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Abstract

Although antibody-inducing split virus vaccines (SV) are currently the most effective way to

combat seasonal influenza, their efficacy can be modest, especially in immunologically-

naïve individuals. We investigated immune responses towards inactivated whole influenza

virus particle vaccine (WPV) formulations, predicated to be more immunogenic, in a non-

human primate model, as an important step towards clinical testing in humans. Comprehen-

sive analyses were used to capture 46 immune parameters to profile how WPV-induced

responses differed to those elicited by antigenically-similar SV formulations. Naïve cynomol-

gus macaques vaccinated with either monovalent or quadrivalent WPV consistently induced

stronger antibody responses and hemagglutination inhibition (HI) antibody titres against

vaccine-matched viruses compared to SV formulations, while acute reactogenic effects

were similar. Responses in WPV-primed animals were further increased by boosting with

the same formulation, conversely to modest responses after priming and boosting with SV.

28-parameter multiplex bead array defined key antibody features and showed that while

both WPV and SV induced elevated IgG responses against A/H1N1 nucleoprotein, only

WPV increased IgG responses against A/H1N1 hemagglutinin (HA) and HA-Stem, and

higher IgA responses to A/H1N1-HA after each vaccine dose. Antibodies to A/H1N1-HA

and HA-Stem that could engage FcγR2a and FcγR3a were also present at higher levels
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after one dose of WPV compared to SV and remained elevated after the second dose. Fur-

thermore, WPV-enhanced antibody responses were associated with higher frequencies of

HA-specific B-cells and IFN-γ-producing CD4+ T-cell responses. Our data additionally dem-

onstrate stronger boosting of HI titres by WPV following prior infection and support WPV

administered as a priming dose irrespective of the follow up vaccine for the second dose.

Our findings thus show that compared to SV vaccination, WPV-induced humoral responses

are significantly increased in scope and magnitude, advocating WPV vaccination regimens

for priming immunologically-naïve individuals and also in the event of a pandemic outbreak.

Author summary

Influenza viral infections cause significant morbidity and mortality. Although current

split virus (SV) vaccines are the most effective way to combat seasonal influenza, their effi-

cacy can be modest. We investigated immune responses directed towards inactivated

whole influenza virus particle vaccine (WPV) formulations in a non-human primate

model as an important step towards clinical testing in humans. Our analysis of 46 immune

parameters found that compared to SV vaccination, WPV-induced antibody responses

were significantly increased in scope and magnitude, together with higher frequencies of

influenza-specific B-cell and CD4+ T-cell responses. Our study provides key insights into

the immune responses induced by WPV vaccination in immunologically-naïve animals.

Introduction

A/H1N1 and A/H3N2 influenza A viruses (IAV), together with influenza B viruses (IBV), are

responsible for the majority of seasonal influenza outbreaks in the human population [1]. As a

result of global travel restrictions and social measures to curb the impact of the COVID-19

pandemic, however, influenza cases and deaths around the world have since dropped to

unprecedented levels [2]. However, as countries now begin open their borders, without the

natural boost to immunity that seasonal influenza would have provided in the past 18 months,

leaves populations vulnerable to severe influenza seasons. Therefore, important pre-emptive

measures to counteract potentially serious influenza outbreaks need to be in place. In Japan,

for example, levels of protective antibodies (as defined by hemagglutination inhibition titers

prior to seasonal vaccination) against IAV and IBV strains have decreased substantially espe-

cially in the young and elderly since the advent of the pandemic [3, 4]. In countries such as

Australia, higher than average rises in infection cases have been reported as measures to curb

transmission are lifted [5], despite increases in seasonal influenza vaccination rates [6].

Influenza vaccination that induces neutralizing antibodies against viral hemagglutinin

(HA) and neuraminidase (NA) surface glycoproteins is the most effective way to control the

impact of seasonal influenza. However, despite this, up to 5 million cases of severe infections

and 243,000 to 640,000 deaths still occurred worldwide annually in pre-COVID-19 years [7].

The most commonly used influenza vaccines comprise of ether- or detergent-disrupted “split”

virus vaccines (SV), available as trivalent or quadrivalent formulations to target two IAV and

one or two IBV strains. Their effectiveness largely depends on how well-matched the vaccine

strains are with the strains that ultimately come to circulate in the upcoming influenza seasons.

As a result of continual antigenic drift in the HA, appropriate viral strains to use in future

years are not always available or not predicted with certainty, leading to greatly reduced
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vaccine effectiveness in some seasons or there can potentially be a strain mismatch [1,8,9].

Strains included in influenza vaccines are therefore scrutinized annually and updated when

required to maintain protection in the population. Numerous studies have shown that SV vac-

cination remains suboptimal at inducing and/or boosting immunity in previously primed pop-

ulations, including the elderly and immunocompromised individuals, and can be less effective

in naïve populations such as young children [10, 11]. Furthermore, reports of declining vac-

cine effectiveness over several years [12, 13] are a cause for concern, especially in the event of

severe seasonal influenza epidemics. There is therefore an ongoing need to develop more effec-

tive and safe vaccine strategies.

First introduced in the 1940’s, vaccination with inactivated whole influenza virus particle

vaccines (WPV), although effective at conferring protection, were often associated with local

and systemic adverse effects typified by excessive inflammatory responses and fever [14–16].

Concerns of their reactogenicity have been largely alleviated by improvements in techniques

to remove impurities [17], the production of virus stocks in cell culture-based systems [18] as

well as a better understanding of the immune-mediated mechanisms that underpin their

immunogenicity [19, 20]. Several studies have since revisited the use of WPV formulations

and demonstrated that they are well-tolerated and immunogenic in adult and elderly subjects

[21–23] as well as children and adolescents [24].

The All-Japan Influenza Vaccine Study Group was established to develop safe and immuno-

genic WPVs for use in humans, with the involvement of all four of Japan’s seasonal influenza

vaccine manufacturers. WPV formulations prepared by each manufacturer has been shown to

induce stronger neutralizing antibodies and innate immune responses in mice compared to

SV formulations consisting of the same vaccine strains. To predict the potential efficacy of

these WPV formulations in humans before transitioning to clinical trials requires evaluations

in animal models that bear close genetic and physiological similarities to humans versus other

species such as rodents. In this regard, non-human primates are ideal as their immune

responses elicited by infection or vaccination can closely reflect those in humans. However,

the ability to perform in-depth analysis of the immune mechanisms that underpin the genera-

tion of protective immunity in non-human primates, particularly against influenza, is limited

by the availability of reagents and assays suited to this task. We have recently established detec-

tion methods for analysing and understanding immune responses in influenza virus-infected

cynomolgus macaques [25]. In this study, we applied these techniques combined with a com-

prehensive suite of additional analytical methods capturing 46 immune parameters, to investi-

gate the immunogenicity of good manufacturing practice (GMP) grade monovalent and

quadrivalent WPV and SV formulations comprising the 2018–2019 Japanese influenza sea-

sonal strains in cynomolgus macaques. Our in-depth analyses of antibody responses (their iso-

types/capacity to engage FcγR binding against a range of influenza virus antigens and

inhibition of hemagglutinin), together with cytokine responses, antigen-specific B cell and

cytokine-producing T cell responses provide an extensive dataset on how vaccination of naïve

animals with WPV formulations consistently induce stronger humoral responses against vac-

cine-matched virus strains as well as enhance responses in those previously infected with influ-

enza viruses.

Results

Monovalent WPV induces stronger protective antibody responses than SV,

with similar reactogenicity

We first compared the immunogenicity of monovalent WPV and SV A/Singapore/GP1908/

2015 (H1N1) formulations containing equivalent amounts of HA by vaccinating naïve
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cynomolgus macaques via the sub-cutaneous route (Fig 1A[i]), the most prevalent vaccination

route used for humans in Japan. Each animal (n = 9 per vaccine type) received two vaccine

doses and was bled for the assessment of antibody prior to the first (day 0) and second dose

(day 28) as well as 28 days after the second dose (day 56). Blood was also obtained at 6 and 24

hours after the first dose to define inflammatory cytokine/chemokine responses. At both these

time points, levels of RANTES, IL-8, IFN-α, IL-6, MCP-1, IL-4, IFN-γ, TNF-α, MIP-1α and

MIP-1β remained similar following SV and WPV vaccination relative to baseline levels (Fig

1B), indicating that inflammatory responses, at least in blood, induced by WPV and SV inocu-

lation were minimal. Furthermore, there were no differences in body temperature, weight and

food intake exhibited by animals in each group (S1 Fig) nor were there consistent clinical signs

and injection site reactions across each group (S1 Table).

To determine antibody responses following immunization with WPV and SV, we firstly

performed hemagglutination-inhibition (HI) assays. Significantly higher A/H1N1-specific HI

antibody titres were induced by WPV after both first and second doses (2.5-fold and 9.4-fold,

respectively) against the vaccine-matched virus strain (P<0.001; Fig 1C) in comparison to HI

antibody titres elicited by SV. Increases in HI antibody titres were not observed against a heter-

ologous strain, A/Singapore/INFIMH-16-0019/2016 (H3N2), in all vaccine groups.

To simultaneously define multidimensional antibody features elicited after WPV and SV

immunization, a 28-parameter multiplex bead array was performed [26, 27]. Trimeric HA and

monomeric NA (from A/H1N1, A/H3N2 and B/Phuket) as well as HA Stem (from A/H1N1)

and NP antigens were used for detecting a range of epitope-specific antibody isotypes (IgA

and IgG) and Fcγ receptor binding (FcγR2a and FcγR3a) (Fig 1A[ii] and S2 Table). After one

vaccine dose, both WPV and SV induced elevated IgG responses against A/H1N1 NP (WPV;

P = 0.014 and SV; P = 0.007 on day 28 compared to day 0; S2A Fig), but only WPV induced

significantly increased IgG responses against A/H1N1 HA (P = 0.048) and HA Stem

(P<0.001) which were further boosted after the second dose (P�0.001). Importantly, when

compared to SV, WPV-vaccination induced significantly higher IgG levels against A/H1N1

HA (P<0.001 on day 28 and 56) and HA Stem (P<0.001 on day 28 and P = 0.002 on day 56)

after each vaccine dose (Fig 1D). Higher A/H1N1 HA (P = 0.002 on day 28 and P<0.0001 on

day 56) and HA Stem-specific antibodies (P = 0.0019 on day 28 and 0.0106 on day 56) in

WPV-vaccinated animals were also validated by ELISA (S3A Fig).

