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Background.  An antigenic mismatch between the vaccine and circulating H3N2 strains was hypothesized to contribute to the 
severity of the 2017–2018 season in North America.

Methods.  Serum and nasal washes were collected from influenza positive and negative patients during the 2017–2018 season to 
determine neutralizing antibody (nAb) titers and for influenza virus sequencing, respectively.

Results.  The circulating and vaccine H3N2 virus strains were different clades, with the vaccine strain being clade 3C.2a and the 
circulating viruses being 3C.2a2 or 3C.3a. At enrollment, both the H3N2 negative and positive patients had greater nAb titers to the 
egg-adapted vaccine virus compared to the cell-grown vaccine but the H3N2-negative population had significantly greater titers to 
the circulating 3C.2a2. Among H3N2-positive patients, vaccination, younger age, and female sex were associated with greater nAb 
responses to the egg-adapted vaccine H3N2 virus but not to the cell-grown vaccine or circulating viruses.

Conclusions.  For the 2017–2018 circulating viruses, mutations introduced by egg adaptation decreased vaccine efficacy. No in-
creased protection was afforded by vaccination, younger age, or female sex against 2017–2018 circulating H3N2 viruses.

Keywords.   human surveillance; neutralizing antibody; seasonal influenza vaccine; circulating influenza strain; egg adaptation; 
sex differences.

The hemagglutinin (HA) protein of influenza A viruses (IAVs) 
is the main antigenic determinant, facilitating viral attachment 
to sialic acid (SA) residues for entry into host cells [1] and ex-
periencing high mutation rates. The ability of IAVs to mutate, 
reassort, and gain or lose posttranslational modifications, such 
as glycosylation sites on HA and neuraminidase (NA), allows 
them to evade the immune response, contributing to the need 
for annual updates of influenza vaccine viruses.

Vaccination remains the best mode of protection from in-
fluenza, but vaccine efficacy is variable. During vaccine prep-
aration, representative circulating strains are chosen from the 
previous season and must grow in embryonated hen’s eggs [2], 
with approximately 82% of US-produced vaccines manufac-
tured in eggs [3]. While growing virus in eggs allows for high 
infectious virus titers, egg adaptation can select for HA muta-
tions that alter its antigenic structure. Successful vaccine strains 

are highly immunogenic, inducing cross-protective antibodies 
towards circulating strains. The antigenicity of a virus is char-
acterized by testing hemagglutination inhibition of sera from 
infected ferrets towards the vaccine and circulating strains of 
that subtype [1].

In the United States, H3N2 viruses dominated the  
2017–2018 influenza season, infecting approximately 50 mil-
lion and killing approximately 80  000 people in the United 
States, rivalling the 2009 H1N1 pandemic [4, 5]. During the 
2017–2018 season, the H3N2 component of the quadrivalent in-
activated vaccine, A/Hong Kong/4801/2014 (HK14), was 25% 
protective against circulating strains [6, 7]. The original HK14 
isolate has a glycosylation site at amino acids 158–160 (H3 
numbering), in antigenic site B of HA. The egg-grown vaccine 
virus lost this glycosylation site, which affected vaccine efficacy 
[2, 8]. Egg-grown HK14 vaccine contains another mutation in 
antigenic site B, L194P, which is near the SA receptor binding 
domain and decreases antibody binding [9]. Ferret antisera 
raised against a cell-grown HK14 virus inhibited > 90% of cir-
culating H3N2s in 2017–2018, while only about 48% were in-
hibited by ferret antiserum raised against the egg-grown HK14 
[10]. The HK14 vaccine virus was HA clade 3C.2a, whereas in  
2017–2018, the dominant circulating strain in the United 
States was clade 3C.2a2, defined as 3C.2a plus T131K, R142K  
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(site A), and R261Q (adjacent to site B) in HA1 [11]. These muta-
tions may affect binding of neutralizing antibodies (nAbs) despite 
3C.2a2 viruses being inhibited by ferret antiserum raised against 
cell-grown HK14 and other recent H3N2 viruses tested [10]. We 
hypothesized that egg-adaptation–associated mutations in the 
HA of the H3N2 vaccine strain as well as the disparity in clades 
between circulating and vaccine H3N2 viruses contributed to the 
severity of the 2017–2018 influenza season in the United States.

