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Abstract

Correlates of protection (CoP) are invaluable for iterative vaccine design studies, especially

in pursuit of complex vaccines such as a universal influenza vaccine (UFV) where a single

antigen is optimized to elicit broad protection against many viral antigenic variants. Since

broadly protective antibodies against influenza virus often exhibit mutational evidence of

prolonged diversification, we studied germinal center (GC) kinetics in hemagglutinin (HA)

immunized mice. Here we report that as early as 4 days after secondary immunization, the

expansion of HA-specific GC B cells inversely correlated to protection against influenza

virus challenge, induced by the antigen. In contrast, follicular T helper (TFH) cells did not

expand differently after boost vaccination, suggestive of a B-cell intrinsic difference in acti-

vation and differentiation inferred by protective antigen properties. Importantly, differences

in antigen dose only affected GC B-cell frequencies after primary immunization. The

absence of accompanying differences in total anti-HA or epitope-specific antibody levels

induced by vaccines of different efficacy suggests that the GC B-cell response upon revacci-

nation represents an early and unique marker of protection that may significantly accelerate

the pre-clinical phase of vaccine development.

Introduction

While antibodies targeting hemagglutinin (HA) protect against influenza virus [1,2], the

humoral anti-HA response continuously requires adaptation to newly emerging HA variants.

Although seasonal vaccines are currently the most effective measure to prevent influenza, the

laborious production of yearly reformulated vaccines prohibits immediate tuning of vaccine

HA composition to viral antigenic drift or shift[3], with the associated potential for mis-

matches between circulating virus strains and the strains included in the vaccine[4]. The

resulting suboptimal protection by these vaccines has prompted different approaches to design
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a universal influenza vaccine (UFV)[5,6,7]. The development of a UFV usually comprises the

rational design of numerous vaccine candidates and multiple successive screening rounds of

vaccine candidates. Identification of a serological or cellular correlate of protection (CoP)

early during the immune response to the HA protein could therefore accelerate UFV develop-

ment and pandemic preparedness[8].

Although protective efficacy of conventional full-length (FL) HA-based vaccines can be rea-

sonably estimated using hemagglutination inhibition (HAI) titers[9], this assay falls short as

CoP for a UFV that does not elicit antibodies interfering with sialic acid binding by the HA

head[10,11]. In mouse cohorts vaccinated with either HA stem-derived UFV candidate anti-

gens (“mini-HA”) or FL HA, protective efficacy could not be linked to the mere antibody levels

against divergent HA subtypes[12,13]. While follow-up pre-clinical studies indicated that cer-

tain stem epitope-specific antibodies may prove a better CoP[12], substantial titers of such

antibodies only arise relatively late after multiple vaccinations and therefore are not a suitable

CoP to significantly accelerate vaccine candidate screening programs. Instead, as cellular

responses precede the rise of protective antibodies, the involved cell subsets and their differen-

tiation stages may represent potential early CoPs.

In recent years, HA-specific antibody analyses have shed light on the cellular characteristics

of protective humoral immune responses[14], suggesting a central role for germinal center

(GC) responses and memory cell re-engagement[15]. Firstly, broadly neutralizing anti-HA

antibodies (bnAbs) are somatically hypermutated, reflecting cognate B and T-cell interactions.

Importantly, reverting these bnAbs to their germline configuration disrupts both HA affinity

and breadth of binding[16,17]. Secondly, when pre-existing immunity is low, re-engagement

and further hypermutation of memory B cells can induce cross-reactive anti-HA responses

[18–20]. And thirdly, persistent local GC structures in the lung have been shown to fuel pro-

longed diversification and enhanced antibody cross-reactivity of memory B cells[21]. Despite

this evidence for requirement of (memory) B-cell diversification in GCs for protective

humoral responses, some findings challenge the extent of GC expansion required for broadly

protective responses. For example, one study has shown that rapamycin treatment of mice

during vaccination decreased induction of GCs while improving heterosubtypic protection

[22], thereby implicating that protective B-cell responses may also arise in a GC-independent,

extrafollicular differentiation route.

Based on these observations we hypothesized that the kinetics of B-cell subsets in GCs or

extrafollicular responses could provide early CoPs for the development of a UFV. In this study,

we investigated antigen-specific B-cell differentiation kinetics in mice that were immunized

with a set of UFV candidates, including stem-based antigens, with known different capacities

to induce a protective immune response against lethal influenza virus challenge[13]. We show

that restrained GC expansion during the recall response was characteristic for a protective

immunization regimen. To our knowledge, this is the first time that the kinetics of germinal

center cell subsets can be linked to influenza vaccine efficacy, and this knowledge provides a

cellular readout to advance the development of new influenza vaccines and might be applicable

to other vaccine development.

Materials and methods

Statement of ethics

All mouse experiments were performed at Janssen Vaccines & Prevention B.V., the Nether-

lands, in accordance with Dutch legislation on animal experiments and approved by the

Dutch Dierexperimentencommissie (DEC), an independent ethical institutional review board

(Approved DEC protocol numbers CHR35100114, CRH3780115 and CRH24700115). The
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outcome of the experiments had the potential to accelerate the screening and selection of vac-

cine condidates and reduce the need to perform animal challenge experimentations. To mini-

mize discomfort, all immunizations were performed under Isofluare anaestesia. Challenged

animals were sedated using a ketmine/xylazine solution prior to the intranasal administration

of the influenza strain.

Due to the severity of the challenge symptoms in unprotected mice, humane end points

were followed to prevent unnessary suffering as much as possible. For the duration of the chal-

lenge (21day’s total) mice were monitored daily by experienced operators for bodyweight and

clinical scores. Clinical scores were defined as: 0 = no clinical signs, 1 = rough coat, 2 = rough

coat, less reactive, passive during handling, 3 = rough coat, rolled up, labored breathing, pas-

sive during handling, 4 = rough coat, rolled up, labored breathing, unresponsive. Mice reach-

ing clinical score 4 were euthanized immediately. Score parameters were developed based on

observations of previous studies in collaboration with the DEC. Alignment on clinical scores

assignment among operators was ensured by in house training and observation by multiple

operators. In this study a total of 48 mice were challenged with Influenza virus. In total 26 ani-

mals died due to Influenza infection. Six animals were euthanized for reaching clinical score 4,

20 animals were found dead in cage, while the rest of the animals survived the viral challenge.

HA antigen production and labeling of HA probes

The vaccine HA antigens mini-HA constructs UFV#4157, #4650 and #4900 based on HA A/

Brisbane/59/07[13], and H1 FL HA A/Brisbane/59/07 #2316, were produced in-house using

HEK293 (Thermo Fisher) cells as described previously [13].

To allow site-directed biotin labeling of the FL HA used as a probe for B cell staining, H1

A/Brisbane/59/2007 was C-terminally modified with a sortase A LPXTG recognition sequence

[23]. This modified HA (FL H1#5070) was produced in HEK293F cells cultured in Freestyle™
medium (Thermo Fischer, Cat. No. 12338018) by transient transfection using 293fectin™
transfection reagent (Invitrogen, Cat. No. 12347019) of the plasmid pcDNA2004 (pcDNA3

vector with an enhanced CMV promoter) encoding FL H1#5070. Culture supernatants were

harvested at day 7 by centrifugation followed by filtration over a 0.2 μm bottle top filter (Corn-

ing). Proteins were purified in a two-step protocol using an ÄKTA Avant 25 system (GE

Healthcare Life Sciences). Sortase-mediated transpeptidation was performed over night (o/n)

at 37˚C by mixing FL H1#5070 with GGGGGK-Biotin (Pepscan) at a 1:30 molar ratio in reac-

tion buffer (50mM Tris, 150mM NaCl, 10mM CaCl2, 10% Glycerol, pH7.5, 10% Glycerol)

supplemented with 0.11 μM Sortase-A enzyme (in house production). Purification of trimeric

fractions was performed on SEC-MALS (HPLC: ThermoFisher, detectors: Wyatt) using a

Superdex 200 10–300 GL column (GE Healthcare Life Sciences) and purified proteins were

stored in 20mM Tris, 150mM, NaCl, pH7.8 buffer at -80˚C. Prior to FACS staining, biotiny-

lated probes were separately conjugated for 30 minutes to either APC- or PE-labeled streptavi-

din at a 3:2 molar ratio (streptavidin to HA), followed by 1:1 mixing of volumes of these

streptavidin-labeled fractions for 30 minutes before use in FACS stainings (see “Flow cyto-

metric procedures”).