Higher IgA responses to A/H1N1 HA (P<0.001) were also induced after each dose of WPV

compared to SV. When FcγRs were examined across different antigen specificities, one WPV

dose was sufficient to induce significantly higher levels of FcγR2a and FcγR3a-binding anti-

bodies to A/H1N1 HA (both P<0.001) and HA Stem (P<0.001 and P<0.01, respectively)

compared to an equivalent dose of SV, and remained higher after the second dose. The

increased binding to FcγR2a and FcγR3a soluble dimers for HA and HA Stem-specific anti-

bodies suggests that, in addition to their potential ability to neutralize virus infectivity, they

can facilitate antibody-mediated activity such as antibody-dependent cellular cytotoxicity

(ADCC) and antibody-dependent cellular phagocytosis (ADCP). As these were vaccine mono-

valent formulations, vaccination with either vaccine type did not induce responses against A/

H3N2 HA and NA.

Analysis of 17 humoral immune parameters revealed key antibody features that were signif-

icantly elevated for WPV in comparison to SV, after both single or double dose immunization,

including FcγR3a HA, FcγR2a HA, IgG HA, IgA HA, IgG HA stem, FcγR3a HA stem, FcγR2a

HA stem and H1N1 HI antibody titres (Fig 2A). Having observed strong antibody responses

elicited by WPV, we further investigated correlates of strong HI antibody titres in the context

of key antibody and FcγR features detected by the multiplex bead array (Fig 2B). We found

that A/H1N1 HI antibody titres positively correlated with IgG antibodies specific for A/H1N1
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HA (rs = 0.816) and HA Stem (rs = 0.721) in WPV-vaccinated macaques after two vaccine

doses (day 56). Interestingly, when we examined correlations with FcγR usage, HI titres were

associated with FcγR2a-binding responses of HA Stem-specific antibodies (rs = 0.970) as well

as FcγR3a-binding responses to HA-specific antibodies (rs = 0.850), again suggesting their

potential to facilitate multiple mechanisms of antibody-mediated protection.

To further analyze the magnitude of antibody responses in each macaque, we collated a

heatmap based on the fold-change in HI antibody titres and A/H1N1 antigen-specific antibody

responses after the first and second doses (on day 28 and day 56 respectively), relative to their

baseline levels (day 0; Fig 2C). When we ranked animals according to their HI antibody titres,

the strongest increases in antibody responses were observed after each WPV dose. The most

prominent increases were for IgG antibodies as well as FcγR2a- and FcγR3a-binding responses

against HA and HA Stem, in line with the correlations described above. While strong IgA

responses against HA were also observed in some WPV-vaccinated animals, this was not pro-

portional to HI antibody titre levels. Overall, our data provide evidence for increased antibody

responses elicited by monovalent WPV in comparison to SV immunization, while reactogeni-

city towards both vaccines was similar.

Quadrivalent WPV formulation induces strong antibody responses

associated with increased antigen-specific B cell frequencies

Having shown strong antibody responses elicited by monovalent WPV, we subsequently com-

pared immune responses induced by quadrivalent WPV and SV containing A/H1N1 (A/Sin-

gapore/GP1908/2015), A/H3N2 (A/Singapore/INFIMH-16-0019/2016), B/Yamagata (B/

Phuket/3073/2013) and B/Victoria (B/Maryland/15/2016) strains. Macaques were first inocu-

lated with either vaccine on day 0 (n = 8 per vaccine type). On day 28, half of the animals from

each group (n = 4) were immunized with the same vaccine used for the first dose, while the

remaining animals received a mixed vaccine regimen (Fig 3A[i]).

Increased IFN-α levels were detected after the first WPV dose compared to SV (P = 0.001 at

6 and 24 hours) (Fig 3B) which was not observed using the monovalent WPV and could be

due to higher HA content in the quadrivalent formulation. No significant increases in

RANTES, IL-8, IL-6, MCP-1 and TNF-α after one or two doses were observed, irrespective of

the vaccine regimen used.

Significant increases in antibody responses were observed more so after a single dose of

WPV than SV (on day 28 compared to day 0) across different antigen specificities (S2B Fig).

This translated to significantly higher (P<0.001) levels of IgG, IgA, FcγR2a- and FcγR3a-bind-

ing responses of A/H1N1 HA-specific antibodies, as well as IgG to HA Stem (P = 0.021) and

B/Yamagata HA (P = 0.014) induced by WPV compared to SV (Fig 3C). These responses, to a

large extent, remained elevated after a second WPV dose (WPV⇢WPV; on day 49) and were

Fig 1. Monovalent WPV induces stronger antibody and HI responses than SV. (A[i]) Macaques (n = 9 per group)

were vaccinated with monovalent A/Singapore/GP1908/2015 (H1N1) WPV or SV followed by a second dose 28 days

later. Blood was collected prior to receiving each dose (day 0 pre-bleed and day 28) and at day 56. (A[ii]) List of antigen

and strain information used for multiplex analysis. (B) Cytokine levels in plasma obtained at 0, 6 and 24 hours after the

first dose. Dotted lines indicate the manufacturer’s theoretical limit of detection. (C) Hemagglutination inhibition (HI)

was measured against A/Singapore/GP1908/2015 (H1N1) and A/Singapore/INFIMH-16-0019/2016 (H3N2).

Individual HI antibody titres are expressed as reciprocals of the highest plasma dilutions that showed complete

inhibition of agglutination. (D) Multiplex analysis of antibody responses in plasma samples against H1N1 and H3N2

antigens. Median fluorescence intensity of IgG, IgA, FcγR2a and FcγR3a binding to HA, NA, NP and HA Stem from

H1N1 strains as well as HA and NA from H3N2 strains. Mann-Whitney tests were used to analyse statistical

significance between vaccine groups at each time point with the mean±SD in each group shown. Figure created with

Biorender.

https://doi.org/10.1371/journal.ppat.1010891.g001
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Fig 2. HI titres induced by WPV strongly correlate with IgG responses and FcγR usage against H1N1 antigens.

(A) Volcano plots of 17 humoral immune parameters following either one (SV or WPV) or two doses (SV⇢SV or

WPV⇢WPV) of monovalent vaccine are shown. Mean ranked differences and q values were determined using Mann-

Whitney tests of Log-transformed data, with a false discovery rate<5% considered statistically significant. (B)
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still significantly higher (IgG, IgA, FcγR3a-expressing antibodies to A/H1N1 HA, P = 0.028;

IgG to IBV HA, FcγR2a expressing antibodies to IBV HA; P = 0.028) than when an SV regi-

men was used (SV⇢SV; on day 49). However, responses towards A/H3N2 antigens induced by

both vaccine regimens were equivalent.

In animals that received the mixed vaccine regimens, there was a consistent trend in ani-

mals vaccinated with WPV followed by SV (WPV⇢SV) to exhibit higher responses (on day

49), particularly against A/H1N1 HA and HA Stem and the HA of B/Yamagata, in comparison

to the opposite regimen (SV⇢WPV) (Fig 3C). Comparing these responses to those elicited

with two doses of the same vaccine demonstrated that antibody levels induced by WPV⇢SV

were of a similar magnitude to those induced by a double dose WPV⇢WPV (S4A Fig). The

WPV⇢SV regimen tended to induce significantly higher responses than a double dose of SV

(SV⇢SV), particularly IgG, IgA and FcγR3a-expressing antibodies to A/H1N1 HA and IgG to

IBV HA. In contrast, when WPV was given as a second dose to SV-vaccinated animals

(SV⇢WPV), antibody levels remained similar to those found in animals that received the

SV⇢SV regimen. This suggests advantages for WPV to be given as a priming dose irrespective

of the follow up vaccine type used for the second dose.

Increased antibody responses induced by WPV also translated into elevated HI antibody

titres against each of the viral strains used in the formulation. Significantly higher titres were

detected against A/H1N1 (P =<0.001) and A/H3N2 (P = 0.004) after one WPV dose com-

pared to SV (Fig 4A). In fact, titres in WPV-vaccinated animals were boosted and remained

higher following a second dose of the same vaccine (WPV⇢WPV), particularly against A/

H1N1 (P = 0.028) and both IBV strains (P = 0.028) compared to SV-vaccinated animals. Fur-

thermore, HI antibody titres against IBV strains in macaques primed with WPV and then SV

(WPV⇢SV) were not only higher in comparison to the converse regimen (SV⇢WPV), but also

in comparison to animals that received two doses of SV, with a similar trend observed against

A/H1N1 (Figs 4A and S4B). Thus, similar to the results observed for monovalent WPV, a

quadrivalent formulation also led to better antibody responses, compared to SV immuniza-

tion, with respect to broader immunity against different strains when administered sequen-

tially and beneficial when used as a priming dose in a mixed vaccine regimen.

A ranked comparison of antibody responses according to HI antibody titres against each

strain revealed once again that double-dosed WPV vaccinated animals with the highest titres

also had the strongest IgG levels as well as dimeric FcγR2a and FcγR3a binding antibodies,

especially to the HA of A/H1N1 in comparison to SV-vaccinated animals (Fig 4B). Antibody

responses against A/H3N2 HA and B/Yamagata HA were also prominent albeit less consistent.

Of note, however, strong HI antibody titres were also associated with FcγR2a-, and to some

extent, FcγR3a-expressing antibodies to A/H1N1 HA Stem, suggesting the involvement in

cross-reactive responses.

