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Background. The H3N2 component of egg-based 2017–2018 influenza vaccines possessed an adaptive substitution that alters 
antigenicity. Several influenza vaccines include antigens that are produced through alternative systems, but a systematic comparison 
of different vaccines used during the 2017–2018 season has not been completed.

Methods. We compared antibody responses in humans vaccinated with Fluzone (egg-based, n = 23), Fluzone High-Dose (egg-
based, n = 16), Flublok (recombinant protein–based, n = 23), or Flucelvax (cell-based, n = 23) during the 2017–2018 season. We 
completed neutralization assays using an egg-adapted H3N2 virus, a cell-based H3N2 virus, wild-type 3c2.A and 3c2.A2 H3N2 vir-
uses, and the H1N1 vaccine strain. We also performed enzyme-linked immunosorbent assays using a recombinant wild-type 3c2.A 
hemagglutinin. Antibody responses were compared in adjusted analysis.

Results. Postvaccination neutralizing antibody titers to 3c2.A and 3c2.A2 were higher in Flublok recipients compared with 
Flucelvax or Fluzone recipients (P < .01). Postvaccination titers to 3c2.A and 3c2.A2 were similar in Flublok and Fluzone High-Dose 
recipients, though seroconversion rates trended higher in Flublok recipients. Postvaccination titers in Flucelvax recipients were low 
to all H3N2 viruses tested, including the cell-based H3N2 strain. Postvaccination neutralizing antibody titers to H1N1 were similar 
among the different vaccine groups.

Conclusions. These data suggest that influenza vaccine antigen match and dose are both important for eliciting optimal H3N2 
antibody responses in humans. Future studies should be designed to determine if our findings directly impact vaccine effectiveness.
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Seasonal influenza epidemics cause up to 650 000 deaths world-
wide each year [1]. In the United States, both trivalent and 
quadrivalent influenza vaccines are available. These vaccines 
include antigens from an H1N1 strain, an H3N2 strain, and 1 or 
2 influenza B strains. Most influenza vaccines contain antigens 
that are prepared from viruses grown in fertilized chicken 
eggs. This is not ideal because viral strains often acquire adap-
tive mutations that alter antigenicity when propagated in eggs 
[2–4]. This has been particularly problematic with contempo-
rary H3N2 egg-adapted vaccine strains used since 2016, which 
are antigenically mismatched with circulating H3N2 strains  
[5, 6]. H3N2 vaccine effectiveness (VE) was very low during the 
2016–2017 (33%; 95% confidence interval [CI], 23%–41%) and 
2017–2018 (22%; 95% CI, 12%–31%) influenza seasons [7, 8].

Alternative technologies for producing influenza vaccine 
antigens include cell-based and recombinant protein–based 
strategies. We previously demonstrated that a recombinant he-
magglutinin (HA)–based vaccine (Flublok) elicited higher neu-
tralizing antibody titers against circulating 3c2.A H3N2 strains 
compared with egg-based (Fluzone) and cell-based (Flucelvax) 
vaccines in humans during the 2016–2017 season [5]. During 
that season, the Flublok vaccine possessed an H3 HA that was 
well matched to circulating 3c2.A H3N2 strains, whereas the 
Fluzone and Flucelvax vaccines possessed an H3 HA that was 
egg-adapted and antigenically mismatched [5]. During the 
2017–2018 influenza season, an egg-adapted H3N2 strain con-
tinued to be used in the Fluzone vaccine; however, for the first 
time, a unique cell-based H3N2 strain was approved for use in 
the Flucelvax vaccine [9]. Nonetheless, an observational study 
in older adults demonstrated only small increases (11%; 95% 
CI, 8%–14%) in relative VE for the cell-based Flucelvax vaccine 
compared with egg-based Fluzone vaccine during the 2017–
2018 season [10]. This comparative VE study did not evaluate 
the recombinant protein–based Flublok vaccine since so few 
people received this vaccine during the 2017–2018 season.
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It is important to characterize antibody responses elicited by 
different influenza vaccines and determine how these antibody 
responses relate to differences in VE. To date, there has not 
been a comprehensive analysis of antibody responses elicited 
in humans who received different 2017–2018 influenza vac-
cines. Here, we completed immunogenicity studies using sera 
collected from humans vaccinated with Fluzone, Fluzone High-
Dose, Flublok, or Flucelvax during the 2017–2018 influenza 
season.