Immunization and viral challenge

Six week old female BALB/c mice (specific pathogen-free) were purchased from Charles River

laboratories (Sulzfeld, Germany) and allowed to acclimatize for 2 weeks. Depending on experi-

mental design, up to 3 immunizations with FL HA, mini-HA proteins or PBS were adminis-

tered at 3 week intervals (at days 0, 21 and 42) by intramuscular (i.m.) injection with 100 μl

vaccine prepared in PBS (50 μl per hind leg). All immunizations were adjuvanted with Al
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(OH)3, Alum (2% Alhydrogel1, Brenntag, Cat. No. 21645-51-2) and performed under full

aneastesia with Isoflurane (Abbott). Blood for interim serological analyses was obtained

through submandibular bleeding, while blood for serological analyses at experimental end-

points (sacrifice for cellular analyses, humane endpoint during viral challenge, or after 21 days

of survival after viral challenge) was obtained through heart puncture under anaesthesia with

Isoflurane. Bloods samples were kept in collection tubes for 1 hour at room temperature (RT)

to allow clotting to occur, centrifuged (4 minutes @4000RPM followed by 1 minute at

14000RPM), and subsequently serum was isolated. When animals were sacrificed for cellular

analyses, draining (iliac) lymph nodes were isolated for cellular phenotyping.

For lethal viral challenge experiments, one day prior to challenge (day 69) a positive control

group for survival (n = 8) received intravenously 300 μg of broadly neutralizing antibody

CR6261 diluted in PBS. Four weeks after the final immunization (day 70), challenge cohorts

(n = 10) were anaesthetized by intraperitoneal (i.p.) administration of 100 mg/kg ketamine in

combination with 20 mg/kg xylazine. Mice were challenged with 25xLD50 (8.3104 50% Tissue

Culture Infective Dose (TCID50)) of H1N1 A/Netherlands/602/2009 via the intranasal route (a

total of 50 μl; 25 μl per nostril). Bodyweight and clinical scores were monitored daily for up to

21 days post challenge or until the defined humane endpoint was reached to limit animal dis-

comfort. Humane endpoint was defined based on clinical score as is established practice.

Flow cytometric procedures

Single cell suspensions of lymphoid organs were prepared by straining over a 100 μm filter

(BD Falcon) in PBS (Gibco, Life Technologies, Cat. No. 10010–015). Cells were stained in

96-well U-bottom plates (BD Falcon) at 1�10^6 cells per well with a mix of titrated fluoro-

chrome conjugated monoclonal antibodies specific for surface markers (see S1 Table) in FACS

buffer (PBS, 0.5% BSA, 2 mM EDTA) at 50 μl/well for 45 minutes at RT. Cells were washed

three times with 180 μl of PBS and stained for 10 minutes on ice with viability dye diluted in

50 μl PBS/well. After washing three times with 180 μl of PBS, cells were fixated for 60 minutes

at 4˚C in 100 μl/well of Foxp3 Transcription Factor Fixation buffer (eBioscience, Kit Cat. No.

00-5523-00). Cells were washed with 180 μl/well of Foxp3 Transcription Factor Permeabiliza-

tion buffer (eBioscience, Kit Cat. No. 00-5523-00) before addition of antibodies against intra-

cellular antigens (see S1 Table) or/and titrated PE/APC conjugated HA probes (see “HA

antigen production and of HA probes”) in Foxp3 Transcription Factor Permeabilization

buffer. After 30 minutes on ice the cells were washed two times in Foxp3 Transcription Factor

Permeabilization buffer and resuspended in 150 μl of FACS buffer. Compensation controls,

for hardware compensation, were prepared with cells using fluorochromes listed in S1 Table.

Stained samples were acquired without setting an event limit by an LSR Fortessa (BD Biosci-

ences) with Diva software version 8.0.1 and analyzed using FlowJo, versions 7.9 and 9.5.2

(FlowJo, LLC). A minimum of 200 CD19+ or CD4+ events was set as acceptance critirea to

consider sample data to be valid.

Full length HA ELISA

Serum antibodies against the full-length HA protein of H1 A/Brisbane/59/07 and of H1 A/Cal-

ifornia/07/09 were measured in enzyme-linked immunosorbent assay (ELISA). Maxisorp 96-

well plates (Nunc™, Thermo Scientific, Cat. No. 439454) were coated o/n with 0.05 μg/well

recombinant FL HA (Protein Sciences, Cat. No. 3006H1_A_BRISBANE_59_2007,

3006H1_CALIFORNIA/07/09) in PBS (Gibco, Life Technologies, Cat. No. 10010–015). Using

a programmed ELx405 automated plate washer (BioTek) plates were washed 3 times with

300 μl of PBS supplemented with 0.05% Tween-20 (Calbiochem, Merck Millipore, Cat. No.
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655204). Wells were blocked for 1 hour at RT with block buffer (PBS,2% skimmed milk; Difco,

BD Cat. No. 232100). Following the plate washing step, 10 2-fold serial dilutions of serum sam-

ples were prepared in duplicates in block buffer starting with 1:50 dilution. Serum antibodies

were allowed to bind to the target protein for 1 hour at RT. Subsequently wells were washed

and incubated with a 1:2000 dilution of Goat-anti-Mouse IgG-HRP (KPL, Cat. No. 474–1802)

in block buffer for 1 hour at RT. After washing of the plates OPD substrate (Thermo Scientific,

Tablets: Cat. No. 34006 Buffer Cat. No. 34062) was added for 10 minutes after which the reac-

tion was stopped by adding 1M H2SO4. The optical density (OD) was measured at 492 nm by

a Powerwave HT plate reader (BioTek), and standard curves were fitted using a four-parame-

ter logistic curve. Conversion of raw OD measurements to ELISA units per ml (EU/ml) and

assessments of lower limit of detection (LOD) values were essentially performed as published

previously[13]. Briefly, the resulting OD of each sample dilution was quantified against the

standard mCR9114 (a chimeric monoclonal antibody consisting of the variable domains of

human CR9114 with a mouse IgG2a Fc constant domain, produced in-house). The final con-

centration per sample (in log10 EU/ml) was calculated by a weighted average, using the squared

slope of the standard curve at the location of each quantification as weight. All samples below

LOD were set at the LOD, defined as the lowest sample dilution multiplied by the lowest stan-

dard concentration, with an OD response above the lower asymptote of the standard curve

and background.

CR9114 competition ELISA

To quantify CR9114 epitope-competing antibodies 96-well Maxisorp plates (Nunc™, Thermo

Scientific) were coated o/n at 4 ˚C with purified polyclonal rabbit anti His-Tag IgG (GenScript

USA Inc. Cat. No. A00174–200). Plates were washed using an ELx405 automated plate washer

(BioTek) programmed for 3 washes with 300 μl of PBS supplemented with 0.05% Tween-20

(Calbiochem, Merck Millipore, Cat. No. 655204) and subsequently blocked with 2% BSA in

PBS for 1 hour at RT. After washing, the plates were incubated for 2 hours with His-tagged FL

HA of A/Brisbane/59/2007 (in-house production), washed again, and serum was added in

duplicate followed by a 2-fold serial dilution in blockbuffer. After the first hour of incubation

at RT, the competing biotinylated human IgG1 CR9114 was added (0.02μg/ml). The plates

were incubated for 1 additional hour at RT and washed again before adding streptavidin-HRP

for 1 hour. The plates were washed, developed using OPD substrate (Thermo Scientific, Tab-

lets: Cat. No. 34006 Buffer Cat. No. 34062) and stopped after 10 minutes with 1M H2SO4. OD

was measured at 492nm by a Powerwave HT plate reader (BioTek) and fitted using a 4-param-

eter logistic curve. The CR9114 competition of each sample was quantified as the slope of the

linear regression of OD value on the log10 dilution for the duplicate series.