We have recently established the use of recombinant antigen HA (rHA) probes to define

antigen-specific class-switched IgD- CD19+ B cells in cynomolgus macaques [25]. Using this

approach, rHA+ B cells specific for A/H1N1 HA (A/California/07/2009) (S5A Fig) could be

readily detected in vaccinated animals after one dose of either vaccine (WPV; mean 0.11%, SV;

mean 0.05%), with significantly higher frequencies (P = 0.0026) observed in animals that

Correlation between A/H1N1 HI antibody titres and IgG, FcγR2a and FcγR3a against A/H1N1 HA and HA Stem (on

day 56) in macaques vaccinated with 2 doses of WPV or SV. Spearman’s ranked correlation coefficients (rs) are

depicted only for paired comparisons with significant positive correlations (P<0.05). (C) Heatmap of A/H1N1-specific

HI antibody titres and antibody levels in macaques after vaccination with one (day 28) or two doses (day 56) of

monovalent WPV or SV. Each row represents a different macaque with their matched measurements in each column.

https://doi.org/10.1371/journal.ppat.1010891.g002
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Fig 3. Quadrivalent WPV induces stronger antibody responses to vaccine matched strains than SV. (A) Macaques (n = 8 per group)

were vaccinated with quadrivalent WPV or SV formulations. A second dose of either the same (n = 4) or opposite formulation to the

first vaccine used (n = 4) was administered 28 days later. (B) Cytokine levels in the plasma obtained at 6 and 24 hours following each
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received two doses of WPV (mean 0.62%) in comparison to SV immunisation per se (mean

0.07%) (Fig 4C and 4D).

WPV boosts immune responses in macaques previously infected with

influenza viruses

As much of the human population has pre-existing influenza-specific immunity, we next

determined the immunogenicity of A/H1N1 WPV and SV immunization regimens in

macaques previously infected with influenza virus to understand how pre-existing immunity

affects vaccine responses. Macaques were first infected with the seasonal strain, A/Yokohama/

91/2007 (H1N1), and subsequently vaccinated 56 days later with monovalent A/Singapore/

GP/1908/2015 (H1N1) WPV or SV (Fig 5A). As controls, a subset of infected animals was

inoculated with PBS only. We also assessed how immune responses are affected by a follow up

influenza virus infection with the 2009 pandemic strain, A/Narita/1/2009 (H1N1), at 21 days

after vaccination (day 77). We used these viruses as macques are known to be susceptible to

infection with these strains [25, 28].

Comparable antibody responses induced by the first A/Yokohama/91/2007 (H1N1) infec-

tion (on day 56) were detected in all macaques prior to vaccination and typified by ~2log10-

fold increases in IgG levels to A/H1N1 HA, NP and HA Stem with similar trends observed for

FcγR2a and FcγR3a usage (Fig 5B). Vaccination with WPV and SV, but not PBS, led to

increases in antibody responses (on day 77) particularly IgG (WPV, 78.4-fold, P = 0.023; SV,

19.2-fold, P = 0.011), FcγR2a- (WPV, 12.4-fold, P = 0.006; SV, 5.9-fold, P = 0.046) and

FcγR3a- (WPV, 43.2-fold, P = 0.018; SV, 12.5-fold, P = 0.016) expressing antibodies to HA and

IgG (WPV, 3.7-fold, P = 0.007; SV, 3.6-fold, P = 0.02) and FcγR3a-expressing antibodies

(WPV, 3.4-fold, P = 0.008; SV, 2.8-fold, P = 0.042) to HA Stem. While these antibody

responses increased (IgG HA, 26-fold, P<0.001; IgG HA Stem, 4.4-fold, P = 0.007; FcγR2a

HA, 7.3-fold, P = 0.035; FcγR3a HA, 28.4-fold, P = 0.005; FcγR3a HA Stem, 4.7-fold,

P = 0.005) in PBS-inoculated animals (on day 85) following the second influenza virus infec-

tion, responses did not increase in animals that received WPV and SV nor were there any dif-

ferences between these two vaccine groups. A possible reason for this could be that these

antibody levels were relatively high and beyond the detection limits of the array. We therefore

performed an ELISA which showed that vaccination with WPV resulted in higher IgG HA-

(day 77, P = 0.0103; day 85, P = 0.0013) and HA Stem- (day 77, P = 0.022) compared to vacci-

nation with SV (S3B Fig). No differences in NP-specific titres were observed between both vac-

cine groups but PBS-inoculated animals exhibited higher responses at day 85 (P = 0.0011

compared to SV and P = 0.003 compared to WPV) which may be due to higher viral load in

these animals.

As expected, initial infection with A/Yokohama/91/2007 did not elicit HI antibody titres on

day 56 against the vaccine strain A/Singapore/GP/1908/2015 in all groups (Fig 5C). On day 77,

however, WPV-induced HI antibody titres were significantly higher (2-fold, P<0.001) than

those induced by SV and were further boosted by the second A/Narita/1/2009 influenza virus

infection on day 85 (5.3-fold, P = 0.014). In line with this, we detected higher frequencies of

rHA+ B cells in WPV-vaccinated animals (Fig 5D and 5E), particularly after the second influ-

enza virus infection (WPV; mean 1.85%, SV; mean 0.12%, P = 0.006, PBS; mean 0.37%,

P = 0.019). Furthermore, the majority of class-switched rHA+ B cells following vaccination

dose compared to their baseline levels at day 0. Dotted lines indicate the manufacturer’s theoretical limit of detection. (C) Multiplex

analysis of antibody responses against A/H1N1, A/H3N2 and IBV antigens. Mann-Whitney tests were used to analyze statistical

significance between vaccine groups at each time point with the mean±SD shown. Figure created with Biorender.

https://doi.org/10.1371/journal.ppat.1010891.g003
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Fig 4. Increased HI titres induced by WPV are associated with superior antibody profiles and correlate with higher frequencies of antigen-specific B

cells. (A) Plasma collected at each time point was assessed for HI against vaccine-matched H1N1, H3N2 and IBV strains. Individual HI antibody titres are

depicted with the mean±SD. (B) Heatmap of HI antibody titres and antibody levels of macaques after vaccination with one (day 28) or two doses (day 49) of the

same formulation. Each row represents a different sample with their matched measurements in each column. (C) PBMCs isolated from macaques that were

vaccinated with the same formulations were analysed for H1N1pdm09 virus-specific B cells. Shown are representative dot plots of rHA+CD19+ cells within

class switched (IgD-) B cells and (D) frequencies (%) of rHA+ B cells within each group (mean±SD). Statistical significance in (A) data comparing WPV and SV

groups at each time point was assessed by Mann-Whitney tests and (D) data comparing both groups and time points with each other was determined by a two-

way ANOVA with Tukey’s correction for multiple comparisons.

https://doi.org/10.1371/journal.ppat.1010891.g004

PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 11 / 23

https://doi.org/10.1371/journal.ppat.1010891.g004
https://doi.org/10.1371/journal.ppat.1010891


Fig 5. Vaccination boosts antibody responses in previously infected animals, while WPV induces stronger HI

titres and B cell responses. (A) Macaques (n = 3 per group) were infected with A/Yokohama/91/2007 (H1N1) and 56

days later vaccinated with PBS or monovalent A/Singapore/GP1908/2015 (H1N1) WPV or SV. All macaques were

then infected on day 77 with A/Narita/1/2009 (H1N1). Blood samples were collected prior to the first infection (day 0

pre-bleed), vaccination (day 56), second infection (day 77) and at the end of the experiment (day 85). (B) Multiplex

analysis of antibody responses in plasma samples against H1N1 antigens (mean±SD). (C) Plasma was assessed for HI

against A/Singapore/GP1908/2015 (H1N1) across the various time points (mean±SD). Detection of A/H1N1 virus-

specific B cells in PBMCs showing (D) representative dot plots and (E) graphed data of class switched (IgD-)

rHA+CD19+ cells and their frequencies (%) within each group (mean±SD). (F) Isotype distributions for rHA+ B cell

populations in PBMCs on day 77 and 88. Representative FACS plots of IgG+ versus IgM+ B cells. (G) Bar graph
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with WPV were of IgG isotype where significantly higher proportions of IgG+rHA+ B cells

were found compared to those induced by SV (day 77, WPV; mean 95.4%, SV; mean 81.6%,

P<0.001)(Fig 5F and 5G). In contrast, higher frequency of IgM+ rHA+ B cells were found in

animals immunised with SV compared to WPV (SV: mean 10.8%; WPV: mean 2.3%).

Immune responses induced by both SV and WPV vaccination were sufficient for viral clear-

ance as detectable viral titres were only observed in nasal swabs from PBS but not SV- and

WPV-vaccinated animals following A/Narita/1/2009 infection (S5 Table).

We also investigated the effects of WPV and SV immunization on virus-specific T cell

responses at 8 days after the secondary influenza virus infection (day 85) by performing intra-

cellular cytokine staining of PBMCs following an overnight stimulation with live A/Singapore/

GP1908/2015 [25, 29, 30]. IFN-γ production in CD4+ and CD8+ T cells (S5B Fig) was detected

in virus- but not in mock-infected cultures (Fig 6A[i] and 6B[i]). In comparison to SV-vacci-

nated animals, higher frequencies of IFN-γ-producing T cells were detected in animals vacci-

nated with WPV (Fig 6A[ii] and 6B[ii]), with significant differences in levels of IFN-γ+CD4+ T

cells (P = 0.0203). There was also a strong positive correlation between IFN-γ+CD4+ T cells

with rHA+ B cell frequencies (rs = 0.907, P = 0.0015) detected amongst all groups (Fig 6A[iii]),

in line with their importance in promoting B cell responses. Analysis of CD4+ T cells produc-

ing both IFN-γ and TNF-α showed that some WPV-vaccinated animals had higher frequen-

cies of these polyfunctional populations (Fig 6A[iv]), suggesting their potential to establish

memory pools.