METHODS

Study Population

We collected sera from 85 healthy adults (age 18–49 years) im-
mediately before and 28 days after receipt of a 2017–2018 influ-
enza vaccine. All participants received a single dose of 1 licensed 
influenza vaccine (Fluzone, Fluzone High-Dose, Flublok, or 
Flucelvax). All vaccinations and serum collections were com-
pleted at the University of Rochester, and all serological assays 
were completed with deidentified samples at the University of 
Pennsylvania. Informed consent was obtained from all partici-
pants. The study was approved by the University of Rochester 
and the University of Pennsylvania institutional review boards.

Vaccines

Fluzone, Fluzone High-Dose, Flublok, and Flucelvax were ad-
ministered intramuscularly to participants. Supplementary 
Table 1 summarizes the differences between these vaccines. 
Fluzone and Fluzone High-Dose antigens were prepared in 
eggs, Flublok antigens were produced via a baculovirus ex-
pression system in insect cells, and Flucelvax antigens were 
produced in Madin-Darby canine kidney (MDCK) cells. 
Fluzone and Fluzone High-Dose included H3 antigens from 
an egg-adapted A/Hong Kong/4801/2014 H3N2 virus, Flublok 
contained recombinant H3 antigens based on the original A/
Hong Kong/4801/2014 H3N2 virus, and Flucelvax included H3 
antigens from the cell-based A/Singapore/GP2050/2015 virus. 
All vaccines included antigens from the A/Michigan/45/2015 
H1N1 virus. Fluzone, Flublok, and Flucelvax were quadriva-
lent vaccines that contained antigens from B/Brisbane/60/2008 
and B/Phuket/3073/2013, whereas Fluzone High-Dose was 
trivalent and only contained influenza B virus antigens from  
B/Brisbane/60/2008.

Viruses for Serological Testing

Viruses expressing the HA from A/Hong Kong/4801/2014 
(3c2.A), A/Hong Kong/4801/2014 egg-adapted (3c2.A/egg), 
A/Singapore/GP2050/2015 cell-adapted (3c2.A/cell), and A/
Pennsylvania/49/2018 (3c2.A2) were generated through re-
verse genetics [11]. Relative to the 3c2.A HA, the 3c2.A/egg HA 
possessed N96S, T160K, L194P, and D225N substitutions, and 
the 3c2.A/cell HA possessed R142K and Q197R substitutions. 
The 3c2.A2 strain is an antigenically advanced virus from 2018 

that possessed the T131K, R142K, and R261Q HA substitutions 
relative to the 3c2.A strain. The neuraminidase (NA) from the 
wild-type 3c2.A strain was included in all reverse genetics–de-
rived H3N2 viruses. Virus expressing HA and NA from the A/
Michigan/45/2015 H1N1 virus was also generated through re-
verse genetics. Viruses were rescued after transfecting cocultures 
of 293T and MDCK-SIAT1 cells with plasmids (pHW2000- or 
pDZ-based) encoding all 8 influenza virus gene segments. 
Viruses were rescued using the internal genes from A/Puerto 
Rico/8/1934 in combination with HA and NA genes of interest. 
Transfection supernatants were harvested 3 days after transfec-
tion and stored at ˗80°C. Transfection supernatants from H3N2 
viruses were used directly in experiments without expansion to 
minimize the chance of adaptive mutations, while the H1N1 
virus was expanded once in fertilized chicken eggs prior to ex-
periments. HA and NA genes of all viruses were sequenced to 
confirm that no additional mutations were introduced during 
these processes.