Statistical analysis

Statisitcal differences in responses elicited by the selected vaccine candidates were evaluated in

B- and T-cell subset frequencies as well as in HA binding antibodies and CR9114-competing

antibodies. For flowcytometry the recorded cell frequencies per million live cells were log-

transformed and plotted per treatment group, whereas the HA-binding ELISA data was plot-

ted as ELISA units per mL and competition ELISA data as Slope OD. A one-way ANOVA cor-

rected for multiple comparisons using Tukey’s statistical hypothesis testing was applied to

compare between group means.

Statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software,

La Jolla, CA, USA, www.graphpad.com).
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Results

Flow cytometric detection and characterization of HA-specific B cells

To examine the murine B-cell response to HA vaccination regimens on a cellular level, we

designed an antibody panel for flow cytometric phenotyping of multiple mature B-cell subsets.

To distinguish between mature B-cell subsets reflecting differences in functionality and matu-

rity, we included a B-cell lineage marker (CD19), an exclusion marker (CD4), markers for GC

differentiation (GL7 and CD95/FAS), a marker for plasmablast and plasma cell differentiation

(CD138/syndecan-1), and membrane markers upregulated by subsets of memory B cells

(CD80 and PD-L2)[24,25]. To enable reliable detection of low frequency HA-specific B cells in

rare B-cell subsets (e.g. plasma cells and subsets of memory B cells) we employed a previously

described double antigen staining approach that minimizes false-positive designation of anti-

gen-specific B cells by the exclusion of fluorochrome-binding cells[26,27]. As labeling antigen

for antigen-specific B cells, an HA-probe (H1#5070) derived from A/Brisbane/59/07

(H1#2316) was designed to allow site-directed biotin conjugation, reminiscent of approaches

published earlier[23,28].

To verify whether antigen-specific B cells can be detected at increased frequencies in HA-

immunized animals, we immunized 8 weeks-old influenza-naive mice with either FL H1#2316

or PBS adjuvanted with alum and subsequently analyzed the B-cell response in draining (iliac)

lymph nodes using the described flow cytometric phenotyping panel. In draining lymph nodes

from HA-immunized mice we could detect double-positive B cells binding both APC- and

PE-labeled FL H1#5070 among GC (CD19+GL7+CD95+) and non-GC B-cell populations

(CD19+GL7-CD95-) see Fig 1A. Affirming that these cells are indeed HA-specific B cells

induced by immunization, these double positive B cells among these cell populations was min-

imal or undetected in PBS-immunized mice (Fig 1B). Taken together, these analyses show that

our flow cytometric approach allows the phenotypical characterization of mature B-cell subsets

while concomitantly determining the HA-specificity of these cells.

Germinal center kinetics after primary immunization do not predict

vaccine-mediated protection

Next, we investigated whether the kinetics of mature B-cell subsets after immunization can

predict the protective efficacy of an immunization regimen. For this, we compared B-cell sub-

set frequencies between cohorts of mice subjected to immunization regimens inducing differ-

ent levels of protection against lethal H1N1 influenza virus challenge. Naïve 8-weeks old mice

were immunized three times, at days 0, 21 and 42 with different immunogens. One cohort of

animals was vaccinated with a high dose (30 μg) of a trimeric full-length H1 HA antigen (FL

H1#2316) that provides heterologous protection against H1N1 A/Netherlands/602/2009, while

a second cohort received a minimally protective vaccine containing a high dose (30 μg) of an

HA stem-based monomeric antigen (UFV#4157) derived from FL H1#2316 [13]. To control

for differences in immune responses related to the dose rather than intrinsically protective

properties of the used immunization antigen, a lower dose (0.3 μg) of FL H1#2316, which was

expected to be partially protective, was used for immunizations of a third cohort, while as a

negative control for survival a fourth cohort was immunized with PBS only. All immuniza-

tions, including mock-immunizations with PBS, were adjuvanted with alum. To analyze cellu-

lar responses at early and late timepoints of GC reactions after prime or boost immunizations,

8 animals per cohort were sacrificed at 8 different timepoint (days 4, 7, 12, 19, 25, 28, 46 and

49) (Fig 2A). To assess the protective efficacy of the administered vaccine regimens, 10 animals

per immunized cohort and 8 animals of the positive control group that passively immunized
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Fig 1. The applied flowcytometric B-cell phenotyping panel is able to identify HA specificity within B-cell subsets. Mouse

iliac lymph node cells were obtained 19 days post-prime immunization with alum adjuvanted FL H1#2316 (A) or PBS (B). Cells

were subsequently stained for CD4, CD19, CD138, GL7, CD95, and a biotinylated HA probe (FL H1#5070) conjugated to APC

(HA-APC) and PE (HA-PE) fluorochromes was used to assess HA binding among B cell subsets. Gate frequencies are indicated

as frequency of parent or, if followed by a “�”, as frequency of CD19+ B-cells. Arrows drawn from gates to plots show the applied

sequential gating steps to identify the cell populations shown in plot titles in (B) all gating steps prior to the identification of B

cells are not shown. Data are representative for n = 8 immunized mice.

https://doi.org/10.1371/journal.pone.0225063.g001
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Fig 2. Germinal center B cell kinetics post-prime immunization do not correlate to vaccine protective efficacy.

Following the immunization schedule (A) a large cohort of mice were immunized three times at three week intervals

(day 0, 21 and 42) with 30 μg alum-adjuvanted FL H1#2316, 0.3 μg alum-adjuvanted FL H1#2316, 30 μg alum-

adjuvanted UFV#4157, or PBS alum-adjuvanted. At the indicated days (4, 7, 12 and 19 post-prime immunization), 8

mice per treatment group were sacrificed and iliac lymph nodes used for FACS analysis. The remaining mice (n = 10

per immunized cohorts, n = 8 for positive control CR6261 cohort) went trough a lethal influenza virus challenge on

day 70 (25xLD50 of H1N1 A/Netherlands/602/2009) and were monitored for 21 days. A positive control group (n = 8)

for influenza virus protection was intravenously injected with 300 μg of bnAb CR6261 at day 69. The challenge

outcome is displayed as Kaplan-Meier survival (B). Relative counts of GC B cell subsets in iliac lymph nodes
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with the broadly neutralizing antibody CR6261, were challenged intranasally with a lethal dose

of 25xLD50 H1N1 A/Netherlands/602/2009, heterologous to the parental H1 virus strain, to

determine the protective efficacy of each vaccination regimen. After influenza virus challenge,

we observed that high (30 μg) and low (0.3 μg) doses of FL H1#2316 conferred survival rates of

80% and 60% respectively, while a high dose (30 μg) of UFV#4157 failed to provide any protec-

tion (Fig 2B). All the animals in the positive control group survived the influenza virus chal-

lenge, while all the animals that received PBS immunization succumbed to the infection

(Fig 2B).

In search for differences in GC responses between FL H1#2316 and UFV#4157 cohorts,

from day 7 onwards after prime immunization we found clear GC induction by FL H1#2316

and UFV#4157 immunizations which persisted at days 12 and 19 (Fig 2C). While in the three

immunization cohorts high frequencies of HA-specific cells were detected among GC B cells

(Fig 2D), both total and HA-specific GC B-cell numbers appeared to be lower in the 0.3 μg FL

H1#2316 cohort. These results indicate that the magnitude of the primary GC B-cell response

is largely governed by the antigen dose, rather than other immunizing vaccine properties

including its induced protective efficacy.

