 days of illness from 65% of patients and within 6 days from 89%. Overall, GMTs
did not significantly vary by the time of specimen collection. The effect of time of specimen
relative to illness onset on antibody titers was further explored among influenza positive
cases, and we did not observe an association between timing of blood collection and HAI or
NAI antibody titers against viruses similar to those that circulated in each season (Fig. 1). In
addition, the variance of the measured titers did not appear to be associated with the timing
of blood collection. This supports our assumption that measured antibody titers reflect pre-
infection susceptibility rather than a de novo response to infection. Results were consistent
when stratified by vaccination status (Supplemental Figs. 1 and 2). Among influenza
negative subjects, we also did not observe an association between day of illness onset and
HAI or NAI antibody titers (or their variance) against viruses similar to those that circulated
in each season (Supplemental Fig. 3). This suggests that a there was not substantial
misclassification of case-control status based on calendar time of enroliment.

Among subjects enrolled in the 2014-2015 season, the overall HAI GMT was 38.8 (95% CI:
33.5, 44.8) against the A/Texas (H3N2) 3C.1 vaccine strain, and particularly low (10.4, 95%
Cl: 9.2,11.8) against the A/Hong Kong (H3N2) 3C.2a that more closely resembled the
circulating strain. The overall NAI GMT was 124.5 (95% CI: 109.3, 141.9) against the A/
Texas (H3N2) vaccine strain (Table 1). NAI titers against A/Texas (H3N2) increased with
age (P=0.02), and HAI titers against A/Hong Kong (H3N2) were higher among individuals
with higher frailty scores (P=0.04). For all viruses tested, vaccinated individuals had
significantly higher A (H3N2) HAI and NAI titers than unvaccinated individuals (£ < 0.001)
in these serum specimens. GMTs were higher in those not infected than those who were, but
none of the differences were statistically significant (Table 1).

For the following year, the overall HAI and NAI GMTs against the A/California
(H1N1)pdmQ9 vaccine strain were 55.9 (95% ClI: 47.9, 65.3) and 50.5 (95% ClI: 42.5, 59.9),
respectively (Table 2). NAI GMTs against A/California (HLN1)pdmO09 were higher among
subjects recruited from Henry Ford Hospital (P= 0.03), and increased with increasing age (P
<0.001) and with increasing Charlson comorbidity index (= 0.01). HAIl and NAI GMTs
against A/California (HLIN1)pdmO09 were otherwise similar when compared across all other
subject characteristics. For both 2015-2016 A(H1N1)pdm09 HAI and NAI, vaccinated
individuals again had significantly higher GMTs than unvaccinated individuals (£ <0.001).
Influenza A(H1IN1)pdmO9 infected cases had significantly lower HAIl and NAI GMTs
against A/California (HIN1) pdm09 compared to influenza negative controls (£ < 0.001).

For the 2014-2015 season, visual examination of plots of the proportion infected by
influenza A(H3N2) did not suggest a relationship between odds of infection and HAI or NAI
titers against the A/Texas (H3N2) vaccine strain (Fig. 2). In contrast, odds of infection did
appear to decrease with increasing HAI titer against the A/Hong Kong (H3N2) strain similar
to circulating 3C.2a viruses as no infections were identified among the few individuals (N =
30; 10%) with titers > 40. These qualitative observations were consistent with the results of
logistic regression models. There was no significant association between odds of A(H3N2)
infection and HAI or NAI titers against A/Texas in unadjusted, partially adjusted, or fully
adjusted regression models (Table 3). For A/Hong Kong, a 2-fold increase in HAI titer was
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estimated to reduce odds of infection by 14% (95% CI: —19%, 48%), but this was not
statistically significant.

In contrast, the proportion infected by A(H1IN1)pdmQ9 in 2015-2016 appeared to decrease
with increasing HAI and NA titers against influenza A(H1N1)pdmQ9 (Fig. 3). Consistent
with this both HAI and NAI titers were significantly associated with reduced odds of
infection in unadjusted and partially adjusted logistic regression models (Table 3). In fully
adjusted multivariable logistic regression models, a 2-fold increase in HAI titer was
associated with a 22% (95% CI: 7%, 35%) reduction in the odds of influenza A(H1N1)
pdmQ9 infection, and a 2-fold increase in NAI titer was estimated to reduce the odds of
infection by 12% (95% CI: —3%, 25%; Table 3); however, only the association between HAI
titer and odds of influenza A(H1N1)pdmO9 infection remained statistically significant after
full covariate adjustment.