Vaccination rates vary by country, age, sex, reproductive 
status (eg, pregnancy), income level, and influenza season [12]. 
Using human serum samples collected from H3N2-positive 
(IAV-positive) and asymptomatic, IAV-negative patients from 
the Johns Hopkins Hospital (JHH) emergency department as 
part of surveillance efforts by the Johns Hopkins Center for 
Excellence in Influenza Research and Surveillance (JHCEIRS) 
during the 2017–2018 season, we assessed nAbs to the egg-
adapted and cell-grown vaccine and circulating H3N2 viruses. 
We hypothesized that the mutations associated with egg adapta-
tion would reduce cross-reactive nAbs to the circulating H3N2 
viruses and contribute to reduced vaccine efficacy; reduced 
cross-reactive nAbs, however, might be mitigated in vaccinated, 
younger, and female patients.

METHODS

Human Sample Collection and Ethics

The human subjects’ protocol was approved by the Johns Hopkins 
School of Medicine Institutional Review Board (IRB90001667) 
and National Institutes of Health Division of Microbiology and 
Infectious Diseases (protocol 15-0103). Patients were enrolled 
at the Johns Hopkins Medical Institute (JHMI) Department of 
Emergency Medicine or on inpatient floors. Symptomatic pa-
tients in the emergency department were screened and tested 
for influenza from triage by clinical providers using a validated 
clinical decision guideline tool [13]. After written consent was 
obtained, a nasopharyngeal swab, baseline blood sample, and 
demographics, sex, medical history, and current symptoms were 
collected. The sex of patients was self-reported [14]. The average 
(mean + Standard error of the mean, SEM) time since symptom 
onset for these patients was 4.2 ± 1.9 days. Enrolled IAV-positive 
subjects were asked to return for a follow-up visit 3–5 weeks later 
to collect a convalescent serum sample. As a control, patients who 
were not experiencing acute influenza-like illness symptoms and 
who tested IAV-negative were enrolled as asymptomatics. For 
each blood draw, 10  mL of blood was collected in Vacutainer 
tubes, blood was coagulated at room temperature, and serum was 
separated and stored at −70°C.

Influenza A Virus Sequencing

Viral RNA was isolated using the MagMax Viral RNA iso-
lation reagent (ThermoFisher) on an Eppendorf epMotion 
5073 liquid handling workstation. Samples were processed for 
whole-genome sequencing using multisegment polymerase 

chain reaction (PCR) [15], prepared for deep sequencing using 
the Nextera XT library preparation reagent (Illumina), and 
sequenced on the Illumina NextSeq platform. Raw paired-end 
data were processed through Trim galore! with a quality score 
of 30 and an adapter sequence of CTGTCTCTTATACACATCT, 
only retaining pairs that passed through this quality control 
step. The quality-trimmed reads were aligned to the influenza 
vaccine strain reference sequence using bowtie2 (version 2.1.0) 
with the “--very-sensitive-local” option and converted to sorted 
BAM files using samtools. Of the samples collected from the 
JHH emergency department during the 2017–2018 influenza 
season, 166 were influenza negative, 25 were influenza B virus-
positive, and 54 were IAV-positive (14 H1N1 and 37 H3N2).