Instrinsic antigen properties shape the GC recall response

As GC kinetics after primary immunization could not discriminate between a protective and

an inert vaccine regimen, we continued to study the GC response in the same cohorts after

boost immunizations. As early as 4 days after the first boost immunization (day 25), we noticed

that the low dose FL H1#2316 immunization cohort displayed comparable, if not slightly

higher, numbers of (HA-specific) GC B cells in the draining lymph nodes compared to the

high dose FL H1#2316 immunizations (Fig 3A). In contrast, the cohort immunized with a

high dose of the non-protective UFV#4157 antigen showed a significantly larger expansion

with an 8-fold difference in HA-specific GC B cells (Fig 3A). The same trend was observed for

HA-specific non-GC B cells, with a 4-fold difference between the cohort immunized with FL

H1# 2316 and the one immunized with UFV#4157 (Fig 3B). Although HA-specific non-GC B

cells do not exclusively comprise bona fide memory B cells (as no single murine marker has

been identified to indisputably identify memory cells), the vast majority of HA-binding non-

GC B cells must represent memory B antigen-experienced cells as the frequencies of these

non-GC B cells were well below 0.01% in the PBS-immuzed cohort (Fig 3B). Further analyses

of PD-L2 and CD80 expression as well as Ig isotype expression among HA-binding non-GC B

cells did not reveal consistent expression differences at post-boost time-points between immu-

nized cohorts (S1 Fig).

To determine whether the enhanced GC recall response was restricted to the first boost vac-

cination response only, we also quantified HA-specific GC B cells in the draining lymph nodes

4 days after the second boost vaccination (day 46). Again, the same enhanced expansion of GC

B cells was observed in the UFV#4157 immunized cohort (S2A Fig). A similar trend was

observed for HA-specific non-GC B cells (S2B Fig). Notably, both at days 28 (1 week post first

boost) and 49 (1 week post second boost), HA-specific GC B-cell frequencies were again

comparably high between cohorts immunized with high doses of FL H1#2316 or UFV#4157

(quantified using the flow cytometric analysis outlined in Fig 1A) were measured at the indicated time-points post-

prime immunization in mice (n = 8 per time-point per cohort) vaccinated with 30 μg alum-adjuvanted FL H1#2316,

0.3 μg alum-adjuvanted FL H1#2316, 30 μg alum-adjuvanted UFV#4157, or PBS alum-adjuvanted. Graphs in (C) show

the total counts of GL7+CD95+ B cells while in (D) GL7+CD95+ B cells binding to both FL H1#5070-PE and FL

H1#5070-APC conjugates are included. Each symbol represents one animal while group means are indicated by a

horizontal bar.

https://doi.org/10.1371/journal.pone.0225063.g002
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(S3 Fig), suggesting an accelerated rather than a generally increased expansion of GCs after

boost immunizations. After the second boost immunization, GC B-cell frequencies were once

again not significantly different between the low versus high dose FL H1#2316 immunized

cohorts (S3 Fig).

Given this marked difference in B-cell expansion 4 days post boost, we also examined

whether GC-associated T-cell subsets followed a similar expansion pattern. To study

follicular T helper (TFH) cells and regulatory (FoxP3+) TF (TFR) cells in draining iliac

lymph nodes, a flow cytometric gating strategy was employed to respectively discern TFH

and TFR populations as CD4+CXCR5+Foxp3-PD-1highCCR7lowICOShighBcl6high and

CD4+CXCR5+PD1+Foxp3+ cells (S4 Fig). However, neither at day 25 nor 46 a significant dif-

ference in cell frequencies of TFH or TFR populations could be observed between the immu-

nized groups (S5 Fig).

Finally, to examine whether observed differences in post-boost GC B cell expansion were

possibly mirrored by changes in anti-HA antibody responses, we measured antibody levels

against the homologous HA immunization antigen (A/Brisbane/59/07) as well as against heter-

ologous HA from A/California/07/09 (which shares 99.4% sequence homology with the HA of

the used challenge strain A/Netherlands/602/09). While anti-A/Brisbane/59/07 HA antibody

titers were higher in both high-dose and low-dose FL H1#2316 immunized cohorts compared

to the UFV#4157 immunizedcohort (S6A Fig), this potential biomarker for heterologous pro-

tection has been disqualified previously as protective HA stem-derived antigens (UFV#4900

[13]) have been reported to induce lower anti-A/Brisbane/59/07 HA antibody levels than FL

HA, due to the absence of induction of antibodies targeting immunodominant HA head epi-

topes [12]. Also, antibody levels against A/California/07/09 did not mirror differences in pro-

tection by FL H1#2316 and UFV#4157 immunizations as the development of these antibody

titers was largely comparable between all immunized cohorts (S6B Fig), with only a modest

delay in induction of these antibodies in low-dose FL H1#2316 immunized mice.

In summary, the expansion of GC B cells, rather than the expansion of GC-related T-cell

subsets shortly after boost immunizations or the levels of anti-HA antibodies, appears to

differ with the type of antigen used. As FL HA antigen FL H1#2316 and HA-stem derived

Fig 3. Increased GC B cell expansion after boost-immunization with a non-protective UFV#4157 immunization. Frequencies of

cells binding to both FL H1#5070-PE and FL H1#5070-APC conjugates (HA+) among GC (GL7+CD95+) B cells (A) and non-GC

(GL7-CD95-) B cells (B) in iliac lymph nodes were measured 4 days post-boost (day 25) in mice (n = 8 per time-point per cohort)

vaccinated with 30 μg alum-adjuvanted FL H1#2316, 0.3 μg alum-adjuvanted FL H1#2316, 30 μg alum-adjuvanted UFV#4157 or

alum-adjuvanted PBS. Each symbol represents one animal while group means are indicated by a horizontal bar. Statistical

comparisons are made by comparing group means of the immunized groups in a one-way ANOVA, corrected for multiple

comparisons using Tukey’s statistical hypothesis testing.

https://doi.org/10.1371/journal.pone.0225063.g003
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UFV#4157 greatly differ in structural properties, it remains unclear whether differences in the

GC recall response can be attributed to differences in protective properties or merely to struc-

tural differences.

GC recall response inversely correlates with the protective nature of

immunization antigens

In contrast to the headless HA-stem-derived antigen UFV#4157, the FL HA antigen #2316

induces high antibody levels to immunodominant HA head epitopes which may explain why a

strong and successful primary GC response in the (high dose) FL H1#2316 cohort is followed

by a focused and relatively smaller GC expansion shortly after boost immunization. In addi-

tion, these head-binding antibodies induced in FL H1#2316 immunized mice may also provide

some protection against a heterologous challenge as some conserved epitopes can also be

found on the HA head region[29].

Therefore, to determine whether the magnitude of the GC recall response indeed reflects

protective efficacy conferred by the immunization antigen and not structural differences per

se, we compared GC responses induced by structurally closely related antigens with known

differences in the level of protective efficacy. For this, we immunized cohorts of mice using the

same prime-boost scheme with three mini-HA antigens: monomeric UFV#4157, mostly

dimeric UFV#4650 and trimeric UFV#4900 at 30 μg/dose. These mini-HA’s are all derived

from the same A/Brisbane/59/07 HA stem, but they confer different levels of heterologous and

heterosubtypic protection against lethal influenza challenge in mice[13], ranging from mini-

mal to partial to broad protection against heterologous group 1 strains for UFV#4157,

UFV#4650 and UFV#4900 respectively. To enable differentiation between GC effects induced

by the presence versus the absence of HA head epitopes and GC effects truly reflecting protec-

tive versus non-protective immune responses, we included a cohort immunized with FL

H1#2316 at equimolar levels (60 μg/dose). A mock (PBS) immunization cohort was again

included as unprotected reference group.