Serological Assays

Foci reduction neutralization tests (FRNTs) and enzyme-linked 
immunosorbent assays (ELISAs) were completed as described 
in detail in the Supplementary Materials. FRNT titers report 
the reciprocal of the highest dilution of sera that reduced the 
number of foci by at least 90% relative to control wells that 
had no serum added. ELISA measured anti-HA immuno-
globulin (Ig) G concentrations using recombinant A/Hong 
Kong/4801/2014 HA protein as the coating antigen.

Statistical Analyses

Pre and postvaccination replicate titers are presented as ge-
ometric mean titers (GMTs). To investigate associations with 
prevaccination titers, scaled log2 prevaccination GMTs were 
regressed against vaccination history (receipt of influenza vac-
cine in neither, only 1, or both of the last 2 seasons, as a factor 
variable) and scaled year of birth. Linear models that included 
vaccination history and vaccine group (Flublok, Flucelvax, 
Fluzone, and Fluzone High-Dose) as factor variables and scaled 
year of birth and scaled log2 prevaccination titers as continuous 
variables were similarly fitted to log2 postvaccination GMTs. 
With the above variables included, sex had no significant ef-
fect on any absolute prevaccination or postvaccination titers 
and was thus excluded as a variable. The rate of seroconversion, 
defined as a 4-fold or greater ratio of postvaccination GMT to 
prevaccination GMT, was fitted via logistic regression with a 
logit link function, again adjusting for vaccination history, vac-
cine group, year of birth, and log2 prevaccination titer. For all 
regressions, a threshold of α  =  0.05 was used, and associated 
P values are reported after Bonferroni corrections for multiple 
tests. We conducted all analyses with deidentified data using R 
3.5.0 (R Foundation for Statistical Computing) and GraphPad 
Prism version 8 (GraphPad Software).
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RESULTS

Participant Characteristics

We examined antibody responses in 85 participants (36 males 
and 49 females) pre and 28  days postvaccination during the 
2017–2018 season. The median age of participants in our study 
at enrollment was 23 years (range, 18–49 years). Each partici-
pant was vaccinated with Fluzone (egg-based, n = 23), Fluzone 
High-Dose (egg-based, n  =  16), Flublok (recombinant pro-
tein–based, n = 23), or Flucelvax (cell-based, n = 23). Fluzone, 
Flublok, and Flucelvax are quadrivalent vaccines (possessing 
H1, H3, and 2 influenza B HAs), whereas Fluzone High-Dose is 
a trivalent vaccine (possessing H1, H3, and 1 influenza B HA). 
Fluzone and Flucelvax include 15 μg of each HA, Flublok in-
cludes 45 μg of each HA, and Fluzone High-Dose includes 60 μg 
of each HA [12, 13]. Participants assigned to different vaccine 
groups did not differ significantly in age, sex, vaccination his-
tory, or prior enrollment (see Table 1).

Antibody Responses Against Wild-type H3N2 Viruses

First, we completed neutralization assays (FRNTs) using wild-
type 3c2.A and 3c2.A2 H3N2 viruses, which circulated in 
humans during the 2014–2015 and 2017–2018 seasons, respec-
tively. We included a virus from the 2014–2015 season because 
the H3N2 components of 2017–2018 influenza vaccines were 
based on viruses that circulated during that season. We found 
that postvaccination titers to wild-type 3c2.A and 3c2.A2 vir-
uses were approximately 3.9- to approximately 4.3-fold higher 
using sera from participants vaccinated with Flublok compared 
with participants vaccinated with Fluzone (P  <  .001 in ad-
justed analysis; Figure 1A, 1B, Table 2; Supplementary Table 2).  
Surprisingly, despite possessing a cell-based H3, Flucelvax 
elicited wild-type 3c2.A and 3c2.A2 H3N2 antibody titers that 
were similar to titers elicited by Fluzone and significantly lower 
compared with antibody titers elicited by Flublok (P  <  .001 
and P =  .003, respectively, in adjusted analysis; Figure 1A, 1B 
and Table 2; Supplementary Table 2). We also measured anti-
body titers using ELISAs coated with recombinant wild-type 