IAVs Used for Serology

A/HongKong/4801/2014 X-263B (HK14) vaccine virus, a 
classic A/PuertoRico/8/34-reassortant, was provided by Dr 
Doris Bucher at New York Medical College. Human 3C.2a virus 
A/Bethesda/P0055/2015 (EpiFlu ID number 253812, HK14-
like) has an identical HA amino acid sequence to the HK14 
cell-derived virus (GISAID EpiFlu isolate ID, EPI-ISL-165554). 
Recombinant A/Bethesda/55/2015 with HA and NA sequences 
of A/Bethesda/55/2015 and 6 viral internal segments of  
A/Victoria/361/2011 (H3N2) was used as a cell-derived HK14 
virus. Recombinant viruses were generated using 8 gene plas-
mids, each expressing one IAV segment, and 4 helper plasmids 
expressing PA, PB1, PB2, and NP. All 12 plasmids were trans-
fected into 293T cells and cocultured with Madin-Darby ca-
nine kidney (MDCK) cells [16]. Transfected-cell supernatants 
were plaque-purified before generating seed and working 
stocks. The HA and NA sequence of A/Bethesda/55/2015 was 
verified using Sanger sequencing. Human clinical isolates  
A/Baltimore/R0227/2017 and A/Baltimore/R0243/2018 were 
used as representative 3C.2a2 and 3C.3a viruses circulating in 
2017–2018. MDCK cells were used to grow egg-adapted and 
cell-grown vaccine viruses in infection medium (IM) consisting 
of Dulbecco modified Eagle medium (Sigma), with 10% pen-
icillin/streptomycin (Gibco), 10% l-glutamine (Gibco), 0.5% 
BSA (Sigma), and 5µg/mL of N-acetyltrypsin (Sigma) at 37°C 
and 5% CO2. MDCK-SIAT cells were used to grow circulating 
viruses at 32°C. The HA and NA sequences were confirmed 
using Sanger sequencing, with HA amino acid differences listed 
in Supplementary Table 1.

Serum Microneutralization Assay

A 1:3 ratio of serum and Receptor Destroying Enzyme (Denka-
Seiken) was incubated at 37°C overnight followed by inactiva-
tion at 57°C for 35 minutes. Serum was diluted 2-fold in IM 
and 100 50% tissue culture infectious dose (TCID50) of each 
virus was added for a 1-hour incubation at room temperature. 
Diluted sample/virus was used to infect 100% confluent MDCK 
cells, inoculums were removed, fresh media was added, and 
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plates were incubated, fixed, stained, and scored following pre-
viously published protocols [17, 18].

Statistical Analyses

Serology data were analyzed using parametric statistics in 
GraphPad Prism 7. Proportion data were analyzed using Fisher 
exact t tests. Linear regression analyses were used for the asso-
ciation between patient age and nAb baseline titer. Fold change 
in nAb titer was calculated by dividing the convalescent by the 
baseline titer. Clinical and demographic data were analyzed in 
R by Fisher exact tests for categorical variables and by Mann-
Whitney U for continuous variables. For multivariate analyses, 
the model that best fit the data using mode comparison with 
Akaike information criterion was used and good-fitting models 
and statistics were performed using R v. 3.3.3 (R Core Team) 
[18, 19]. A P ≤ .05 was considered statistically significant.

RESULTS

Characteristics of H3N2-Uninfected and -Infected Patients at JHMI

H3N2 IAV-negative and IAV-positive patients had similar num-
bers of male and female patients, with 53% of IAV-negative and 
56% of IAV-positive patients self-reporting receipt of the inacti-
vated influenza vaccine during the 2017–2018 season (Table 1). 
IAV-positive patients were asked to recall the past 5 vaccination 
seasons, and 83% of vaccinated patients claimed to have received 
a vaccine in each of the last 5 seasons, with 3 vaccinated patients 
being vaccinated in the 2017–2018 season for the first time, and 
3 unvaccinated patients not receiving the vaccine for the first 
time in at least 2 seasons (data not shown). Unvaccinated IAV-
positive patients were significantly younger than the vaccinated 

IAV-positive patients (37 ± 3.9  years versus 48 ± 3.5  years of 
age), with IAV-positive female patients (37 ± 3.5  years) being 
younger than their male counterparts (49 ± 3.7 years; P < .05, 
Mann-Whitney U test). The average age of IAV-negative pa-
tients (33 ± 1.6  years) was younger than the average age of 
IAV-positive patients (43 ± 2.7  years; P < .05, Mann-Whitney 
U test). The majority (75%) of the patients who enrolled were 
non-Hispanic, non-Latino, African American or black. Of the 
32 IAV-positive patients who were enrolled at baseline, 75% had 
a convalescent sample collected.