We compared HAI and NAI antibody titers by two-year vaccination status in both study
seasons (Fig. 4). In each season and for each antigen, the group with the lowest titers were
those unvaccinated in both seasons. In both seasons, HAI and NAI titers against all antigens
did not significantly differ comparing those vaccinated only in the current season and those
vaccinated in two consecutive seasons.

4. Discussion

Studies of influenza VE are now conducted annually in many parts of the word, mainly in
ambulatory populations using the test negative design [4-6]. By virtue of recruiting in the
ambulatory care setting it is difficult to collect adequate blood specimens from the numbers
of subjects needed to evaluate serologic correlates of protection. In hospitalized individuals,
with little alteration in routine practice, it is often possible to obtain residual serum
specimens collected for clinical purposes. The question, in the case of study enrollment at
the time of hospitalization, is whether antibodies measured in these serum specimens are
indicative of pre-infection levels of susceptibility. The current results indicate that this is
possible, particularly because specimens were collected shortly after acute respiratory illness
onset for most patients. The fact that antibody titers were significantly higher among those
who were vaccinated is also consistent with expectations for pre-infection antibody
measurements.

The usefulness of these specimens is further indicated by the findings in the two influenza
seasons which were divergent, but consistent with vaccine effectiveness estimates. Influenza
A(H3NZ2) viruses which were antigenically mismatched to the A/Texas (H3N2) virus
included in the vaccine circulated widely during the 2014-2015 influenza season [19,20].
Consistent with this mismatch, studies carried out in the outpatient setting observed an
absence of VE in preventing infection by drifted A (H3N2) viruses [9]. In this study, HAI
antibody titer against A/Texas (H3N2) did not correlate with protection against infection as
expected. In contrast, there were no infections identified in the few individuals with titers >
40 against A/Hong Kong (H3N2), which belongs to the 3C.2a genetic group that includes
the majority of 2014-2015 circulating A(H3N2) viruses. Vaccinated individuals had higher
titers against both viruses than unvaccinated individuals, and unlike studies carried out in
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ambulatory care and household settings, we found that the A/Texas (H3N2) containing
vaccine was 43% effective in this hospitalized population [13].

The 2015-2016 influenza season was characterized by circulating influenza A(H1N1)
viruses that were considered to be antigenically similar to the A/California (HLN1)pdm09
vaccine strain by standard HAI assays using ferret anti-sera [21]. Outpatient and inpatient
based VE studies consistently estimated moderate VE in this season [17]. Consistent with
this, we observed higher titers among vaccinated individuals and HAI antibody against A/
California (HLN1)pdmO9 was associated with protection from influenza A (HLN1)pdm09
infection in the 2015-2016 season.

Our group and others have previously demonstrated that NAI antibody is a correlate of
protection against influenza infection independent of HAI antibody [22,23]. Here higher
NAI titers were associated with reduced odds of infection only in the 2015-2016 season, but
this effect was not statistically significant in fully adjusted models potentially reflecting low
sample size. Although NA content is not standardized in influenza vaccines, it has been
previously demonstrated that a substantial proportion of vaccinated individuals produce NA
directed antibody in response to vaccination [22,24]. Given the potential for NA antibody to
contribute to protection, more systematic monitoring of the antigenic properties of NA in
circulating viruses, as is done with HA, is needed to inform appropriate targets for this
relatively new assay. This will be particularly important as new approaches for vaccine
production that will give broader protection are examined [12].