Discussion

While SV formulations have been instrumental in reducing global disease burden caused by

seasonal influenza viruses, their effectiveness, especially in immunologically naïve individuals,

remains suboptimal. Amongst the many different formulations of influenza vaccines that have

been evaluated, studies have indicated that the use of WPV can be of a great benefit [21–23].

This is based on the view that inactivated intact virions are more immunogenic and induce

greater seroconversion and protection than ether- or detergent-disrupted or subunit-based

vaccine approaches. Concerns of WPV reactogenicity [15, 16], characterised by adverse effects

associated with excessive inflammatory responses, however, have hindered development of

WPVs. In the present study, conducted under the auspices of the All-Japan Influenza Vaccine

Study Group with all four of Japan’s seasonal influenza vaccine manufacturers, highly pure

virus preparations were used to avoid reactogenicity. In line with our previous findings in

mice [31], acute systemic cytokine profiles and clinical symptoms of cynomolgus macaques

vaccinated with WPV were equivalent to those elicited by their SV counterparts and yet still

exhibited greater immunogenicity.

While methods to analyse influenza-specific immune responses in mice and humans are

well established, similar techniques have been less developed for non-human primates. Here,

we have applied an array of techniques and use of cross-reactive reagents to comprehensively

probe influenza-specific responses in vaccinated cynomolgus macaques. In immunologically-

naïve settings, stronger humoral responses were observed in WPV-immunized animals. The

multiplex array used here to simultaneously measure 28 antibody features revealed enhanced

indicating % isotype of rHA+ B cells. Indicated p-values reflect statistically significant differences in %rHA+IgG+ B cells

between denoted groups. Analysis of (B, C) data comparing all groups at each time point was assessed by Kruskal-

Wallis tests and (E, G) data comparing all groups and time points with each other was determined by two-way

ANOVA with Tukey’s correction for multiple comparisons. Figure created with Biorender.

https://doi.org/10.1371/journal.ppat.1010891.g005
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antibody responses induced by monovalent and quadrivalent WPVs, directed against a broad

range of representative viral antigens expressed by A/H1N1, influenza B and to a lesser extent

A/H3N2. As the multiplex array uses plasma at a specific dilution, an important consideration

is that the volume used is sufficient for capturing differences in responses across all antigens

examined. In the case of NA, this has resulted in a high baseline level but nonetheless still pro-

vided a sufficient window to detect the differences. The most prominent augmentation in anti-

body responses were linked to IgG antibodies directed against the HA of A/H1N1 and

influenza B, and to some degree, the HA Stem of A/H1N1. Not surprisingly, in the case of HA-

specific IgG, HA inhibition of each strain strongly correlated with these antibody responses,

indicating their potential to inhibit viral entry. Given that antibodies directed to the conserved

HA Stem region are noted for their ability to cross-react with different HA subtypes within the

same antigenic group [32], our data suggest that vaccination with WPV may also confer some

level of heterosubtypic immunity against group 1 influenza virus strains. Of note, we did not

observe significant increases in overall NA-specific antibody responses which could reflect the

immunodominance of the HA or that NA amounts in these formulations are less abundant.

Moreover, whilst we observed similarly high NP antibody responses induced by both vaccine

Fig 6. Higher frequencies of cytokine producing CD4+ T cells are detected in WPV vaccinated macaques. Representative dot plots of IFN-γ-

producing (A[i]) CD4+ and (B[i]) CD8+ T cells detected in PBMCs samples following in vitro virus stimulation and their frequencies (A[ii] and

B[ii]) within each group (mean±SD). (A[iii]) Correlation of IFN-γ-producing CD4+ T cells and frequencies (%) of influenza-virus specific B cells in

individual animals from all groups showing the Spearman’s ranked correlation coefficient (rs) and P-value. (A[iv]) Influenza virus-specific CD4+ T

cells were further characterized by analysing TNF-α production. Bar graphs depict the frequencies of cells producing IFN-γ or TNF-α only, or both

(mean±SEM). Analysis of data comparing all groups was assessed by Kruskal-Wallis tests.

https://doi.org/10.1371/journal.ppat.1010891.g006
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types, these did not appear to be associated with HI antibody titres and protective potential

[33].

In addition to binding via the antigen-binding fragment (Fab) region of the antibodies, the

crystallizable fragment (Fc) region of antibodies plays a key role in recruitment of complement

and activation of cellular effector mechanisms, most notably via ADCP by FcγR2a [34] and

ADCC by FcγR3a [35–37]. Increased interactions of WPV-induced antigen-specific antibodies

with these receptors suggests that apart from direct inhibition of viral entry in the event of

infection, these antibodies also have the potential to engage Fc receptors on effector cells to

facilitate cytolysis of virally-infected cells [38] and phagocytosis of opsonized material by cells

expressing these receptors [34], thus can contribute to overall protection against infection and

disease severity [39]. The engineering of low affinity FcγR ectodomains as a linked dimer con-

fers avid binding only by pairs of IgG that occupy closely spaced (“near-neighbor”) epitopes

[40]. The increased binding of dimeric FcγR to HA and HA Stem antibodies elicited by WPVs

over those elicited by the equivalent SV vaccinations indicates a higher antibody response

against these regions. FcγR-mediated antiviral activity, in addition to direct roles in ADCC

and ADCP, also includes antigen presentation by FcγR2a-expressing dendritic cells, which

with FcγR2a augmented antibodies can induce potent protective cellular responses [41].

In the context of infection induced immunity, higher titers of HI antibodies were induced

by WPV vaccination and further boosted following a secondary influenza virus infection. This

was associated with increased IgG HA and HA Stem-specific antibodies, virus-specific CD4+ T

cell responses and frequencies of HA-specific B cells, a higher proportion of which expressed

IgG, suggesting a more mature response and antibodies which could have better binding affin-

ities and/or avidities. An important point to note is that differences in vaccine-induced anti-

body responses between groups at later time points were observed by ELISA and not in the

multiplex array. This could be because the antibody levels were relatively high and beyond the

detection limits of the array. Given the disrupted nature of the antigens in SV compared to

intact antigens in WPV, there could be additional differences in the epitopes bound by these

antibodies, which we are unable to detect as both the ELISA and array measures responses

against whole antigens. A further note to consider is that the antigens used in the ELISA and

array are not identical to those in the vaccines and using better matched antigens could reveal

more specific differences.

The enhanced immunogenicity of WPV formulations is likely attributed to the presence of

viral RNA, providing stimulation of innate immune responses via TLR7 recognition and sig-

naling [19, 42]. Although SV preparations also contain RNA, ether-disruption and other

manufacturing processes are likely to lead to its degradation [19, 43] as opposed to being

retained and protected within a virion of a WPV [19]. As particulates, these preparations may

lend themselves to be endocytosed more efficiently by antigen-presenting cells and concur-

rently induce their activation [44, 45]. Moreover, the density of antigens expressed on a virion

surface is also likely to be higher, in comparison to the disrupted antigenic components con-

tained within the SV formulation, and conducive to promoting cross-linking of B cell recep-

tors (BCRs). Although we could not phenotype CD4+ T cell populations, it is reasonable to

speculate that follicular helper T cells also contribute to the enhanced responses observed by

providing the necessary signals required, and/or acting synergistically with BCR cross-linking,

to drive germinal center and plasmablast responses [46]. Notably, studies in mice have shown

that WPV but not SV elicit early T cell-independent responses through B-cell intrinsic TLR7

signaling by RNA contained within, resulting in the production of higher-affinity antibodies

[47].

Overall, our results support other studies which show that WPV formulations are immuno-

genic [19, 22, 24] and even with reduced reactogenicity, can confer significant improvements
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in immune responses, compared to what would otherwise be suboptimal/ineffective responses

induced by SV. Key to our findings is the use of techniques to comprehensively dissect and dis-

cern differences in influenza-specific immune responses in a non-human primate model, even

with the limited sample sizes in these groups. These results support the implementation of vac-

cination regimens using WPV for immunologically naïve individuals, such as the young as

they offer the greatest benefit, in terms of immunogenicity, over conventional SV formula-

tions. Our findings also support their use in individuals that have been previously infected or

vaccinated. As the production of these vaccines do not require ether disruption, they can be

fast-tracked with minimal impact to existing inactivated influenza vaccine manufacturing pro-

tocols. Monovalent formulations could be ideal for rapid deployment in the event of an emer-

gent pandemic influenza virus while quadrivalent formulations would be suitable for seasonal

implementation.

Methods

Ethics statement

All animal experiments were approved by the Institutional Animal Care and Use Committee

(Approved ethics number IACUC435-001 and IACUC435-002) and was performed in accor-

dance with the animal welfare by laws of SNBL, which is accredited by American Association

for Accreditation of Laboratory Animal Care (AAALAC) International. Healthy female and

male cynomolgus monkeys (Macaca fascicularis) weighing 2 to 3.5 kg and aged 2 to 3 years

old, were purpose-bred in Cambodia and imported and maintained at Shin Nippon Biomedi-

cal Laboratories, Ltd.

Viruses

The influenza virus strains A/Singapore/GP1908/2015(IVR-180) (H1N1), A/Singapore/

INFIMH-16-0019/2016(IVR-186) (H3N2), B/Phuket/3073/2013 (Yamagata linage) and B/

Maryland/15/2016 (NYMC BX-69A) (Victoria lineage), were provided by the National Insti-

tute of Infectious Diseases (NIID) in Japan. A/Yokohama/91/2007 (H1N1) was provided by

the Yokohama City Institute of Public Health. Viruses were propagated in 10-day old embryo-

nated chicken eggs or in MDCK cells. Collected allantoic fluids or culture supernatants were

stored at -80˚C until use.

Vaccines

WPVs and SVs used in this study were manufactured and provided by KM Biologics Co. Ltd.