Since we aim to identify a marker of protection early after immunization (in contrast to late

HA stem-binding antibodies[12], and since only day 25 and day 46 revealed significant differ-

ences in HA-reactive B-cell frequencies in the previous experiments, we confined our analyses

to day 25 only. As expected, based on the immunodominance of the HA head, 4 days post-boost

immunization full-length FL H1#2316 immunization induced higher serum levels of total anti-

HA antibodies than any HA stem-derived antigen (Fig 4A). Additionally, while antibodies com-

peting for the CR9114 HA-stem epitope were detectable at low levels in FL H1#2316-immunized

mice, significant induction of these antibodies at day 25 was still absent in the mini-HA-immu-

nized cohorts (Fig 4B). In contrast, at day 25 marked differences in HA-specific GC and non-

GC B cells numbers were observed (Fig 5A and 5B). Immunizations with the protective

UFV#4900 antigen induced comparable frequencies of these cells 4 days post-boost compared

to FL H1#2316, while frequencies were significantly increased for UFV#4650 and UFV#4157

immunized mice, resulting respectively in a 3- and 4- fold increase compared to UFV4900 in

HA specific GC B-cells and a 4- and 10- fold increase for HA specific non-GC B cells.

In summary, these experiments show that the recall GC response after secondary immuni-

zation can serve as an inverse biomarker to predict the greatly different protective efficacies of

structurally related antigens.

Discussion

The quest for CoPs in vaccinology is a long-standing one. Rather than one single biomarker to

predict the efficacy of a vaccine as early as possible after immunization, it seems more likely
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that different CoPs could emerge depending on the use of different pathogens, antigens, doses,

adjuvants and many other factors. Rather than analyzing whether we could find one universal

CoP predicting efficacy of all possible vaccines, we instead focused specifically on identifying

an early biomarker to significantly accelerate the laborious process of iterative in vivo screen-

ings of antigens such as the mini-HAs developed for a UFV[13]. These mini-HAs were

designed to most stably and truthfully mimic the HA stem epitope targeted by bnAbs such as

CR9114[30]. The discovery of CR9114-competing antibodies as pre-clinical CoP in heterolo-

gous lethal influenza virus challenge[12] demonstrates the successful rationale chosen for

mini-HA design. Despite a strong correlation to survival, this CoP does not infallibly predict

survival in each individual animal. Moreover, this CoP was only assessed four weeks after a

third immunization, thereby barely shortening tedious in vivo screenings of vaccine candidates

and thus prompting our search for an earlier CoP.

Fig 4. Early post-boost immunization antibodies do not correlate with protection conferred by mini-HA immunizations.

(A) ELISA titers against full-length HA derived from A/Brisbane/59/07 (same antigen as FL H1#2316) were determined in serum

obtained at day 25 (4 days after the first boost immunization) from mice (n = 8 per group) immunized with high doses (30 μg or

60 μg) of the indicated antigens or PBS, all adjuvanted with alum. (B) Inhibition of CR9114 binding to A/Brisbane/59/07 determined

by ELISA after pre-incubation of A/Brisbane/59/07 with day 25 post-boost serum antibodies from the same mice. Every dot

represents data from a single animal, horizontal bars specify group means. In panel A, the grey area between dotted lines represents

the highest and lowest LOD of the assay, which is calculated per each plate. Statistical comparisons are made by comparing group

means of the miniHA vaccinated animals in a one-way ANOVA, corrected for multiple comparisons using Tukey’s statistical

hypothesis testing.

https://doi.org/10.1371/journal.pone.0225063.g004

Fig 5. Protective immunization regimens induce lower HA-specific B cells responses post-boost immunizations. Frequencies of

HA-binding cells among GC B cell (A) and non-GC B cell (B) populations in iliac lymph nodes as measured at day 25 (4 days post-

boost immunization) in mice (n = 8 per time-point per cohort) vaccinated with the alum-adjuvanted Mini-HA UFV#4900,

UFV#4650, UFV#4157 antigens (30 μg), FL HA FL H1#2316, at an equimolar dose of 60 μg, or PBS. Each symbol represents one

animal while group means are indicated by a horizontal bar. Statistical comparisons are made by comparing group means of the

miniHA vaccinated animals in a one-way ANOVA, corrected for multiple comparisons using Tukey’s statistical hypothesis testing.

https://doi.org/10.1371/journal.pone.0225063.g005
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In this study, we show that as early as four days after the second vaccination with an HA

antigen, an exaggerated expansion of antigen-specific GC B cells corresponds to a low or

absent protective efficacy. We found that differently protective immunizations with structur-

ally closely related antigens (mini-HAs) show different GC B-cell expansions while similarly

protective immunizations with structurally different antigens (FL HA versus mini-HA) show

similar post-boost GC B-cell expansions. Together, these finding directly link an exaggerated

post-boost expansion of GC B cells to unprotective properties of the antigen, and not to other

structural characteristitcs of the antigen. This exaggerated GC recall response was not mir-

rored by an equally enhanced expansion of TFH cells or related T-cell subsets, suggesting a

selective difference in activation, differentiation or selection of antigen-specific B cells.

While the mechanism driving enhanced post-boost GC B-cell expansion by suboptimal

vaccine antigens or dose has not been unraveled in this study, many of the potential mecha-

nisms point towards an early immunological imprint after prime immunization affecting the

expansion of GC B cells post-boost immunization. The more restrained GC B cell expansion

induced by more protective antigens might be caused by higher post-prime levels of (high-

affinity) antibodies. Higher antibody titers could for example shield immunodominant epi-

topes during the recall response from antigen-specific B cells or modulate B cell activation

through engagement of their Fc receptors by antigen complexes[31]. As differences in pre-

boost HA-specific antibody levels did not correlate with protection and the GC recall response,

and since pre-boost CR9114-competing antibodies were virtually absent in all cohorts (S7 Fig),

mere levels of epitope-specific antibody levels prior to boost vaccination are unlikely to deci-

sively affect the recall GC B-cell response. In contrast, other antibody Fc properties (such as

isotype and glycosylation patterns) affecting antibody affinity and breadth of protection of the

recall response[32,33] may have shaped the GC recall response in our mouse cohorts. There-

fore, profiling Fc characteristics after prime immunization with mini-HA antigens may shed

light on selection pressures exerted by prime-induced anti-HA antibodies.

Apart from feedback by pre-existing antibodies, recall responses may alternatively be

shaped by the GC seeding capacity of the established memory B-cell compartment, as differ-

ences in antibody affinity among these HA-binding cells may have critically shifted GC versus

extrafollicular differentiation decisions upon antigen re-engagement[34]. If affinity maturation

is indeed suboptimal for unprotective vaccine antigens due to intrinsic antigen properties, this

hampered affinity maturation is likely not confined to the primary response and should also

affect the recall response. In this light, the exaggerated expansion of GCs in the recall response

may resemble enlarged GCs observed due to frustrated affinity maturation as seen for example

in activation-induced cytidine deaminase (AID) deficiency[35].

Which antigenic characteristic pivotal for protection could frustrate affinity maturation to

alter the affinity of recall GC seeding memory B cells and enhance the expansion of low-affin-

ity GC B cells entering recall GCs? Studies performed on HA and HA-derived stem antigens

indicate that the conformational stability of epitopes could be a decisive factor, as rigid epi-

topes provide more stable templates for evolving GC B cells to iteratively test newly acquired

affinities. Indeed, the improved protective efficacy of the mini-HA vaccine candidates used in

this study has previously been correlated to increased stability of antigen conformations based

on deuterium exchange rates[13]. In addition, the increased avidity provided by multimeric

mini-HAs such as UFV#4900 compared to monomeric mini-HAs such as UFV#4157 may aid

affinity-based selection of GC B cells. Finally, increased antigen stability and multimeric con-

formation may positively affect antigen half-life in vivo, perhaps contributing to a longer evo-

lution of GC B-cell clones.

Taken together, our findings reveal recall GC B-cell responses to be an early cellular marker

associated with protection for HA vaccination studies. Further elucidating the mechanisms
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shaping the recall GC response may provide a linked CoP that can predict protective efficacy

even earlier and in addition possibly serologically, which would allow true CoP analyses on an

individual rather than a cohort level. Extensive characterization of the Fc make-up of the anti-

HA antibody pool after prime immunization to profile the antibody repertoire of the estab-

lished memory B cell compartment and their affinities, would further help unravel the mecha-

nisms shaping the recall GC response. In addition, serological markers such as CXCL13[36] or

circulating TFHs[37,38] which may truthfully mirror the extent of the GC B cell recall

response in draining lymph nodes, could as well support a better understanding of the B cell

maturation dynamic. Combined with the use of closely related immunogens, such studies

could also reveal whether findings from the current study may be extended beyond the field of

HA vaccinations.