Characteristics of Vaccine and Circulating 2017–2018 H3N2 Viruses

Egg-adapted mutations, including the loss of a glycosylation site 
at position 158–160 (site B) (Figure 1A), occurred in the HK14 
virus and affected antigenicity and antibody binding [2, 9]. The 
T160K and L194P mutations in egg-adapted HA decreased an-
tibody binding and neutralization of the HK14 virus, contrib-
uting to reduced vaccine efficacy during the 2017–2018 season 
[2, 9, 24, 25]. Additional mutations in the head and stalk regions 
of H3 in 2017–2018 circulating viruses from clades 3C.2a2 
(Figure 1B) and 3C.3a (Figure 1C) differentiated them from the 
HK14-like virus, with some of these mutations occurring at or 
near the 5 major H3 antigenic sites and the SA receptor binding 
domain (Figure 1B and 1C). These data illustrate that the H3 
vaccine and circulating viruses have multiple sites of mutations, 
whether due to egg adaptation or natural evolution.

Influenza Negative-Patients Have Elevated Antibody Titers Against the 

Dominant Circulating H3N2 Virus at Enrollment

We assessed whether there was a difference in the preex-
isting humoral immune response between IAV-negative and 

Table 1.  Demographic Variables and Sample Availability From Influenza A Virus (IAV)-Negative and -Positive JHMI Patients Enrolled During the 2017–
2018 Season 

Variable 

2017–2018 Asymptomatic, IAV-negative 2017–2018 IAV-positive

Total Vaccinated Unvaccinated P Value Total Vaccinated Unvaccinated P Value

n 49 26 23  32 18 14  

Age, y, median (range) 32 (18–59) 34 (18–59) 28 (20–56) .12 47 (18–65) 53 (18–65) 34 (18–62) .027*

Sex, No. (%)         

  Female 25 (51) 13 (50) 12 (52.2) >.999 17 (53.1) 11 (61.1) 6 (42.9) .47

  Male 24 (49) 13 (50) 11 (47.8)  15 (46.9) 7 (38.9) 8 (57.1)  

Ethnicity, No. (%)         

  Non-Hispanic or non-Latino 47 (95.9) 26 (100) 21 (91.3) .21 32 (100) 18 (100) 14 (100)  

  Hispanic or Latino 2 (4.1) 0 (0) 2 (8.7)  0 (0) 0 (0) 0 (0)  

 Race, No. (%)         

  Black or African American 31 (63.3) 17 (65.4) 14 (60.9) .77 24 (75) 12 (66.7) 12 (85.7) .12

  White 18 (36.7) 9 (34.6) 9 (39.1)  7 (21.9) 6 (33.3) 1 (7.1)  

  Other 0 (0) 0 (0) 0 (0)  1 (3.1) 0 (0) 1 (7.1)  

 Serum, No. (%)         

  Baseline 49 (100) 23 (100) 26 (100)  32 (100) 18 (100) 14 (100)  

  Convalescent     24 (75) 15 (83) 9 (64)  