The primary limitation of this study is that only single serum specimens collected during
acute illness were available. Although, our results support the assumption that antibody
measured in these specimens are representative of levels present prior to infection, this
cannot be definitively determined without paired pre-infection specimens. It is also possible
that the lack of observed relationship between date of specimen collection and antibody titer
could be confounded by subject characteristics related to pre-infection immune status and
timing of hospital presentation. However, this result is consistent with challenge studies
finding little antibody response before 7 days post-infection [25]. Another recent study of
antibody kinetics in patients hospitalized found that HAI titers rose rapidly after infection
with >80% having HAI titers 240 within two weeks [26]; in our study, 89% of patients had
specimens collected <6 days after illness onset. Similarly, vaccinated subjects had higher
HAI and NAI titers against all measured influenza antigens suggesting that these antibodies
were produced in response to influenza vaccination. However, because prevaccination serum
specimens were unavailable we cannot determine how much current season vaccine
contributed to the development of these antibodies.

Because enrollment in this study was cross-sectional, it is possible that individuals defined
as influenza negative controls could have been infected prior to or after enrollment. This
misclassification would be expected to bias estimated associations between antibody titer
and odds of infection toward the null. If this bias were present, controls enrolled later in the
season would be expected to have a higher probability of being infected prior to the illness
for which they were enrolled, and therefore, higher antibody titers than those enrolled earlier
in the season. We did not observe such a relationship, and therefore, would expect any mis-
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classification of infection status to be minimal. This result could alternatively be explained
by rapidly waning antibody; however, there is evidence that HAI and NAI antibodies have
half-lives that are, on average, longer than our study period [27,28]. Because this study was
carried out in only two hospitals in Southeast Michigan, the generalizability of the results to
other populations is unclear; however, the results are generally consistent with larger,
national studies of influenza vaccine effectiveness. The results of this study should also be
interpreted in the context of limited sample size.

Currently there is a need to develop improved next generation, sometimes termed universal,
influenza vaccines [12]. To immuno-logically define the reasons current vaccines are not
working as well as we would like and to design improvements, serologic specimens are
needed to assess susceptibility in those with and without laboratory-confirmed influenza
infection. Such specimens are difficult to obtain except in longitudinally followed cohorts,
but are critical to determine correlates of protection or susceptibility. Thus, validating that
the specimens collected using our more efficient design are valid for these purposes is
helpful in carrying out further studies on susceptibility. Here we have limited analysis to
vaccine-specific antigens as a proof of concept, but future studies could expand assay targets
to assess breadth and specificity of immunity more thoroughly.

The case-test negative design has allowed for efficient annual estimation of the effectiveness
of influenza vaccines. These studies have been critical in informing public health policy by
identifying issues with current influenza vaccines such as the poor performance of live-
attenuated influenza vaccines in recent years [17,29]. More generally, these studies have
consistently reported low VE against influenza A(H3N2) viruses even in seasons when the
hemagglutinins of vaccine strain viruses are considered well matched to those that circulate
[7]. Pairing these studies with immunologic evaluations, though difficult, is currently a
major unmet need for interpreting annual VE estimates.

5. Conclusions

The results of this study support the utility of using serum specimens collected during acute
illness to assess correlates of protection against influenza infection to support hospital-based
studies of influenza VE. Implementation of similar studies more broadly would provide an
opportunity to understand the successes and shortcomings of current influenza vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A%md B: Hemagglutination-inhibition and neuraminidase-inhibition antibody titers by days
from illness onset to serum specimen collection during acute illness, among influenza
A(H3N2) positive cases during the 2014-2015 season. C and D: Hemagglutination-
inhibition and neuraminidase-inhibition antibody titers by time from illness onset to serum
specimen collection during acute illness, among influenza A(HIN1)pdmO09 positive cases
during the 2015-2016 season.
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Distributions of hemagglutination-inhibition antibody titers against A) A/Texas/50/2012
(H3N2) and B) A/Hong Kong/4801/2014 (H3N2), and neuraminidase-inhibition antibody

titers against C) A/Texas/50/2012 (H3N2). The solid lines in each figure represent the

proportion of individuals at each titer level with RT-PCR confirmed influenza A (H3N2)

infection during the 2014-2015 influenza season.
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Fig. 3.
Distribution of A) hemagglutination-inhibition and B) neuraminidase-inhibition antibody

titers against A/California/7/2009 (H1N1)pdm09. The solid lines in each figure represent the
proportion of individuals at each titer level with RT-PCR confirmed influenza A
(HIN1)pdmO09 infection during the 2015-2016 influenza season.
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