Supporting information

S1 Table. Antibodies and fluorescent reagents used in flowcytometry staining.

(DOCX)

S1 Fig. PD-L2 and CD80 expression among HA-binding non-GC B cells did not reveal con-

sistent expression differences at post-boost time-point (day 25) between immunized

cohorts.

(TIF)

S2 Fig. Increased GC B cell expansion after the second boost-immunization with a non-

protective UFV#4157 immunization. Frequencies of cells binding to both FL H1#5070-PE

and FL H1#5070-APC conjugates (HA+) among GC (GL7+CD95+) B cells (A) and non-GC

(GL7-CD95-) B cells (B) in iliac lymph nodes were measured 4 days after the second boost

(day 46) in mice (n = 8 per time-point per cohort) vaccinated with 30 μg alum-adjuvanted FL

H1#2316, 0.3 μg alum-adjuvanted FL H1#2316, 30 μg alum-adjuvanted UFV#4157 or alum-

adjuvanted PBS. Each symbol represents one animal while group means are indicated by a

horizontal bar. Statistical comparisons are made by comparing group means of the immunized

groups in an one-way ANOVA, corrected for multiple comparisons using Tukey’s statistical

hypothesis testing.

(TIF)

S3 Fig. HA-specific GC B-cell frequencies measured on day 28 (1 week post first boost) and

49 (1 week post second boost), show no differences between immunized cohorts.

(TIF)

S4 Fig. Gating strategy applied in flow cytometric analysis of TFH and TFR cell frequen-

cies. Mouse iliac lymph node cells were obtained 19 days post-prime immunization with alum

adjuvanted FL H1#2316 were stained for CD4, CD19, CXCR5, PD1, CCR7, Bcl6, ICOS and

Foxp3 to discern follicular T helper (TFH) cells and regulatory TF (TFR) cells. Cell frequencies

in the gate are indicated as frequency of parent or, if followed by a “�”, as frequency of CD4+

B-cells Arrows from gates to plots indicate the sequential gating steps applied to quantify these

populations. Plot titles indicate the populations shown in plots. Data are representative for

n = 8 immunized mice.

(TIF)

S5 Fig. Comparable post-boost GC T cell subset frequencies between vaccination regimens

with different protective efficacy. At day 25 (4 days post first boost) (A) and at day 46 (4

days post second boost) (B) post immunizations, frequencies of true TFH cells (CD4+CXCR5

+Foxp3-CCR7-PD1+Bcl6+ICOS+) and TFR cells (CD4+CXCR5+PD1+Foxp3+) were
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measured in iliac lymph nodes from mice (n = 8 per time-point per cohort) vaccinated with

30 μg alum-adjuvanted FL H1#2316 (circles), 0.3 μg alum-adjuvanted FL H1#2316 (squares),

30 μg alum-adjuvanted UFV#4157 (upward triangles) or alum-adjuvanted PBS (downward tri-

angles). Each symbol represents one animal while group means are indicated by a horizontal

bar.

(TIF)

S6 Fig. Kinetics of antibody responses do not mirror differences in protection by FL

H1#2316 and UFV#4157 immunizations. ELISA titers against (A) full-length HA derived

from A/Brisbane/59/07 (same antigen as FL H1#2316) and against (B) full-length HA derived

from A/California/07/09 (which shares 99.4% sequence homology with the HA of the used

challenge strain A/Netherlands/602/09), were determined in serum obtained at day 4, 7, 12,

19, 25, 28, 46, 49 and 68 post immunization from mice (n = 8 or 10 per group) immunized

with high or low doses (30 μg or 0.3 μg) of the FL H1#2316, with the UFV#4157 or PBS, all

adjuvanted with alum. Every dot represents data from a single animal, horizontal bars specify

group means. The grey area between dotted lines represents the highest and lowest LOD of the

assay, which is calculated per each plate.

(TIF)

S7 Fig. CR9114 competing antibodies are absent in serum taken 19 days post prime in all

immunized cohorts.

(TIF)
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We thank Dr. Katarina Radošević for the initial contribution that allowed the starting of this

work. We thank Dr F. J. Milder for pruducing and purifying the protein FL H1#5070 and for

providing sequence alignments for HA of H1 A/Brisbane/59/07, H1 A/California/07/09 and

H1 A/Netherlands/602/2009. We thank Michel S. J. Mulders and Dr. Aric van Drie for excel-

lent animal husbandry.

Author Contributions

Conceptualization: Laurens P. Kil, Joan E. M. van der Lubbe, Harmjan Kuipers, Laura

Solforosi.

Data curation: Joost Vaneman, Dominika Czapska-Casey.

Formal analysis: Laurens P. Kil, Joost Vaneman, Dominika Czapska-Casey, Jeroen T. B. M.

Tolboom.

Investigation: Laurens P. Kil, Joost Vaneman.

Methodology: Laurens P. Kil, Joost Vaneman, Laura Solforosi.

Project administration: Laura Solforosi.

Resources: Joost Vaneman.

Supervision: Laura Solforosi.

Visualization: Joost Vaneman, Dominika Czapska-Casey.

Writing – original draft: Laurens P. Kil, Joost Vaneman, Joan E. M. van der Lubbe, Dominika

Czapska-Casey, Laura Solforosi.

Recall germinal center response and influenza vaccination

PLOS ONE | https://doi.org/10.1371/journal.pone.0225063 November 14, 2019 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225063.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225063.s008
https://doi.org/10.1371/journal.pone.0225063


Writing – review & editing: Laurens P. Kil, Joost Vaneman, Jeroen T. B. M. Tolboom, Ramon

Roozendaal, Roland C. Zahn, Harmjan Kuipers, Laura Solforosi.

References
1. Salk JE, Menke WJ Jr F T J. A clinical, epidemiological and immunological evaluation of vaccination

against epidemic influenza. Am J Hyg. 1945; 42:57–93.

2. Virelizier J-L. Host Defenses Against Influenza Virus: The Role of Anti-Hemagglutinin Antibody. J Immu-

nol [Internet]. 1975 Aug 1; 115(2):434 LP–439. Available from: http://www.jimmunol.org/content/115/2/

434.abstract

3. Gerdil C. The annual production cycle for influenza vaccine. Vaccine. 2003; 21(16):1776–9. https://doi.

org/10.1016/s0264-410x(03)00071-9 PMID: 12686093

4. Tricco AC, Chit A, Soobiah C, Hallett D, Meier G, Chen MH, et al. Comparing influenza vaccine efficacy

against mismatched and matched strains: A systematic review and meta-analysis. BMC Med [Internet].

2013; 11(1). Available from: http://www.embase.com/search/results?subaction=viewrecord&from=

export&id=L52650360%0Ahttp://www.biomedcentral.com/1741-7015/11/153%0Ahttp://dx.doi.org/10.

1186/1741-7015-11-153

5. Krammer F, Palese P. Advances in the development of influenza virus vaccines. Nat Rev Drug Discov

[Internet]. 2015 Feb 27; 14:167. Available from: http://dx.doi.org/10.1038/nrd4529 PMID: 25722244

6. Paules CI, Sullivan SG, Subbarao K, Fauci AS. Chasing Seasonal Influenza—The Need for a Universal

Influenza Vaccine. N Engl J Med [Internet]. 2017 Nov 29; 378(1):7–9. Available from: http://dx.doi.org/

10.1056/NEJMp1714916 PMID: 29185857

7. Yassine HM, Boyington JC, McTamney PM, Wei CJ, Kanekiyo M, Kong WP, et al. Hemagglutinin-stem

nanoparticles generate heterosubtypic influenza protection. Nat Med. 2015; 21(9):1065–70. https://doi.

org/10.1038/nm.3927 PMID: 26301691

8. Paules CI, Marston HD, Eisinger RW, Baltimore D, Fauci AS. The Pathway to a Universal Influenza

Vaccine. Immunity [Internet]. 2017; 47(4):599–603. Available from: https://doi.org/10.1016/j.immuni.