3c2.A HA. Unlike FRNTs that only detect neutralizing anti-
bodies, recombinant HA ELISAs detect both neutralizing and 
nonneutralizing antibodies. We found that anti-H3 ELISA titers 
closely mirrored FRNT titers. Participants who received Flublok 
had approximately 2.1- to approximately 3.0-fold higher wild-
type 3c2.A HA ELISA titers compared with participants who re-
ceived Flucelvax or Fluzone (P = .076 and P = .002, respectively, 
in adjusted analysis; Figure 1C and Table 2; Supplementary 
Table 2). Our observation that the 2017–2018 Fluzone and 
Flucelvax vaccines elicited weak FRNT and anti-H3 ELISA an-
tibody titers against wild-type H3N2 viruses is consistent with 
the relatively low effectiveness of these vaccines during the 
2017–2018 season [8, 10].

Effects of Increasing Antigen Dose on Antibody Responses Against Wild-
type H3N2 Viruses

Given that Flublok and Flucelvax both possess HAs that are not 
egg-adapted, it is important to determine why the 2017–2018 
formulation of Flublok, but not Flucelvax, elicited strong an-
tibody responses against wild-type H3N2 viruses. Flublok 
possesses a wild-type HA and also has more HA antigen rel-
ative to Fluzone and Flucelvax. To determine if increased 
amounts of egg-adapted HA antigens elicit stronger antibody 
responses against wild-type 3c2.A viruses, we measured an-
tibody responses in participants who received Fluzone High-
Dose vaccine. The Fluzone High-Dose vaccine is not a perfect 
comparator to Flublok since it contains 4 times the amount of 
HA compared with Fluzone and Flucelvax, whereas Flublok 
contains only 3 times the amount of HA compared with these 
standard-dose vaccines. Nonetheless, the Fluzone High-Dose 
vaccine allowed us to analyze the effects of increasing vaccine 
dose on the induction of wild-type H3N2 antibody responses. 
We found that participants who received Fluzone High-Dose 
mounted significantly better FRNT antibody responses against 
wild-type H3N2 viruses compared with participants who re-
ceived the standard dose of Fluzone (approximately 3.2-fold 
higher titers; 95% CI, 1.8–5.8; P = .002 for 3c2.A virus and ap-
proximately 3.2-fold higher titers,= 95% CI, 1.8–5.7; P = .002 
for 3c2.A2 virus in adjusted analysis; Figures 1 and 2 and 
Table 2; Supplementary Table 2). Postvaccination FRNT titers 
to wild-type H3N2 viruses were similar between the Fluzone 
High-Dose and Flublok groups (Figure 1A, 1B and Table 2; 
Supplementary Table 2); however, a larger fraction of partici-
pants seroconverted to wild-type H3N2 viruses following vac-
cination with Flublok. Twelve participants in the Flublok group 
(52%) and 6 participants in the Fluzone High-Dose group 
(38%) seroconverted to 3c2.A virus, whereas 14 participants 
in the Flublok group (61%) and 6 participants in the Fluzone 
High-Dose group (38%) seroconverted to 3c2.A2 virus. These 
differences were marginally significant after adjusting for 
age, prevaccination titers, and vaccination history in logistic 
regression but not for multiple tests (P  =  .056 and P  =  .022, 

Table 1. Participant Profiles

Assigned Treatment Group, No. (%)

 Flublok Flucelvax Fluzone
Fluzone  
High-Dose

Number in group 23 23 23 16

Median age (range), y 23 (20–43) 25 (18–49) 22 (19–49) 23 (18–48)

Female sex 15 (65) 15 (65) 12 (52) 7 (44)

Prior season’s vaccination     

 Neither of past 2 years 2 (9) 3 (13) 5 (22) 4 (25)

 One of past 2 years 4 (17) 5 (22) 5 (22) 4 (25)

 Both of past 2 years 17 (74) 15 (65) 13 (57) 8 (50)

Enrolled in 2016–2017 6 (26) 8 (35) 6 (26) 0 (0)

Differences between groups are not significant (P > .05) for all listed traits. See Table 2 for 
prevaccination titers in each group.
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respectively, before Bonferroni correction). Taken together, 
these data suggest that vaccine antigen match and vaccine dose 
are both important in eliciting optimal antibody responses 
against contemporary wild-type H3N2 viruses.