(Japan). Monovalent formulations were produced from A/Singapore/GP1908/2015(IVR-180)

(H1N1). Quadrivalent formulations were produced with strains used in 2017–2018 seasonal

vaccines in Japan; A/Singapore/GP1908/2015(IVR-180) (H1N1), A/Singapore/INFIMH-16-

0019/2016 (IVR-186) (H3N2), B/Phuket/3073/2013 (Yamagata linage), and B/Maryland/15/

2016 (NYMC BX-69A) (Victoria lineage). WPVs were prepared from highly purified virions

and inactivated with formalin and/or β-propiolactone according to standard methods used by

the manufacturer. SVs were prepared by disrupting purified virions with ether in accordance

with manufacturing licenses and protocols for producing seasonal vaccines. HA protein con-

centrations of WPV and SV were quantified using the single-radial-immunodiffusion method.

Animals and vaccination

All vaccine doses were administered at amounts equivalent to 15μg protein of the HA. For

prime and boost experiments comparing monovalent formulations (Fig 1A), macaques were
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vaccinated with WPV or SV via the subcutaneous route on day 0 and 28. Blood samples were

collected prior to each vaccine dose on day 0 and 28 as well as 6 and 24 hours after the first

dose. In addition, a follow up bleed was collected on day 56. For experiments comparing quad-

rivalent formulations (Fig 3A), macaques were vaccinated with WPV or SV and bled at similar

timepoints prior to each dose in addition to 6 and 24 hours after each vaccine was adminis-

tered, and on day 49.

For experiments examining how previous influenza virus infection affects vaccine-induced

responses (Fig 5A), macaques were first intranasally infected with 4×105 TCID50/ml (in a vol-

ume of 1ml) of pre-pandemic strain of influenza A/Yokohama/91/2007 (H1N1) on day 0 fol-

lowed by vaccination with monovalent WPV or SV or PBS on day 56. All macaques were then

challenged with 2×105 TCID50/ml (in a volume of 2ml) of the 2009 pandemic stain A/Narita/

1/2009 (H1N1) on day 77. Blood samples were collected on day 0, 56 and 77 prior to each

intervention as well as on day 85. All blood samples were collected in heparin tubes (BD Bio-

sciences, Franklin Lakes, NJ, USA) from the femoral vein and plasma and peripheral blood

mononuclear cells (PBMCs) separated and stored at -80˚C until use. Rectal temperatures were

measured in non-anesthetized animals using a C402 or C405 digital thermometer (Terumo,

Japan).

Hemagglutination-inhibition (HI) assay

Plasma were treated with receptor-destroying enzyme (RDE; Denka Seiken, Tokyo, Japan) at a

plasma:RDE ratio of 1:3 and incubated for 16–18 hours at 37˚C and then at 56˚C for 1 hour.

RDE-treated plasma were serially diluted two-fold with PBS in 96-well microplates. The

diluted plasma were mixed with 8 hemagglutinin units of virus antigen and incubated at room

temperature for 30 min. Chicken red blood cells (0.5%) were added to the antigen-plasma dilu-

tion mixtures and incubated at room temperature for a further 30 min. HI titres were

expressed as reciprocals of the highest plasma dilutions that showed complete

hemagglutination.

Infection of PBMCs with influenza viruses and intracellular cytokine

staining

Stimulation of macaque PBMCs with live influenza virus was performed as previously

described [25]. Cryopreserved PBMCs were thawed at 37˚C in serum-free RPMI 1640 medium

(Thermo Fisher Scientific, MA, USA) supplemented with 10% heat-inactivated fetal bovine

serum (FBS), 1 mM of sodium pyruvate (Thermo Fisher Scientific), 50 μM of 2-mercaptoetha-

nol (Merck, Darmstadt, Germany), 100 U/ml of penicillin (Thermo Fisher Scientific), 100 μg/

ml of streptomycin (Thermo Fisher Scientific), and 20 μg/ml of gentamicin (Thermo Fisher

Scientific). Approximately 106 PBMC were infected with live influenza A virus at a multiplicity

of infection (MOI) of 6 or with media alone in serum-free media at 37˚C for 1 hour. FBS was

added (final concentration of 10%) and cells incubated for a further 3 hours. Golgi Plug (BD

Biosciences, USA) was then introduced at a final concentration of 1 μg/ml to inhibit protein

export and cells incubated for a further 16 hours. Cells were harvested and stained with surface

antibodies (S3 Table) in 50 μl of stain buffer (1% FBS–5mM EDTA–PBS) for 30 mins at 4˚C.

Following washing with fresh stain buffer, cells were fixed and permeabilized in 100 μl Cyto-

Fix/CytoPerm (BD Biosciences) for 20 mins and then stained with antibodies to detect intra-

cellular cytokines (S3 Table) in 50μl of Perm/Wash buffer (BD Biosciences) for 30 mins at 4˚C.

Samples were acquired using a BD LSR Fortessa (BD Biosciences, USA) and data analysed by

FlowJo software (BD Biosciences, USA).
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Recombinant HA staining of PBMCs

Recombinant HA (rHA) probes specific for the A/California/07/2009(H1N1)pdm09 HA were

generated and used for staining HA-specific B cells as described [25, 48, 49]. Thawed PBMCs

were stained with antibodies and rHA probes (S4 Table) at 4˚C for 30 mins in PBS containing

1% FBS and fixed in 1% paraformaldehyde prior to analysis by flow cytometry. B cells were

identified as CD45+CD19+CD20+ cells within live events (S5A Fig). Influenza virus-specific B

cells were identified as rHA+ within class-switched (IgD-) B cells.

Cytokine measurement by cytometric bead array

Cytokine levels in plasma samples from vaccinated macaques were analyzed using a BD

Human Cytometric Bead Array kit according to the manufacturer’s instructions and as previ-

ously described [25].

Multiplex array

Antigens were covalently coupled to magnetic carboxylated beads using a two-step carbodii-

mide reaction as previously described [26, 27]. Briefly, antigen-coupled beads (500–750 beads

per bead region) were pooled and combined with diluted plasma (IgG; 1:600, IgA; 1:400,

FcγR2 and FcγR3; 1:200) overnight before washing and staining with detectors (PE-conjugated

anti-human IgG and IgA antibodies or soluble dimeric FcγR followed by streptavidin PE con-

jugate) (S2 Table). Plates were washed and read by a FlexMap 3D System (Luminex), with the

binding of the PE detectors measured to calculate the median fluorescence intensity (MFI).

Enzyme-linked immunosorbent assays (ELISAs)

Antigens (2μg/ml PBS) were coated onto Nunc MaxiSorp flat bottom 96-well plates (Thermo

Fisher Scientific) for a minimum of 24 hours. Removal of antigen was followed by blocking of

wells using PBS (containing w/v 10% BSA) for 1 hour. Plasma was serially diluted across each

plate in PBS (containing v/v 0.05% Tween and w/v 5% BSA) and incubated for 2 hours at

room temperature. For the detection of IgG, wells were incubated with alkaline phosphate-

conjugated mouse anti-human IgG (MT78, MabTech) at a 1:1000 dilution for 1 hour and

developed with pNPP substrate (Sigma) for 2 hours. Absorbance of wells were determined at

405nm on a Multiskan plate reader (Labsystems). All wells were washed extensively between

steps using PBS (containing 0.05% Tween). Endpoint titers were determined by interpolation

from a sigmodial curve fit (all R-squared values>0.95; GraphPad Prism 8) and expressed as

the reciprocal of the highest dilution of plasma required to produce an absorbance value of 0.4.

Statistical analysis

Prism 9 (GraphPad Software, San Diego, CA, USA) was used to perform statistical analyses.

Where appropriate, data normality was tested using a Shapiro-Wilk test to inform the statisti-

cal analysis. For non-parametric analysis between 2 groups, an unpaired two-tailed Mann-

Whitney test was used; for analysis between 3 or more groups, the Kruskal-Wallis test or two-

way ANOVA with Tukey’s correction for multiple comparisons was used. A P value less than

0.05 was considered statistically significant.

Supporting information

S1 Fig. Food intake, body weight and temperature following vaccination with monovalent

formulations. Macaques (n = 9 per group) were vaccinated with monovalent A/Singapore/

GP1908/2015 (H1N1) WPV or SV followed by a second dose 28 days later. Animals were
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monitored for (A) amount of food consumed per day as well as (B) body weight and (C) tem-

perature throughout the course of the experiment.

(TIFF)

S2 Fig. Monovalent WPV induces stronger antibody responses than SV after one dose.

Multiplex antibody responses (mean±SD) from (A) Fig 1D and (B) Fig 3C, against A/H1N1

and IBV antigens prior to vaccination (day 0), after the first (day 28) and second dose (day 49

or 56). Comparisons of responses between each time-point within each vaccine group was

assessed using Kruskal-Wallis tests.

(TIFF)

S3 Fig. WPV induces stronger antibody responses than SV by ELISA. (A) Plasma from ani-

mals vaccinated with monovalent A/Singapore/GP1908/2015 (H1N1) WPV or SV (day 28) fol-

lowed by a second dose 28 days later (day 56) in Fig 1 were analysed for IgG antibody titres

against HA (H1N1) and HA Stem (H1N1) by ELISA. Mann-Whitney tests were used to ana-

lyse statistical significance between vaccine groups with the mean±SD in each group shown.

(B) Plasma from animals obtained on day 77 and 85 in Fig 5 were analysed for IgG antibody

titres against HA (H1N1), HA Stem (H1N1) and NP (H1N1) by ELISA. Data comparing all

groups and time points with each other was determined by two-way ANOVA.

(TIFF)

S4 Fig. Quadrivalent WPV induces stronger antibody responses and HI antibody titres to

vaccine matched strains than SV. (A) Multiplex antibody responses (mean±SD) from Fig 3C

and (B) HI antibody titres (mean±SD) from Fig 4A, against A/H1N1, A/H3N2 and IBV anti-

gens on day 49, with data represented as separate groups and analysis by Kruskal-Wallis tests.