Demographic data collected from IAV-negative and IAV-positive patients during enrollment included patient age, sex, ethnicity, race, and vaccination status during the current influenza 
season. The average time since symptom onset for IAV-positive patients was 4.2 ± 1.9 days. Patients were asked to return approximately 28 days after enrollment for convalescent sample 
collection. Significance indicated by *.
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IAV-positive patients during the 2017–2018 season. Baseline 
serum samples were used to analyze nAb titers against the 
egg-adapted vaccine (HK14) and cell-grown (HK14-like) vir-
uses, and representative circulating H3N2 strains Balt17-2a2 
(the region’s dominant circulating strain) and Balt18-3a 
(Figure  1D). IAV-negative patients exhibited greater base-
line nAb responses with a greater proportion of patients 
mounting at least a 1:40 nAb titer (ie, seroprotection) to both 
the HK14 vaccine and Balt17-2a2 circulating virus than to 

the cell-grown HK14-like vaccine or Balt18-3a circulating 
virus (P < .05 in each case, 2-way ANOVA and Fisher exact 
test; Figure  1D). The nAb titers of IAV-positive patients to 
egg-adapted HK14 were significantly greater than the titers 
to either the HK14-like or Balt17-2a2 and Balt18-3a circu-
lating H3N2 viruses (P < .05, 2-way ANOVA), with greater 
seroprotection against HK14 as compared with the other 
H3N2 viruses (P < .05, Fisher exact test; Figure  1D). When 
nAb titers and seroprotection were compared across the 2 
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Figure 1.  The hemagglutinin (HA) of circulating H3N2 viruses lacks a key glycosylation site and includes numerous mutations as compared with the egg-adapted H3N2 
vaccine strain, which differentially impacts neutralizing antibody responses to the egg-adapted vaccine virus and 2017–2018 circulating H3N2 viruses in influenza A virus 
(IAV)-negative and -positive patients. A, A trimer of the HA protein structure for the HK14-like and HK14 vaccine viruses are shown on a modeled H3 crystal structure (PDB: 
4WE8) using University of California, San Francisco’s Chimera software. The receptor binding site is shown in cyan and the N158, T160 glycosylation site (using H3 numbering) 
is shown in red with a simple carbohydrate attached using GlyProt. Following passage through hen eggs, the H3 trimer of the HK14 virus lacks the glycosylation site at the 
T160K position, marked in red. B, A trimeric HA protein structure of H3N2 viruses is shown using an H3 crystal structure of A/Aichi/2/1968 (PDB: 2YPG) using PyMOL. The 
5 major antigenic sites A, B, C, D, and E are indicated in pastel purple, pink, blue, orange, and green, respectively [20–22]. The sialic acid (SA) receptor binding pocket is 
between sites A and B, which are indicated with black arrows [23]. Mutations that arose in egg adaptation are marked in red, while amino acid differences in the 3C.2a2 
viruses compared to the HK14-like (3C.2a) virus are shown in green. C, Amino acid differences in 3C.3a compared to 3C.2a are marked in blue using PyMOL (PDB: 2YPG). D, 
Serum collected at enrollment (baseline) from H3N2-infected individuals was used to perform microneutralization assays to measure neutralizing antibody (nAb) titers in both 
IAV-negative (n = 49) and IAV-positive (n = 32) patients against the egg-adapted HK14 vaccine and cell-grown HK14-like viruses and the Balt17-2a2 and Balt18-3a circulating 
H3N2 viruses. Significant differences in nAb titers against the HK14 relative to the HK14-like or circulating H3N2 viruses as well as between IAV-negative and IAV-positive 
patients for an individual virus are represented with *. The limit of detection (LOD) is labeled with a stippled line at 1:10 dilution and the World Health Organization cutoff 
for seroprotection is indicated with a stippled line at 1:40. The percentage of patients with nAb titers > 1:40 is indicated below each virus. For both the IAV-negative and 
IAV-positive patients, significant differences in the proportion of patients with a ≥ 1:40 nAb titer against the HK14 virus relative to the HK14-like or circulating viruses are 
indicated with #. For an individual virus, significant differences in the proportion of IAV-positive and IAV-negative patients are illustrated with †, and significant differences 
in proportions between circulating viruses to the HK14-like cell-grown viruses are shown with ‡. 
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populations, IAV-negative patients had greater responses to 
Balt17-2a2 than IAV-positive patients. This reduced humoral 
immunity in IAV-positive patients to the dominant circulating 
H3N2 virus at enrollment may be one factor affecting suscep-
tibility to the Balt17-2a2 virus during the 2017–2018 season.

