
INFORMALINSTITUTESNIH Public Access
Author Manuscript

OFHEALTH
Sci Transl Med. Author manuscript;available in PMC 2012 November 20.

Published in final edited form as:

Sci Transl Med. 2011 June 1; 3(85): 85ra48. doi: 10.1126/scitranslmed.3002336.

MF59 Adjuvant Enhances Diversity and Affinity of Antibody-
Mediated Immune Response to Pandemic Influenza Vaccines

Surender Khurana¹,Nitin Verma¹,Jonathan W. Yewdell²,Anne Katrin Hilbert³, Flora$watermark-text
Castellino, Maria Lattanzi, Giuseppe Del Giudice, Rino Rappuoli, and Hana Golding¹,
1Division of Viral Products, Center for Biologics Evaluation and Research, Food and Drug
Administration, Bethesda, MD 20892, USA.

²Laboratoryof Viral Diseases, National Institutes of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD 20892, USA.

³Novartis Vaccines and DiagnosticsGmbH, Marburg35041, Germany.

Novartis Vaccines and Diagnostics Research Center, Siena 53100, Italy.

Abstract

Oil-in-water adjuvantshave been shown to improve immune responses againstpandemic$watermark-text
influenza vaccines as well as reduce the effective vaccine dose, increasingthe number of doses
available to meet global vaccine demand. Here, we use genome fragmentphagedisplay libraries
and surface plasmonresonance to elucidate the effects of MF59 on the quantity,diversity,
specificity,and affinity maturation of human antibodyresponses to the swine-originH1N1
vaccine in different age groups. In adults and children, MF59 selectivelyenhanced antibody
responses to the hemagglutinin1 (HA1) globularhead relative to the more conserved HA2 domain
in terms of increased antibodytiters as well as a more diverse antibodyepitoperepertoire.
Antibody affinity, as inferred by greatlydiminished (10-fold) off-rate constants, was

significantly increased in toddlers and children who received the MF59-adjuvantedvaccine.
Moreover, MF59 also improvedantibodyaffinity maturation after each sequentialvaccination
againstavian H5N1 in adults. For both pandemicinfluenza vaccines,there was a close correlation
between serum antibodyaffinity and virus-neutralizingcapacity.Thus, MF59 quantitativelyand
qualitativelyenhances functional antibodyresponses to HA-based vaccines by improvingboth$watermark-text
epitopebreadth and bindingaffinity, demonstratingthe added value of such adjuvantsfor
influenza vaccines.

INTRODUCTION

The periodicintroduction of novel influenza A viruses (IAVs) expressingthe serologically
distinct surface proteinshemagglutinin(HA) and neuraminidase (NA) can result in
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pandemicscapableof causingmillions of deaths worldwide. Inactivated influenza vaccines

based on HA have been the most effective approachfor controllingepidemicsand

diminishing the effects of pandemics.Because of the fast spreadof pandemics,speedis of

the essence in vaccinatingthe world population.Due to inherent difficulties in generating
sufficient doses of vaccine, it is alwaysan advantageto minimize the amount of antigenper

effective dose. In the case of the highly pathogenicH5N1 virus, a feared potentialpandemic
virus, standard subunit vaccines (unadjuvanted)exhibited low immunogenicityeven when

used at high doses or with two or more injections(1, 2).

Improving IAV vaccines will likely requirethe inclusion of adjuvants,which enhance

antigenpresentationand innate responses (3) and boost immunogenicity.Only a few

adjuvantsare approvedfor human use. The longestused,alum, was not efficient in IAV$watermark-text
vaccines (4, 5). On the other hand, oil-in-water adjuvants,such as MF59 and AS03, induced

higherIAV-specific antibodyseroconversion rates and heterosubtypicneutralization

(againstdiverse H5N1 types),as well as allowed antigendose sparing(4, 6-12).