Asterisks indicate P-values of<0.05.

(TIFF)

S5 Fig. Gating strategy used to define PBMC populations. (A) Detection of A/H1N1 virus-

specific B cells in PBMCs were analysed by gating CD19+ CD20+class switched (IgD-) rHA+-

cells and could be further defined by IgM or IgG expression. (B) CD8+ and CD4+ expressing

PBMCs were gated for CD3 expression to define IFN-γ and/or TNF-α cytokine producing

CD3+CD8+ and CD3+CD4+ T cells.

(TIFF)

S1 Data. Source data file. Raw data for all the figures and supplementary figures.

(XLSX)

S1 Table. Clinical symptoms and injection site observations following vaccination.

(DOCX)

S2 Table. Panel design of the multiplex bead array assay.
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S3 Table. Flow cytometry panel for the analysis of influenza-specific T cells.

(DOCX)

S4 Table. Flow cytometry panel for the analysis of influenza-specific B cells.

(DOCX)

S5 Table. Viral titers in nasal swabs of animals following A/Narita/1/2009 infection.
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PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 19 / 23

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010891.s011
https://doi.org/10.1371/journal.ppat.1010891


Acknowledgments

We thank Dr. Watanabe (National Institute of Infectious Disease in Japan) and Dr. Kawakami

(Yokohama City Institute of Public Health) for kindly providing influenza virus strains. We

also thank Ms Kawahara for technical assistance and all members of the All-Japan Influenza

Vaccine Study Group for discussions. Some images in figures (Figs 1A, 3A and 5A) were cre-

ated on BioRender.com.

Author Contributions

Conceptualization: Toshiki Sekiya, Naoki Nomura, Louise C. Rowntree, Marumi Ohno,

Yasushi Itoh, David C. Jackson, Masashi Shingai, Katherine Kedzierska, Hiroshi Kida.

Data curation: Brendon Y. Chua, Toshiki Sekiya, Hayley A. McQuilten.

Formal analysis: Brendon Y. Chua, Toshiki Sekiya, Marios Koutsakos, Naoki Nomura, Louise

C. Rowntree, Thi H. O. Nguyen, Hayley A. McQuilten, Marumi Ohno, Yuki Ohara, Tomo-

hiro Nishimura, Masafumi Endo, Yasushi Itoh, Jennifer R. Habel, Kevin J. Selva, Adam K.

Wheatley, Amy W. Chung.

Investigation: Brendon Y. Chua, Toshiki Sekiya, Marios Koutsakos, Naoki Nomura, Louise C.

Rowntree, Thi H. O. Nguyen, Yasushi Itoh, Masashi Shingai.

Methodology: Toshiki Sekiya, Marios Koutsakos, Marumi Ohno, Yuki Ohara, Tomohiro

Nishimura, Masafumi Endo, Yasushi Itoh, Jennifer R. Habel, Kevin J. Selva, Adam K.

Wheatley, Bruce D. Wines, P. Mark Hogarth, Stephen J. Kent, Amy W. Chung, Masashi

Shingai, Katherine Kedzierska.

Project administration: Hiroshi Kida.

Resources: Adam K. Wheatley, Bruce D. Wines, P. Mark Hogarth, Stephen J. Kent, Amy W.

Chung, Masashi Shingai, Katherine Kedzierska, Hiroshi Kida.

Supervision: Stephen J. Kent, Katherine Kedzierska, Hiroshi Kida.

Writing – original draft: Brendon Y. Chua, Toshiki Sekiya, Katherine Kedzierska,

Hiroshi Kida.

Writing – review & editing: Brendon Y. Chua, Toshiki Sekiya, Marios Koutsakos, Naoki

Nomura, Louise C. Rowntree, Thi H. O. Nguyen, Hayley A. McQuilten, Marumi Ohno,

Yuki Ohara, Tomohiro Nishimura, Masafumi Endo, Yasushi Itoh, Jennifer R. Habel, Kevin

J. Selva, Adam K. Wheatley, Bruce D. Wines, P. Mark Hogarth, Stephen J. Kent, Amy W.

Chung, David C. Jackson, Lorena E. Brown, Masashi Shingai, Katherine Kedzierska, Hir-

oshi Kida.

References
1. Krammer F, Smith GJD, Fouchier RAM, Peiris M, Kedzierska K, Doherty PC, et al. Influenza. Nat Rev

Dis Primers. 2018; 4(1):3. Epub 20180628. https://doi.org/10.1038/s41572-018-0002-y PMID:

29955068; PubMed Central PMCID: PMC7097467.

2. Laurie KL, Rockman S. Which influenza viruses will emerge following the SARS-CoV-2 pandemic?

Influenza Other Respir Viruses. 2021; 15(5):573–6. Epub 20210506. https://doi.org/10.1111/irv.12866

PMID: 33955176; PubMed Central PMCID: PMC8242426.

3. National Institute of Infectious Disease (Japan). Prevalence of Influenza Antibodies—2021 Bulletin 2nd

Report. Available from: https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/10864-flu-yosoku-

rapid2021-2.html.

PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 20 / 23

http://BioRender.com
https://doi.org/10.1038/s41572-018-0002-y
http://www.ncbi.nlm.nih.gov/pubmed/29955068
https://doi.org/10.1111/irv.12866
http://www.ncbi.nlm.nih.gov/pubmed/33955176
https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/10864-flu-yosoku-rapid2021-2.html
https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/10864-flu-yosoku-rapid2021-2.html
https://doi.org/10.1371/journal.ppat.1010891


4. National Institute of Infectious Disease (Japan). Prevalence of Influenza Antibodies—2019 Bulletin 2nd

Report. Available from: https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/9363-flu-yosoku-

rapid2019-2.html.

5. Department of Health and Aged Care (Australia). Australian Influenza Surveillance Report—No 07—

fortnight ending 03 July 2022. Available from: https://www1.health.gov.au/internet/main/publishing.nsf/

Content/ozflu-surveil-no07-22.htm.

6. OECD. Influenza vaccination rates 2022. Available from: https://data.oecd.org/healthcare/influenza-

vaccination-rates.htm.

7. Collaborators GBDI. Mortality, morbidity, and hospitalisations due to influenza lower respiratory tract

infections, 2017: an analysis for the Global Burden of Disease Study 2017. Lancet Respir Med. 2019; 7

(1):69–89. Epub 20181212. https://doi.org/10.1016/S2213-2600(18)30496-X PMID: 30553848;

PubMed Central PMCID: PMC6302221.

8. Petrova VN, Russell CA. The evolution of seasonal influenza viruses. Nat Rev Microbiol. 2018; 16

(1):47–60. Epub 20171030. https://doi.org/10.1038/nrmicro.2017.118 PMID: 29081496.

9. Xie H, Wan XF, Ye Z, Plant EP, Zhao Y, Xu Y, et al. H3N2 Mismatch of 2014–15 Northern Hemisphere

Influenza Vaccines and Head-to-head Comparison between Human and Ferret Antisera derived Anti-

genic Maps. Sci Rep. 2015; 5:15279. Epub 20151016. https://doi.org/10.1038/srep15279 PMID:

26472175; PubMed Central PMCID: PMC4607887.

10. Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vaccination in the elderly: a quanti-

tative review. Vaccine. 2006; 24(8):1159–69. Epub 20050919. https://doi.org/10.1016/j.vaccine.2005.

08.105 PMID: 16213065.

11. Kamada M, Nagai T, Kumagai T, Igarashi M, Ihara T, Okafuji T, et al. Efficacy of inactivated trivalent

influenza vaccine in alleviating the febrile illness of culture-confirmed influenza in children in the 2000–

2001 influenza season. Vaccine. 2006; 24(17):3618–23. Epub 20060228. https://doi.org/10.1016/j.

vaccine.2006.01.067 PMID: 16530300.

12. Belongia EA, Simpson MD, King JP, Sundaram ME, Kelley NS, Osterholm MT, et al. Variable influenza

vaccine effectiveness by subtype: a systematic review and meta-analysis of test-negative design stud-

ies. Lancet Infect Dis. 2016; 16(8):942–51. Epub 20160406. https://doi.org/10.1016/S1473-3099(16)

00129-8 PMID: 27061888.

13. Gavigan P, McCullers JA. Influenza: annual seasonal severity. Curr Opin Pediatr. 2019; 31(1):112–8.

https://doi.org/10.1097/MOP.0000000000000712 PMID: 30480557.

14. al-Mazrou A, Scheifele DW, Soong T, Bjornson G. Comparison of adverse reactions to whole-virion and

split-virion influenza vaccines in hospital personnel. CMAJ. 1991; 145(3):213–8. PMID: 2070311;

PubMed Central PMCID: PMC1335726.

15. Gross PA, Ennis FA, Gaerlan PF, Denson LJ, Denning CR, Schiffman D. A controlled double-blind com-

parison of reactogenicity, immunogenicity, and protective efficacy of whole-virus and split-product influ-

enza vaccines in children. J Infect Dis. 1977; 136(5):623–32. https://doi.org/10.1093/infdis/136.5.623

PMID: 335000.

16. Mostow SR, Eickhoff TC, Chelgren GA, Retailliau HF, Castle M. Studies of inactivated influenza virus

vaccines in hospital employees: reactogenicity and absenteeism. J Infect Dis. 1977; 136 Suppl:S533–8.

https://doi.org/10.1093/infdis/136.supplement_3.s533 PMID: 342626.

17. Blom H, Akerblom A, Kon T, Shaker S, van der Pol L, Lundgren M. Efficient chromatographic reduction

of ovalbumin for egg-based influenza virus purification. Vaccine. 2014; 32(30):3721–4. Epub

20140505. https://doi.org/10.1016/j.vaccine.2014.04.033 PMID: 24801053.