Age, Vaccination Status, and Sex Are Not Consistent Predictors of Variation 

in nAb Responses to the H3N2 Vaccine Virus in IAV-Negative Patients

To assess the influence of age, influenza vaccine status, and 
sex on the increased nAb responses to Balt17-2a2 at baseline 
in IAV-negative patients, we used multivariate linear models 
to determine if any factors alone or in combination predicted 
variability in nAb titers to the vaccine or circulating H3N2 
viruses. Sex alone and in combination with age and influenza 
vaccine status predicted variation in nAb responses of IAV-
negative patients to the circulating Balt17-2a2 virus (P < .05, 
best-fit model; Table 2), but not to Balt18-3a. The variation in 
nAb responses of IAV-negative patients to the HK14-like virus 
was affected by age, influenza vaccine status, and sex, with race 
being an additional contributor. The interaction of these vari-
ables also contributed to the increased nAb responses (P < .05, 
best-fit model; Table 2).

In univariate analyses, however, neither age (linear regres-
sion; Supplementary Figure 1A–D) nor sex (Figure 2A) alone 
resulted in differential nAb responses to any of the H3N2 vir-
uses. Both IAV-negative male and female patients, however, 
generated greater nAb titers to the HK14 virus than to the cir-
culating Balt18-3a virus (P < .05, 2-way ANOVA). Significant 
differences were observed in the proportion of patients with 
seroprotective titers against Balt18-3a as compared with the 
HK14 vaccine virus (P < .05, Fisher exact test; Figure 2A).

After combining data for both sexes, there was no significant 
difference in the nAb responses between vaccinated and unvac-
cinated IAV-negative patients to any of the 4 viruses. Vaccinated 
IAV-negative patients, however, mounted greater responses to 
the HK14 vaccine virus than to the Balt18-3a virus, and unvac-
cinated patients mounted a greater response to HK14 than to 
the cell-grown HK14-like or Balt18-3a (P < .05, 2-way ANOVA; 
Figure 2B). Among vaccinated IAV-negative patients, a smaller 
proportion of vaccinated patients were seroprotected against 
the circulating Balt18-3a than to the HK14 virus (P < .05, 
Fisher exact test; Figure  2B). Among IAV-negative enrollees, 
none of the individual demographic factors explained why 
these patients were able to mount greater baseline nAb titers 
to the dominant circulating Balt17-2a2 virus than IAV-positive 
patients.

Age, Vaccination, and Female Sex Result in Greater Vaccine-Induced 

Immunity at Enrollment in IAV-Positive Patients

For the baseline nAb responses to the HK14 virus, age, in-
fluenza vaccination, and sex were all significant independent 

predictors of nAb titers (P < .05, best-fit model; Table 2), with 
age and vaccination status also contributing to variability in 
nAb responses to the HK14-like virus (P < .05, best-fit model; 
Table 2). These variables did not explain the variation in the 
nAb responses to the circulating H3N2 strains (Table 2).