2017.09.007 PMID: 29045889

9. Ohmit SE, Petrie JG, Cross RT, Johnson E, Monto AS. Influenza hemagglutination-inhibition antibody

titer as a correlate of vaccine-induced protection. J Infect Dis. 2011; 204(12):1879–85. https://doi.org/

10.1093/infdis/jir661 PMID: 21998477

10. Brandenburg B, Koudstaal W, Goudsmit J, Klaren V, Tang C, Bujny M V, et al. Mechanisms of Hemag-

glutinin Targeted Influenza Virus Neutralization. PLoS One [Internet]. 2013 Dec 11; 8(12):e80034.

Available from: https://doi.org/10.1371/journal.pone.0080034 PMID: 24348996

11. Hannoun C, Megas F, Piercy J. Immunogenicity and protective efficacy of influenza vaccination. Virus

Res [Internet]. 2004 Jul 1 [cited 2019 Feb 3]; 103(1–2):133–8. Available from: https://www.

sciencedirect.com/science/article/abs/pii/S0168170204001248?via%3Dihub https://doi.org/10.1016/j.

virusres.2004.02.025 PMID: 15163501

12. van der Lubbe JEM, Verspuij JWA, Huizingh J, Schmit-Tillemans SPR, Tolboom JTBM, Dekking LEHA,

et al. Mini-HA Is Superior to Full Length Hemagglutinin Immunization in Inducing Stem-Specific Antibod-

ies and Protection Against Group 1 Influenza Virus Challenges in Mice. Front Immunol [Internet]. 2018;

9(October):1–13. Available from: https://www.frontiersin.org/article/10.3389/fimmu.2018.02350/full

13. Impagliazzo A, Milder F, Kuipers H, Wagner M V., Zhu X, Hoffman RMB, et al. A stable trimeric influ-

enza hemagglutinin stem as a broadly protective immunogen. Science (80-). 2015; 349(6254):1301–6.

14. Cho A, Wrammert J. Implications of broadly neutralizing antibodies in the development of a universal

influenza vaccine. Curr Opin Virol [Internet]. 2016; 17:110–5. Available from: http://dx.doi.org/10.1016/j.

coviro.2016.03.002 PMID: 27031684

15. Victora GD, Wilson PC. Germinal Center Selection and the Antibody Response to Influenza. Cell [Inter-

net]. 2015; 163(3):545–8. Available from: http://dx.doi.org/10.1016/j.cell.2015.10.004 PMID: 26496601

16. Lingwood D, McTamney PM, Yassine HM, Whittle JRR, Guo X, Boyington JC, et al. Structural and

genetic basis for development of broadly neutralizing influenza antibodies. Nature [Internet]. 2012;

489(7417):566–70. Available from: http://dx.doi.org/10.1038/nature11371 PMID: 22932267

17. Pappas L, Foglierini M, Piccoli L, Kallewaard NL, Turrini F, Silacci C, et al. Rapid development of

broadly influenza neutralizing antibodies through redundant mutations. Nature [Internet]. 2014;

516(7531):418–22. Available from: http://dx.doi.org/10.1038/nature13764 PMID: 25296253

18. Ellebedy AH, Krammer F, Li G-M, Miller MS, Chiu C, Wrammert J, et al. Induction of broadly cross-reac-

tive antibody responses to the influenza HA stem region following H5N1 vaccination in humans. Proc

Natl Acad Sci [Internet]. 2014; 111(36):13133–8. Available from: http://www.pnas.org/cgi/doi/10.1073/

pnas.1414070111 PMID: 25157133

Recall germinal center response and influenza vaccination

PLOS ONE | https://doi.org/10.1371/journal.pone.0225063 November 14, 2019 16 / 18

http://www.jimmunol.org/content/115/2/434.abstract
http://www.jimmunol.org/content/115/2/434.abstract
https://doi.org/10.1016/s0264-410x(03)00071-9
https://doi.org/10.1016/s0264-410x(03)00071-9
http://www.ncbi.nlm.nih.gov/pubmed/12686093
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L52650360%0Ahttp://www.biomedcentral.com/1741-7015/11/153%0Ahttp://dx.doi.org/10.1186/1741-7015-11-153
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L52650360%0Ahttp://www.biomedcentral.com/1741-7015/11/153%0Ahttp://dx.doi.org/10.1186/1741-7015-11-153
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L52650360%0Ahttp://www.biomedcentral.com/1741-7015/11/153%0Ahttp://dx.doi.org/10.1186/1741-7015-11-153
http://dx.doi.org/10.1038/nrd4529
http://www.ncbi.nlm.nih.gov/pubmed/25722244
http://dx.doi.org/10.1056/NEJMp1714916
http://dx.doi.org/10.1056/NEJMp1714916
http://www.ncbi.nlm.nih.gov/pubmed/29185857
https://doi.org/10.1038/nm.3927
https://doi.org/10.1038/nm.3927
http://www.ncbi.nlm.nih.gov/pubmed/26301691
https://doi.org/10.1016/j.immuni.2017.09.007
https://doi.org/10.1016/j.immuni.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29045889
https://doi.org/10.1093/infdis/jir661
https://doi.org/10.1093/infdis/jir661
http://www.ncbi.nlm.nih.gov/pubmed/21998477
https://doi.org/10.1371/journal.pone.0080034
http://www.ncbi.nlm.nih.gov/pubmed/24348996
https://www.sciencedirect.com/science/article/abs/pii/S0168170204001248?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168170204001248?via%3Dihub
https://doi.org/10.1016/j.virusres.2004.02.025
https://doi.org/10.1016/j.virusres.2004.02.025
http://www.ncbi.nlm.nih.gov/pubmed/15163501
https://www.frontiersin.org/article/10.3389/fimmu.2018.02350/full
http://dx.doi.org/10.1016/j.coviro.2016.03.002
http://dx.doi.org/10.1016/j.coviro.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27031684
http://dx.doi.org/10.1016/j.cell.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26496601
http://dx.doi.org/10.1038/nature11371
http://www.ncbi.nlm.nih.gov/pubmed/22932267
http://dx.doi.org/10.1038/nature13764
http://www.ncbi.nlm.nih.gov/pubmed/25296253
http://www.pnas.org/cgi/doi/10.1073/pnas.1414070111
http://www.pnas.org/cgi/doi/10.1073/pnas.1414070111
http://www.ncbi.nlm.nih.gov/pubmed/25157133
https://doi.org/10.1371/journal.pone.0225063


19. Andrews SF, Huang Y, Kaur K, Popova LI, Ho IY, Pauli NT, et al. Immune history profoundly affects

broadly protective B cell responses to influenza. Sci Transl Med. 2015; 7(316).

20. Henry C, Palm AKE, Krammer F, Wilson PC. From Original Antigenic Sin to the Universal Influenza

Virus Vaccine. Trends Immunol [Internet]. 2018; 39(1):70–9. Available from: http://dx.doi.org/10.1016/j.

it.2017.08.003 PMID: 28867526

21. Adachi Y, Onodera T, Yamada Y, Daio R, Tsuiji M, Inoue T, et al. Distinct germinal center selection at

local sites shapes memory B cell response to viral escape. J Exp Med [Internet]. 2015; 212(10):1709–

23. Available from: http://www.jem.org/lookup/doi/10.1084/jem.20142284 PMID: 26324444

22. Keating R, Hertz T, Wehenkel M, Harris TL, Edwards BA, McClaren JL, et al. The kinase mTOR modu-

lates the antibody response to provide cross-protective immunity to lethal infection with influenza virus.