Antibody Responses Against Egg-adapted and Cell-adapted H3N2 Viruses

Next, we completed FRNTs using the egg-adapted H3N2 strain 
that was in Fluzone and Fluzone High-Dose. Most participants 
had higher preexisting antibody titers against 3c2.A/egg H3N2 
viruses compared with wild-type H3N2 viruses (Figure 1D and 
Table 2). This is unsurprising since most humans have already 
encountered antigenically similar viruses either through vacci-
nation (the 2016–2017 H3N2 component was identical to the 
2017–2018 H3N2 component) or through past infections (the 
3c2.A/egg H3N2 virus is antigenically similar to H3N2 viruses 
that circulated prior to 2014). In our study, 71 of 85 (85%) par-
ticipants had been vaccinated in at least 1 of the 2 prior seasons. 
Postvaccination titers against the 3c2.A/egg virus were approxi-
mately 2- to 3-fold higher in participants vaccinated with Flublok 
and Fluzone High-Dose compared with participants vaccinated 

with Fluzone or Flucelvax (P ≤ .04 in adjusted analysis; Figure 
1D and Table 2; Supplementary Table 2). Postvaccination titers 
against the 3c2.A/egg virus were not significantly different be-
tween Flublok and Fluzone High-Dose recipients.

We also completed FRNTs with viruses that possessed the 
3c2.A/cell HA that was in Flucelvax. The H3N2 component 
of the cell-based Flucelvax does not possess the same egg-
adapted HA substitutions that are in Fluzone but does have sev-
eral HA substitutions relative to the wild-type HA in Flublok 
(Supplementary Table 1). We expected to find that Flucelvax 
elicited higher titers to the 3c2.A/cell virus, but both Flucelvax 
and Fluzone elicited poor antibody responses against viruses 
with 3c2.A/cell HA (Figure 1E and Table 2). Similar to what we 
found in FRNTs using wild-type and egg-adapted 3c2.A vir-
uses, Flublok elicited significantly higher antibody titers against 
3c2.A/cell virus compared with both Flucelvax and Fluzone 
(approximately 2.6- and approximately 3.9-fold, respec-
tively; P  ≤  .005 in adjusted analysis; Supplementary Table 2).  
Fluzone High-Dose also elicited higher titers than Fluzone (ap-
proximately 3.2-fold, P  =  .001) and Flucelvax (approximately 
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Figure 1. Pre- and postvaccination titers in sera from individuals vaccinated with Flublok, Flucelvax, Fluzone, or Fluzone HD during the 2017–2018 season. Thick horizontal 
lines show the geometric mean titers and 95% confidence intervals. Significant P values (<.05) for postvaccination titers adjusted for prevaccination titers, year of birth, 
and vaccination history and adjusted for multiple comparisons are indicated above each graph. A, Neutralizing antibody titers (foci reduction neutralization test [FRNT]90) 
to wild-type 3c2.A virus. B, Neutralizing antibody titers (FRNT90) to wild-type 3c2.A2 virus. C, Hemagglutinin ELISA IgG concentrations to wild-type 3c2.A virus (mg/mL). D, 
Neutralizing antibody titers (FRNT90) to 3c2.A/egg virus. E, Neutralizing antibody titers (FRNT90) to 3c2.A/cell virus. F, Neutralizing antibody titers (FRNT90) to H1N1 virus. 
Abbreviations: ELISA, enzyme-linked immunosorbent assay; HD, high-dose; Ig, immunoglobulin.
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2.1-fold), but differences with the latter were not significant in 
adjusted analysis after correction for multiple tests (P  =  .105; 
Figure 1E and Table 2; Supplementary Table 2).