18. Govorkova EA, Murti G, Meignier B, de Taisne C, Webster RG. African green monkey kidney (Vero)

cells provide an alternative host cell system for influenza A and B viruses. J Virol. 1996; 70(8):5519–24.

https://doi.org/10.1128/JVI.70.8.5519-5524.1996 PMID: 8764064; PubMed Central PMCID:

PMC190510.

19. Geeraedts F, Goutagny N, Hornung V, Severa M, de Haan A, Pool J, et al. Superior immunogenicity of

inactivated whole virus H5N1 influenza vaccine is primarily controlled by Toll-like receptor signalling.

PLoS Pathog. 2008; 4(8):e1000138. Epub 20080829. https://doi.org/10.1371/journal.ppat.1000138

PMID: 18769719; PubMed Central PMCID: PMC2516931.

20. Gruenberg DA, Shaker MS. An update on influenza vaccination in patients with egg allergy. Curr Opin

Pediatr. 2011; 23(5):566–72. https://doi.org/10.1097/MOP.0b013e32834ac7a3 PMID: 21881505.

21. Aichinger G, Grohmann-Izay B, van der Velden MV, Fritsch S, Koska M, Portsmouth D, et al. Phase I/II

randomized double-blind study of the safety and immunogenicity of a nonadjuvanted vero cell culture-

derived whole-virus H9N2 influenza vaccine in healthy adults. Clin Vaccine Immunol. 2015; 22(1):46–

55. Epub 20141029. https://doi.org/10.1128/CVI.00275-14 PMID: 25355797; PubMed Central PMCID:

PMC4278922.

PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 21 / 23

https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/9363-flu-yosoku-rapid2019-2.html
https://www.niid.go.jp/niid/ja/flu-m/253-idsc/yosoku/sokuhou/9363-flu-yosoku-rapid2019-2.html
https://www1.health.gov.au/internet/main/publishing.nsf/Content/ozflu-surveil-no07-22.htm
https://www1.health.gov.au/internet/main/publishing.nsf/Content/ozflu-surveil-no07-22.htm
https://data.oecd.org/healthcare/influenza-vaccination-rates.htm
https://data.oecd.org/healthcare/influenza-vaccination-rates.htm
https://doi.org/10.1016/S2213-2600%2818%2930496-X
http://www.ncbi.nlm.nih.gov/pubmed/30553848
https://doi.org/10.1038/nrmicro.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29081496
https://doi.org/10.1038/srep15279
http://www.ncbi.nlm.nih.gov/pubmed/26472175
https://doi.org/10.1016/j.vaccine.2005.08.105
https://doi.org/10.1016/j.vaccine.2005.08.105
http://www.ncbi.nlm.nih.gov/pubmed/16213065
https://doi.org/10.1016/j.vaccine.2006.01.067
https://doi.org/10.1016/j.vaccine.2006.01.067
http://www.ncbi.nlm.nih.gov/pubmed/16530300
https://doi.org/10.1016/S1473-3099%2816%2900129-8
https://doi.org/10.1016/S1473-3099%2816%2900129-8
http://www.ncbi.nlm.nih.gov/pubmed/27061888
https://doi.org/10.1097/MOP.0000000000000712
http://www.ncbi.nlm.nih.gov/pubmed/30480557
http://www.ncbi.nlm.nih.gov/pubmed/2070311
https://doi.org/10.1093/infdis/136.5.623
http://www.ncbi.nlm.nih.gov/pubmed/335000
https://doi.org/10.1093/infdis/136.supplement%5F3.s533
http://www.ncbi.nlm.nih.gov/pubmed/342626
https://doi.org/10.1016/j.vaccine.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24801053
https://doi.org/10.1128/JVI.70.8.5519-5524.1996
http://www.ncbi.nlm.nih.gov/pubmed/8764064
https://doi.org/10.1371/journal.ppat.1000138
http://www.ncbi.nlm.nih.gov/pubmed/18769719
https://doi.org/10.1097/MOP.0b013e32834ac7a3
http://www.ncbi.nlm.nih.gov/pubmed/21881505
https://doi.org/10.1128/CVI.00275-14
http://www.ncbi.nlm.nih.gov/pubmed/25355797
https://doi.org/10.1371/journal.ppat.1010891


22. Ehrlich HJ, Muller M, Oh HM, Tambyah PA, Joukhadar C, Montomoli E, et al. A clinical trial of a whole-

virus H5N1 vaccine derived from cell culture. N Engl J Med. 2008; 358(24):2573–84. https://doi.org/10.

1056/NEJMoa073121 PMID: 18550874.

23. van Boxtel RA, Verdijk P, de Boer OJ, van Riet E, Mensinga TT, Luytjes W. Safety and immunogenicity

of influenza whole inactivated virus vaccines: A phase I randomized clinical trial. Hum Vaccin Immun-

other. 2015; 11(4):983–90. https://doi.org/10.1080/21645515.2015.1012004 PMID: 25751506;

PubMed Central PMCID: PMC4514258.

24. Loew-Baselli A, Pavlova BG, Fritsch S, Poellabauer EM, Draxler W, Kistner O, et al. A non-adjuvanted

whole-virus H1N1 pandemic vaccine is well tolerated and highly immunogenic in children and adoles-

cents and induces substantial immunological memory. Vaccine. 2012; 30(41):5956–66. Epub

20120728. https://doi.org/10.1016/j.vaccine.2012.07.039 PMID: 22846396.

25. Koutsakos M, Sekiya T, Chua BY, Nguyen THO, Wheatley AK, Juno JA, et al. Immune profiling of influ-

enza-specific B- and T-cell responses in macaques using flow cytometry-based assays. Immunol Cell

Biol. 2021; 99(1):97–106. Epub 20200907. https://doi.org/10.1111/imcb.12383 PMID: 32741011.

26. Hensen L, Nguyen THO, Rowntree LC, Damelang T, Koutsakos M, Aban M, et al. Robust and prototypi-

cal immune responses toward influenza vaccines in the high-risk group of Indigenous Australians. Proc

Natl Acad Sci U S A. 2021; 118(41). https://doi.org/10.1073/pnas.2109388118 PMID: 34607957;

PubMed Central PMCID: PMC8522271.

27. Selva KJ, van de Sandt CE, Lemke MM, Lee CY, Shoffner SK, Chua BY, et al. Systems serology

detects functionally distinct coronavirus antibody features in children and elderly. Nat Commun. 2021;

12(1):2037. Epub 20210401. https://doi.org/10.1038/s41467-021-22236-7 PMID: 33795692; PubMed

Central PMCID: PMC8016934.

28. Pham VL, Nakayama M, Itoh Y, Ishigaki H, Kitano M, Arikata M, et al. Pathogenicity of pandemic H1N1

influenza A virus in immunocompromised cynomolgus macaques. PLoS One. 2013; 8(9):e75910. Epub

20130923. https://doi.org/10.1371/journal.pone.0075910 PMID: 24086663; PubMed Central PMCID:

PMC3781065.

29. Nguyen THO, Koutsakos M, van de Sandt CE, Crawford JC, Loh L, Sant S, et al. Immune cellular net-

works underlying recovery from influenza virus infection in acute hospitalized patients. Nat Commun.

2021; 12(1):2691. Epub 20210511. https://doi.org/10.1038/s41467-021-23018-x PMID: 33976217;

PubMed Central PMCID: PMC8113517.

30. Wang Z, Wan Y, Qiu C, Quinones-Parra S, Zhu Z, Loh L, et al. Recovery from severe H7N9 disease is

associated with diverse response mechanisms dominated by CD8(+) T cells. Nat Commun. 2015;

6:6833. Epub 20150513. https://doi.org/10.1038/ncomms7833 PMID: 25967273; PubMed Central

PMCID: PMC4479016.

31. Sekiya T, Mifsud EJ, Ohno M, Nomura N, Sasada M, Fujikura D, et al. Inactivated whole virus particle

vaccine with potent immunogenicity and limited IL-6 induction is ideal for influenza. Vaccine. 2019; 37

(15):2158–66. Epub 20190308. https://doi.org/10.1016/j.vaccine.2019.02.057 PMID: 30857932.

32. Boyoglu-Barnum S, Hutchinson GB, Boyington JC, Moin SM, Gillespie RA, Tsybovsky Y, et al. Glycan

repositioning of influenza hemagglutinin stem facilitates the elicitation of protective cross-group anti-

body responses. Nat Commun. 2020; 11(1):791. Epub 20200207. https://doi.org/10.1038/s41467-020-

14579-4 PMID: 32034141; PubMed Central PMCID: PMC7005838.

33. Vanderven HA, Esterbauer R, Jegaskanda S, Tan HX, Wheatley AK, Kent SJ. Poor protective potential

of influenza nucleoprotein antibodies despite wide prevalence. Immunol Cell Biol. 2022; 100(1):49–60.

Epub 20211109. https://doi.org/10.1111/imcb.12508 PMID: 34687553.

34. Huber VC, Lynch JM, Bucher DJ, Le J, Metzger DW. Fc receptor-mediated phagocytosis makes a sig-

nificant contribution to clearance of influenza virus infections. J Immunol. 2001; 166(12):7381–8. https://

doi.org/10.4049/jimmunol.166.12.7381 PMID: 11390489.

35. Cox RJ, Hovden AO, Brokstad KA, Szyszko E, Madhun AS, Haaheim LR. The humoral immune

response and protective efficacy of vaccination with inactivated split and whole influenza virus vaccines

in BALB/c mice. Vaccine. 2006; 24(44–46):6585–7. Epub 20060605. https://doi.org/10.1016/j.vaccine.

2006.05.040 PMID: 16839650.

36. Jegaskanda S, Weinfurter JT, Friedrich TC, Kent SJ. Antibody-dependent cellular cytotoxicity is associ-

ated with control of pandemic H1N1 influenza virus infection of macaques. J Virol. 2013; 87(10):5512–

22. Epub 20130306. https://doi.org/10.1128/JVI.03030-12 PMID: 23468501; PubMed Central PMCID:

PMC3648138.