Nat Immunol [Internet]. 2013; 14(12):1266–76. Available from: http://dx.doi.org/10.1038/ni.2741 PMID:

24141387

23. Popp MW, Antos JM, Grotenbreg GM, Spooner E, Ploegh HL. Sortagging: A versatile method for pro-

tein labeling. Nat Chem Biol. 2007; 3(11):707–8. https://doi.org/10.1038/nchembio.2007.31 PMID:

17891153

24. Tomayko MM, Steinel NC, Anderson SM, Shlomchik MJ. Cutting Edge: Hierarchy of Maturity of Murine

Memory B Cell Subsets. J Immunol [Internet]. 2010; 185(12):7146–50. Available from: http://www.

jimmunol.org/cgi/doi/10.4049/jimmunol.1002163 PMID: 21078902

25. Weisel FJ, Zuccarino-Catania G V., Chikina M, Shlomchik MJ. A Temporal Switch in the Germinal

Center Determines Differential Output of Memory B and Plasma Cells. Immunity [Internet]. 2016;

44(1):116–30. Available from: http://dx.doi.org/10.1016/j.immuni.2015.12.004 PMID: 26795247

26. Amanna IJ, Slifka MK. Quantitation of rare memory B cell populations by two independent and comple-

mentary approaches. J Immunol Methods. 2006; 317(1–2):175–85. https://doi.org/10.1016/j.jim.2006.

09.005 PMID: 17055526

27. Tan H-X, Kent SJ, Wheatley AK. Subdominance and poor intrinsic immunogenicity limit humoral immu-

nity targeting influenza HA stem The Journal of Clinical Investigation. J Clin Invest [Internet]. 2019; 129

(2):850–62. Available from: https://dm5migu4zj3pb.cloudfront.net/manuscripts/123000/123366/cache/

123366.3-20190131154233-covered-253bed37ca4c1ab43d105aefdf7b5536.pdf https://doi.org/10.

1172/JCI123366 PMID: 30521496

28. Nair N, Buti L, Faenzi E, Buricchi F, Nuti S, Sammicheli C, et al. Optimized fluorescent labeling to iden-

tify memory B cells specific for Neisseria meningitidis serogroup B vaccine antigens ex vivo. Immunity,

Inflamm Dis [Internet]. 2013; 1(1):3–13. Available from: http://doi.wiley.com/10.1002/iid3.3

29. Schmidt AG, Therkelsen MD, Stewart S, Kepler TB, Liao HX, Moody MA, et al. Viral receptor-binding

site antibodies with diverse germline origins. Cell [Internet]. 2015; 161(5):1026–34. Available from:

http://dx.doi.org/10.1016/j.cell.2015.04.028 PMID: 25959776

30. Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, Ekiert DC, et al. Highly conserved protective

epitopes on influenza B viruses. Science (80-). 2012; 337(6100):1343–8.

31. Baumjohann D, Preite S, Reboldi A, Ronchi F, Ansel KM, Lanzavecchia A, et al. Persistent Antigen and

Germinal Center B Cells Sustain T Follicular Helper Cell Responses and Phenotype. Immunity [Inter-

net]. 2013; 38(3):596–605. Available from: http://dx.doi.org/10.1016/j.immuni.2012.11.020 PMID:

23499493

32. Maamary J, Wang TT, Tan GS, Palese P, Ravetch J V. Increasing the breadth and potency of response

to the seasonal influenza virus vaccine by immune complex immunization. Proc Natl Acad Sci [Internet].

2017; 114(38):201707950. Available from: http://www.pnas.org/lookup/doi/10.1073/pnas.1707950114

33. Wang TT, Maamary J, Tan GS, Bournazos S, Davis CW, Krammer F, et al. Anti-HA Glycoforms Drive B

Cell Affinity Selection and Determine Influenza Vaccine Efficacy. Cell [Internet]. 2015; 162(1):160–9.

Available from: http://dx.doi.org/10.1016/j.cell.2015.06.026 PMID: 26140596

34. Paus D, Phan TG, Chan TD, Gardam S, Basten A, Brink R. Antigen recognition strength regulates the

choice between extrafollicular plasma cell and germinal center B cell differentiation. J Exp Med [Inter-

net]. 2006; 203(4):1081–91. Available from: http://www.jem.org/lookup/doi/10.1084/jem.20060087

PMID: 16606676

35. Fagarasan S, Muramatsu M, Suzuki K, Nagaoka H, Hiai H, Honjo T. Critical roles of activation-induced

cytidine deaminase in the homeostasis of gut flora. Science (80-). 2002; 298(5597):1424–7.

36. Havenar-Daughton C, Lindqvist M, Heit A, Wu JE, Reiss SM, Kendric K, et al. CXCL13 is a plasma bio-

marker of germinal center activity. Proc Natl Acad Sci [Internet]. 2016; 113(10):2702–7. Available from:

http://www.pnas.org/lookup/doi/10.1073/pnas.1520112113 PMID: 26908875

37. Koutsakos M, Wheatley AK, Loh L, Clemens EB, Sant S, Nüssing S, et al. Circulating TFHcells, sero-

logical memory, and tissue compartmentalization shape human influenza-specific B cell immunity. Sci

Transl Med. 2018; 10(428):1–16.

Recall germinal center response and influenza vaccination

PLOS ONE | https://doi.org/10.1371/journal.pone.0225063 November 14, 2019 17 / 18

http://dx.doi.org/10.1016/j.it.2017.08.003
http://dx.doi.org/10.1016/j.it.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28867526
http://www.jem.org/lookup/doi/10.1084/jem.20142284
http://www.ncbi.nlm.nih.gov/pubmed/26324444
http://dx.doi.org/10.1038/ni.2741
http://www.ncbi.nlm.nih.gov/pubmed/24141387
https://doi.org/10.1038/nchembio.2007.31
http://www.ncbi.nlm.nih.gov/pubmed/17891153
http://www.jimmunol.org/cgi/doi/10.4049/jimmunol.1002163
http://www.jimmunol.org/cgi/doi/10.4049/jimmunol.1002163
http://www.ncbi.nlm.nih.gov/pubmed/21078902
http://dx.doi.org/10.1016/j.immuni.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26795247
https://doi.org/10.1016/j.jim.2006.09.005
https://doi.org/10.1016/j.jim.2006.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17055526
https://dm5migu4zj3pb.cloudfront.net/manuscripts/123000/123366/cache/123366.3-20190131154233-covered-253bed37ca4c1ab43d105aefdf7b5536.pdf
https://dm5migu4zj3pb.cloudfront.net/manuscripts/123000/123366/cache/123366.3-20190131154233-covered-253bed37ca4c1ab43d105aefdf7b5536.pdf
https://doi.org/10.1172/JCI123366
https://doi.org/10.1172/JCI123366
http://www.ncbi.nlm.nih.gov/pubmed/30521496
http://doi.wiley.com/10.1002/iid3.3
http://dx.doi.org/10.1016/j.cell.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/25959776
http://dx.doi.org/10.1016/j.immuni.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23499493
http://www.pnas.org/lookup/doi/10.1073/pnas.1707950114
http://dx.doi.org/10.1016/j.cell.2015.06.026
http://www.ncbi.nlm.nih.gov/pubmed/26140596
http://www.jem.org/lookup/doi/10.1084/jem.20060087
http://www.ncbi.nlm.nih.gov/pubmed/16606676
http://www.pnas.org/lookup/doi/10.1073/pnas.1520112113
http://www.ncbi.nlm.nih.gov/pubmed/26908875
https://doi.org/10.1371/journal.pone.0225063


38. Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G, et al. Human Blood

CXCR5+CD4+T Cells Are Counterparts of T Follicular Cells and Contain Specific Subsets that Differen-

tially Support Antibody Secretion. Immunity [Internet]. 2011; 34(1):108–21. Available from: http://dx.doi.

org/10.1016/j.immuni.2010.12.012 PMID: 21215658

Recall germinal center response and influenza vaccination

PLOS ONE | https://doi.org/10.1371/journal.pone.0225063 November 14, 2019 18 / 18

http://dx.doi.org/10.1016/j.immuni.2010.12.012
http://dx.doi.org/10.1016/j.immuni.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21215658
https://doi.org/10.1371/journal.pone.0225063