Among IAV-positive patients, age was negatively associated 
with baseline nAb responses to the HK14-like and Balt17-2a2 
viruses (P < .05 in each case, linear regression), but not to the 
HK14 and Balt18-3a viruses] (Figure 3A– D), suggesting the im-
pact of age on the nAb titers may be more pronounced against 
viruses that possess the 158–160 glycosylation site. When pa-
tients were partitioned by sex, female patients, regardless of 
vaccination status, mounted significantly greater baseline nAb 
responses to HK14 than male patients (P < .05, 2-way ANOVA; 
Figure 4A). In contrast, female and male patients had similarly 
low nAb titers against the HK14-like and 2 circulating H3N2 
viruses (Figure 4A). The proportion of male and female patients 
with seroprotective responses (nAb titers > 1:40) was signif-
icantly lower for the 2 circulating H3N2 viruses as compared 
with the vaccine virus (P < .05, Fisher exact test; Figure  4A). 
The seroprotective titers were generally greater for female than 
male patients against all viruses (Figure 4A). The paired base-
line and convalescent nAb titers of all the viruses in male and 
female patients are shown in Figure 4B (P < .05, paired t test). 
Seroconversion nAb titers were greater for male patients against 
the egg-adapted and cell-grown H3N2 vaccine viruses, but not 
the 2 circulating viruses (P < .05, 2-way ANOVA; Figure 4C), 
which was driven primarily by the low baseline nAb titers in 
male patients.

When IAV-positive patients were partitioned by vaccine 
status, vaccinated patients mounted a greater response to the 
HK14 vaccine virus than did unvaccinated patients (P < 0.05, 
2-way ANOVA; Figure 5A). Both vaccinated and unvaccinated 
IAV-positive patients, however, responded with similarly low 
nAb titers to the HK14-like and 2 circulating H3N2 viruses 
(Figure  5A). A  smaller proportion of vaccinated IAV-positive 
patients were seroprotected against the 2 circulating viruses 
than to the HK14 virus (P < .05, Fisher exact test; Figure 5A). 
In contrast, there was no significant difference in the propor-
tion of unvaccinated IAV-positive patients with seroprotective 
nAb titers against the vaccine compared with circulating H3N2 
strains (Figure 5A).

The paired baseline and convalescent nAb titers of all the 
viruses in vaccinated and unvaccinated patients are shown 
in Figure 5B (P < .05, paired t test). The rise in the nAb titers 
from baseline to convalescent of vaccinated and unvaccinated 
IAV-positive patients against all viruses is shown in Figure 5C, 
with seroconversion being greater for unvaccinated than vac-
cinated IAV-positive patients against the HK14 and HK14-like 
viruses (P < .05 in each case, 2-way ANOVA; Figure 5C), but 
not against the Balt17-2a2 and Balt18-3a viruses (Figure 5C). 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa289#supplementary-data
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Taken together, both being vaccinated and female patients re-
sulted in greater baseline nAb responses to the vaccine virus 
in IAV-positive patients, but this did not confer greater cross-
neutralizing immunity against the H3N2 viruses during the 
2017–2018 season (Table 1).

DISCUSSION

The 2017–2018 influenza season was severe, with H3N2 vir-
uses dominating in the United States. Our primary hypothesis 
was that a mismatch between the H3N2 vaccine virus and the 
circulating H3N2 viruses occurred as a result of egg adaptation. 
Both egg-adaptation mutations, specifically at N96S, T160K, 
and L194P in HA, and clade-specific mutations affected serum 
nAb responses. The L194P and T160K mutations significantly 
alter the antigenicity of HA [9]. The G186V mutation is also 
common after passage through eggs in H3N2 viruses but does 
not alter antigenicity [25].

The H3 has changed since its 1968 emergence, with reduc-
tions in α2,3-linked SA binding, making current strains of 
human H3N2 more difficult to isolate in eggs, favoring adap-
tations that enable growth in eggs [26, 27]. Due to the incom-
plete ability of these viruses to agglutinate red blood cells, the 

hemagglutination inhibition assay may be less representative 
for accurate antibody characterization [28, 29]. These adapta-
tions may lead to the production of antibodies that no longer 
recognize, bind, and neutralize circulating H3 viruses [30], a 
potential explanation for the poor cross-reactivity of these H3 
viruses seen in this study. Microneutralization assays possess 
the functional sensitivity and specificity to accurately distin-
guish between H3N2 subclades and glycosylation changes, and 
that using human sera, as opposed to ferret, to predict cross-re-
activity, immunogenicity, and antigenicity of vaccine to circu-
lating strains is preferable.