Antibody Responses Against the H1N1 Component

We also completed FRNTs using the 2017–2018 H1N1 vac-
cine strain since this strain is antigenically similar among the 
different vaccines [9]. We found that all 4 vaccines elicited 
similar H1N1 FRNT antibody titers (Figure 1F and Table 2; 
Supplementary Table 2). Postvaccination titers to H1N1 were 
approximately 0.6-fold lower in sera from individuals who re-
ceived Fluzone compared with Flublok and Flucelvax recipients, 
but these differences were not statistically significant (P = .061 
and P  =  .090 after adjusting for age, prevaccination titer, and 
vaccination history, but not multiple tests). Postvaccination 
Fluzone titers also trended lower compared with those from 
Fluzone High-Dose recipients (P  =  .02 in Wilcoxon 1-sided 
rank sum test without multiple test adjustment; P = .007 after 
adjusting for age, prevaccination titer, and vaccination history, 
but not multiple tests). Postvaccination H1N1 titers were not 
significantly different in Flublok recipients compared with 
Flucelvax or Fluzone High-Dose recipients.

Prior Influenza Vaccination Is Associated With Decreased Postvaccination 
Antibody Titers

Many studies have reported a negative effect of prior vaccination 
on influenza vaccine immunogenicity [5, 14–18] and effective-
ness [19–22], although such effects are clearly not universal [18, 
23, 24]. We found that prior influenza vaccination is associated 
with higher prevaccination titers to 3c2.A/egg, 3c2.A/cell, and 
H1N1 viruses. However, when adjusted for multiple tests, these 
effects remained significant only for H1N1 (an approximately 

3.2-fold increase; Supplementary Table 3). After adjusting via 
multivariate regression for initial titer, birth year, and vaccine 
group, influenza vaccination in previous seasons appeared to 
negatively affect postvaccination titers (Supplementary Table 
2). Compared with people vaccinated in both prior seasons, 
newly vaccinated participants had approximately 2.4- to ap-
proximately 2.9-fold higher postvaccination titers to all viruses 
tested (Supplementary Figure 1, Supplementary Tables 2, and 4). 
Younger participants had higher prevaccination titers to most 
H3N2 viruses and H1N1 after adjusting for vaccination history 
(Supplementary Table 3). Younger individuals also had higher 
postvaccination titers to H1N1 (P < .001 in adjusted analysis), 
but no linear age effect was observed for postvaccination titers 
to any of the H3N2 viruses tested.

DISCUSSION

In this study, we found that influenza vaccine antigen match and 
dose each appear to influence antibody responses. We could not 
definitively separate the effects of antigen match vs antigen dose 
in our experiments since there were various antigen types and 
doses in each vaccine. Both vaccine types with increased an-
tigen (Flublok, which has 3× antigen relative to standard vac-
cines, and Fluzone High-Dose, which has 4× antigen relative to 
standard vaccines) elicited robust antibody responses to mul-
tiple H3N2 viruses in our experiments. It is difficult to directly 
compare Fluzone High-Dose to Flublok since Fluzone High-
Dose has more antigen relative to Flublok, while Flublok has 
an H3 with a better antigenic match to viruses that circulated 
during the 2017–2018 season.