37. Terajima M, Co MD, Cruz J, Ennis FA. High Antibody-Dependent Cellular Cytotoxicity Antibody Titers

to H5N1 and H7N9 Avian Influenza A Viruses in Healthy US Adults and Older Children. J Infect Dis.

2015; 212(7):1052–60. Epub 20150320. https://doi.org/10.1093/infdis/jiv181 PMID: 25795791; PubMed

Central PMCID: PMC4668882.

PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 22 / 23

https://doi.org/10.1056/NEJMoa073121
https://doi.org/10.1056/NEJMoa073121
http://www.ncbi.nlm.nih.gov/pubmed/18550874
https://doi.org/10.1080/21645515.2015.1012004
http://www.ncbi.nlm.nih.gov/pubmed/25751506
https://doi.org/10.1016/j.vaccine.2012.07.039
http://www.ncbi.nlm.nih.gov/pubmed/22846396
https://doi.org/10.1111/imcb.12383
http://www.ncbi.nlm.nih.gov/pubmed/32741011
https://doi.org/10.1073/pnas.2109388118
http://www.ncbi.nlm.nih.gov/pubmed/34607957
https://doi.org/10.1038/s41467-021-22236-7
http://www.ncbi.nlm.nih.gov/pubmed/33795692
https://doi.org/10.1371/journal.pone.0075910
http://www.ncbi.nlm.nih.gov/pubmed/24086663
https://doi.org/10.1038/s41467-021-23018-x
http://www.ncbi.nlm.nih.gov/pubmed/33976217
https://doi.org/10.1038/ncomms7833
http://www.ncbi.nlm.nih.gov/pubmed/25967273
https://doi.org/10.1016/j.vaccine.2019.02.057
http://www.ncbi.nlm.nih.gov/pubmed/30857932
https://doi.org/10.1038/s41467-020-14579-4
https://doi.org/10.1038/s41467-020-14579-4
http://www.ncbi.nlm.nih.gov/pubmed/32034141
https://doi.org/10.1111/imcb.12508
http://www.ncbi.nlm.nih.gov/pubmed/34687553
https://doi.org/10.4049/jimmunol.166.12.7381
https://doi.org/10.4049/jimmunol.166.12.7381
http://www.ncbi.nlm.nih.gov/pubmed/11390489
https://doi.org/10.1016/j.vaccine.2006.05.040
https://doi.org/10.1016/j.vaccine.2006.05.040
http://www.ncbi.nlm.nih.gov/pubmed/16839650
https://doi.org/10.1128/JVI.03030-12
http://www.ncbi.nlm.nih.gov/pubmed/23468501
https://doi.org/10.1093/infdis/jiv181
http://www.ncbi.nlm.nih.gov/pubmed/25795791
https://doi.org/10.1371/journal.ppat.1010891


38. Ko YA, Yu YH, Wu YF, Tseng YC, Chen CL, Goh KS, et al. A non-neutralizing antibody broadly protects

against influenza virus infection by engaging effector cells. PLoS Pathog. 2021; 17(8):e1009724. Epub

20210805. https://doi.org/10.1371/journal.ppat.1009724 PMID: 34352041; PubMed Central PMCID:

PMC8341508.

39. Jegaskanda S, Luke C, Hickman HD, Sangster MY, Wieland-Alter WF, McBride JM, et al. Generation

and Protective Ability of Influenza Virus-Specific Antibody-Dependent Cellular Cytotoxicity in Humans

Elicited by Vaccination, Natural Infection, and Experimental Challenge. J Infect Dis. 2016; 214(6):945–

52. Epub 20160628. https://doi.org/10.1093/infdis/jiw262 PMID: 27354365; PubMed Central PMCID:

PMC4996149.

40. Wines BD, Vanderven HA, Esparon SE, Kristensen AB, Kent SJ, Hogarth PM. Dimeric FcgammaR

Ectodomains as Probes of the Fc Receptor Function of Anti-Influenza Virus IgG. J Immunol. 2016; 197

(4):1507–16. Epub 20160706. https://doi.org/10.4049/jimmunol.1502551 PMID: 27385782.

41. Bournazos S, Corti D, Virgin HW, Ravetch JV. Fc-optimized antibodies elicit CD8 immunity to viral

respiratory infection. Nature. 2020; 588(7838):485–90. Epub 20201008. https://doi.org/10.1038/

s41586-020-2838-z PMID: 33032297; PubMed Central PMCID: PMC7672690.

42. Budimir N, de Haan A, Meijerhof T, Waijer S, Boon L, Gostick E, et al. Critical role of TLR7 signaling in

the priming of cross-protective cytotoxic T lymphocyte responses by a whole inactivated influenza virus

vaccine. PLoS One. 2013; 8(5):e63163. Epub 20130502. https://doi.org/10.1371/journal.pone.0063163

PMID: 23658804; PubMed Central PMCID: PMC3642048.

43. O’Gorman WE, Huang H, Wei YL, Davis KL, Leipold MD, Bendall SC, et al. The Split Virus Influenza

Vaccine rapidly activates immune cells through Fcgamma receptors. Vaccine. 2014; 32(45):5989–97.

Epub 20140906. https://doi.org/10.1016/j.vaccine.2014.07.115 PMID: 25203448; PubMed Central

PMCID: PMC4191649.

44. Shingai M, Nomura N, Sekiya T, Ohno M, Fujikura D, Handabile C, et al. Potent priming by inactivated

whole influenza virus particle vaccines is linked to viral RNA uptake into antigen presenting cells. Vac-

cine. 2021; 39(29):3940–51. Epub 20210602. https://doi.org/10.1016/j.vaccine.2021.05.065 PMID:

34090697.

45. Stoel M, Pool J, de Vries-Idema J, Zaaraoui-Boutahar F, Bijl M, Andeweg AC, et al. Innate responses

induced by whole inactivated virus or subunit influenza vaccines in cultured dendritic cells correlate with

immune responses in vivo. PLoS One. 2015; 10(5):e0125228. Epub 20150501. https://doi.org/10.1371/

journal.pone.0125228 PMID: 25933037; PubMed Central PMCID: PMC4416761.

46. Turner JS, Ke F, Grigorova IL. B Cell Receptor Crosslinking Augments Germinal Center B Cell Selec-

tion when T Cell Help Is Limiting. Cell Rep. 2018; 25(6):1395–403 e4. https://doi.org/10.1016/j.celrep.

2018.10.042 PMID: 30403996; PubMed Central PMCID: PMC6289055.

47. Onodera T, Hosono A, Odagiri T, Tashiro M, Kaminogawa S, Okuno Y, et al. Whole-Virion Influenza

Vaccine Recalls an Early Burst of High-Affinity Memory B Cell Response through TLR Signaling. J

Immunol. 2016; 196(10):4172–84. Epub 20160406. https://doi.org/10.4049/jimmunol.1600046 PMID:

27053762.

48. Wheatley AK, Whittle JR, Lingwood D, Kanekiyo M, Yassine HM, Ma SS, et al. H5N1 Vaccine-Elicited

Memory B Cells Are Genetically Constrained by the IGHV Locus in the Recognition of a Neutralizing

Epitope in the Hemagglutinin Stem. J Immunol. 2015; 195(2):602–10. Epub 20150615. https://doi.org/

10.4049/jimmunol.1402835 PMID: 26078272; PubMed Central PMCID: PMC4491024.

49. Whittle JR, Wheatley AK, Wu L, Lingwood D, Kanekiyo M, Ma SS, et al. Flow cytometry reveals that

H5N1 vaccination elicits cross-reactive stem-directed antibodies from multiple Ig heavy-chain lineages.

J Virol. 2014; 88(8):4047–57. Epub 20140205. https://doi.org/10.1128/JVI.03422-13 PMID: 24501410;

PubMed Central PMCID: PMC3993745.

PLOS PATHOGENS Influenza immunization with whole virus particle vaccines and broad antibody responses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010891 October 7, 2022 23 / 23

https://doi.org/10.1371/journal.ppat.1009724
http://www.ncbi.nlm.nih.gov/pubmed/34352041
https://doi.org/10.1093/infdis/jiw262
http://www.ncbi.nlm.nih.gov/pubmed/27354365
https://doi.org/10.4049/jimmunol.1502551
http://www.ncbi.nlm.nih.gov/pubmed/27385782
https://doi.org/10.1038/s41586-020-2838-z
https://doi.org/10.1038/s41586-020-2838-z
http://www.ncbi.nlm.nih.gov/pubmed/33032297
https://doi.org/10.1371/journal.pone.0063163
http://www.ncbi.nlm.nih.gov/pubmed/23658804
https://doi.org/10.1016/j.vaccine.2014.07.115
http://www.ncbi.nlm.nih.gov/pubmed/25203448
https://doi.org/10.1016/j.vaccine.2021.05.065
http://www.ncbi.nlm.nih.gov/pubmed/34090697
https://doi.org/10.1371/journal.pone.0125228
https://doi.org/10.1371/journal.pone.0125228
http://www.ncbi.nlm.nih.gov/pubmed/25933037
https://doi.org/10.1016/j.celrep.2018.10.042
https://doi.org/10.1016/j.celrep.2018.10.042
http://www.ncbi.nlm.nih.gov/pubmed/30403996
https://doi.org/10.4049/jimmunol.1600046
http://www.ncbi.nlm.nih.gov/pubmed/27053762
https://doi.org/10.4049/jimmunol.1402835
https://doi.org/10.4049/jimmunol.1402835
http://www.ncbi.nlm.nih.gov/pubmed/26078272
https://doi.org/10.1128/JVI.03422-13
http://www.ncbi.nlm.nih.gov/pubmed/24501410
https://doi.org/10.1371/journal.ppat.1010891