We tested whether younger age, receipt of the seasonal 
influenza vaccine, and female sex would be predictors of 
greater nAb titers and seroprotection against the egg-adapted 
HK14 vaccine virus. While each of these factors contributed 
to greater nAb titers against the vaccine virus, none of these 
host factors, either independently or in combination, re-
sulted in sufficient cross-neutralization or protection against 
either the cell-grown H3N2 vaccine or circulating H3N2 vir-
uses. HA mutations introduced via egg adaptation and virus 
evolution may have resulted in sufficient evasion of host im-
munity to prevent protection, leading to greater rates of IAV 
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infection during the 2017–2018 season. Following infection 
resolution, convalescent nAb titers increased to a greater ex-
tent in response to vaccine than circulating strains of H3N2, 
especially among vaccinated and female IAV-positive pa-
tients, perhaps due to an increase in nAbs towards more con-
served epitopes on the major antigenic sites shared between 
the vaccine and circulating strains or due to relatively poor 
antigenicity of the novel, mutated epitopes on the circulating 
strains. There was a trend for nAb titers to increase in re-
sponse to circulating strains of H3N2 in all IAV-positive pa-
tients, but whether this was sufficient to confer protection 
against infection with circulating H3N2 viruses in subse-
quent years is unknown.

IAV-negative participants had greater nAb titers than IAV-
positive patients to the dominant circulating H3N2 strain 
(Balt17-2a2) suggesting past exposure to an H3N2 of clade 
3C.2a2 or 3C.2a2-like (ie, 3C.2a1) in a previous season. Sex and 
the interaction of age and vaccine status were significant pre-
dictors of nAb titer variability against Balt17-2a2 in multivar-
iate analyses; univariate analyses did not show that age, sex, or 

vaccine status resulted in differential nAb titers to either vaccine 
or circulating H3N2 viruses among IAV-negative participants, 
suggesting that further research into the protective effects of 
host factors is required.

This study’s primary shortcoming was the small sample size 
of IAV-positive patients, which resulted in limited power to 
conduct more complex analyses to look at the combined as-
sociation of demographic factors on responses to H3N2 vir-
uses. Of the 32 H3N2 IAV-positive patients, few patients were 
born in the 1970s, leaving us unable to measure cross-reac-
tive responses from this age group that the Centers for Disease 
Control and Prevention reports as having the lowest rates 
of infection and medical visits [5]. During the 2017–2018 
season, there were regional differences in influenza activity. 
For example, while H3N2s dominated the 2017–2018 season 
in the United States, IBVs were causing disease primarily later 
in the season, despite the IBV vaccine efficacy being 49% [7]. 
IBVs were also the primary subtype circulating in Europe, 
Taiwan, and other parts of Southeast Asia during the 2017–
2018 season [31–33].
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Studies of the 2017–2018 influenza season illustrate that 
the mismatch between the HK14 vaccine and circulating vir-
uses, and the egg-adapted mutations contributed to reduced 
seasonal influenza vaccine efficacy, especially for H3N2 vir-
uses [2, 24, 34–37]. While nAb responses towards the HK14 
vaccine virus are robust and vaccination with this virus is 
highly immunogenic, these nAbs do not cross-neutralize or 
protect against circulating H3N2 viruses. Lower nAb titers to 
the dominant circulating H3N2 strain in IAV-positive than 

IAV-negative patients may provide insights into why these pa-
tients, over half of whom were vaccinated, were susceptible to 
infection. Finally, while vaccination, younger age, and female 
sex contribute to elevated antibody responses to influenza vac-
cines in IAV-positive patients and to the dominant circulating 
H3N2 strain in IAV-negative patients, when circulating IAV 
strains are sufficiently antigenically different from the vaccine 
strain, these host factors do not afford sufficient protection 
against infection.
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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 com-
ments should be addressed to the corresponding author.
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