The Fluzone High-Dose vaccine is typically used in in-
dividuals aged >65  years and has been shown to elicit strong 

Table 2. Geometric Mean Titers With 95% Confidence Intervals Before Vaccination (Pre) and 28 Days After Vaccination (Post) With Flublok, Flucelvax, 
Fluzone, or Fluzone High-Dose

Flublok Flucelvax Fluzone Fluzone High-Dose

3c2.A     

 Pre 27 (17–44) 26 (16–41) 20 (14–28) 24 (16–36)

 Post 146 (95–224) 47 (29–76) 33 (20–55) 129 (57–290)

3c2.A2     

 Pre 25 (16–39) 23 (16–34) 17 (13–23) 23 (15–35)

 Post 117 (76–179) 42 (27–68) 27 (18–40) 108 (49–242)

Enzyme-linked immunosorbent assay     

 Pre 10 (7–15) 9 (5–14) 8 (6–11) 8 (5–12)

 Post 37 (27–51) 17 (12–26) 13 (9–18) 24 (10–56)

3c2.A/egg     

 Pre 345 (182–654) 311 (176–549) 233 (139–391) 327 (165–647)

 Post 1401 (876–2242) 630 (411–967) 612 (366–1023) 2297 (1230–4289)

3c2.A/cell     

 Pre 34 (22––53) 35 (21–59) 22 (14–34) 31 (19–51)

 Post 167 (115–243) 71 (44–114) 39 (23–65) 164 (81–329)

H1N1     

 Pre 60 (35–103) 39 (23–64) 40 (23–68) 37 (18–76)

 Post 186 (107–323) 138 (75–251) 90 (51–159) 217 (97–484)
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antibody responses and have higher VE in this population rel-
ative to standard-dose vaccines [25]. We found that individuals 
in our study who were aged 18–49 years produced stronger an-
tibody responses to wild-type 3c2.A viruses upon vaccination 
with Fluzone High-Dose compared with the standard dose of 
Fluzone. While seroconversion to wild-type 3c2.A viruses was 
lower in individuals who received Fluzone High-Dose com-
pared with individuals who received Flublok, our studies raise 
the possibility that Fluzone High-Dose should be considered 
for use in younger individuals to partially circumvent problems 
associated with H3N2 egg-adaptive substitutions. One limita-
tion of our study is that our sample size for each vaccine type 
was relatively small, and additional studies should explore the 
immunogenicity of higher-dose vaccines in nonelderly adults 
using larger sample sizes.

Further studies need to be completed to determine if current 
formulations of Flublok are more effective against 3c2.A H3N2 
viruses relative to cell-based and egg-based vaccines. Flublok 
was not included in a recent VE comparative study [10] since so 
few people received this vaccine during the 2017–2018 season. 
Future studies also need to be completed to determine why the 
H3 component of Flucelvax appears to be poorly immunogenic 
relative to the H3 component of Flublok. It is possible that this 
simply relates to the different doses of antigen in each vaccine, 
but this seems unlikely since both vaccines elicited similar 
H1N1 responses (Figure 2). The different immunogenicity of 
the H1 and H3 components of Flucelvax might be due to modi-
fications of these antigens as they were produced in MDCK 

cells. Previous studies have shown that HAs produced in mam-
malian cells have complex glycans [26, 27], which might mask 
key neutralizing sites and reduce overall immunogenicity [28]. 
Contemporary H3N2 viruses possess more glycosylation sites 
in the HA globular head compared with current H1N1 viruses 
[29], and it is possible that complex glycans on the globular 
head of the H3 component of the 2017–2018 Flucelvax vac-
cine decreased immunogenicity. Flublok includes HA antigens 
that were produced in insect cells, which have less complex 
glycosylation machinery [26, 27]. It is possible that the H3 com-
ponent of Flublok is immunogenic because it possesses less 
complex glycans on the HA globular head domain, although 
further studies are required to mechanistically address this 
possibility. Studies to investigate the basis of reduced immuno-
genicity and possibly reduced VE after repeat vaccination will 
also likely be important since we found that the effects of repeat 
vaccination on titers were often as large as the effects of different 
vaccines (see Supplementary Table 2).

Taken together, we demonstrate that different vaccines that 
are currently being used in humans have different abilities 
to elicit neutralizing levels of antibodies against contempo-
rary H3N2 virus strains. We strongly support ongoing efforts 
to measure the VE of these different vaccines to determine if 
our immunogenicity data are predictive of protection from 
community-acquired influenza virus infections.
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