We previouslyexamined the effect of MF59 on the immunogenicityof the H5N1-

inactivated vaccine in adults usingwhole IAV genome fragmentphagedisplaylibraries

(GFPDLs)expressingproteinfragmentsfrom the correspondingHA and NA genes. MF59

shifted the focus of antibody responses from predominantlyHA2 sequences (conserved
between H5 and seasonal H1 strains) to sequences in HA1 [receptorbinding domain (RBD)]
and NA (sialic acid-bindingsite). The expandedantibodyrepertoirescorrelated with an

increase in the titer of antibodies reactive with native HA and with viral neutralization (VN)
(13).$watermark-text
Here, we describe multiple studies to evaluate the effects of MF59 on the antibody responses
induced by swine-origininfluenza virus (SOIV) HINI and H5N1 vaccines in various age

groups. In addition to the antibodyepitoperepertoire,we have investigatedantibodyaffinity
using 7 M urea resistance and calculated antibodyoff-rate constants by surface plasmon

resonance (SPR).Technically,because antibodies are bivalent, the proper term for their

binding to multivalent antigenslike viruses is avidity, but here we use the term affinity
throughoutbecause we do not describe any monovalent interactions. The contribution of

affinity maturation to antiviral protectionis surprisinglyill-defined, and indeed, the very

existence of affinity maturation of antiviral antibodies has been questioned(14, 15).

Our findings support the importanceof antibodyaffinity in antiviral immunity and

demonstrate the effectiveness of MF59 in enhancingantibody targetingof relevant

neutralizingdomains and increasingantibodyaffinity maturation after repeatedvaccination.
Swatermark-text

RESULTS

An MF59-adjuvanted H1N1 vaccine generates broader antibody epitope profiles in adults

and children than the vaccine alone

Immunogenicityof the SOIV-HINI vaccine was evaluated in randomized studies of adults

(18 to 60 years),children (3 to 8 years),and toddlers (12 to 35 months), who received either

unadjuvantedvaccine (15 µg of HA per dose)or MF59-adjuvantedvaccine (7.5µg of HA

per dose).Adults received a singledose, whereas children and toddlers were boosted on day
21. Sera collected 21 daysafter each vaccination were tested for hemagglutinationinhibition

(HAI) and VN capacity.Serum sampleswith similar VN titers from the unadjuvantedand

MF59-adjuvantedvaccine groups were tested by GFPDL to assess the specificityof anti-HA

and anti-NA antibodyresponses (Figs.1 to 3).
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In adults,antibodies in prevaccinationsera predominantlybound to SOIV-HA epitopesin
the HA2 regionand in the N terminus of the HA1 region(representingconserved regions
between SOIV and seasonal HINI viruses)(Fig. 1B and table S1).HA2 and the N terminus
of HA1 togetherform the stem of HA trimers. None of these prevaccinationsera exhibited
VN or HAI activity, as expectedfrom the low functionalityof antibodies specificfor these
regions,which typically are not exposedfor antibodybindingon intact virions (16-18).

After vaccination with the unadjuvantedH1N1 vaccine, 1973 phageclones were capturedby
the immune sera, of which 1558 mappedto HA2, 272 to HA1, and 143 to NA. HA1 epitopes
included RBD-spanningsequences, as well as N-terminal sequences (Fig. 1A). Sera from
individuals vaccinated with MF59-adjuvantedvaccine bound 4482 phages(2.3-fold higher
than unadjuvantedimmune sera),of which 1659 mappedto HA2, 2561 to HA1, and 262 to

$watermark-text
NA. Comparedto prevaccinationsera, both unadjuvantedand MF59-adjuvantedvaccines
expandedthe numbers of HA2-bindingantibodies (eight- to ninefold).Expansionof HA1
epitopeswas 10-fold higherafter vaccination with MF59-adjuvantedcomparedwith
unadjuvantedvaccine (280- and 30-fold increase from baseline,respectively),resultingin an

8.8-fold higherHA1/HA2 ratio (1.543and 0.175, respectively)(Fig. 1A, right column).The
number of NA-specificphageclones was also increased 2.5-fold in the adjuvantedvaccines

sera comparedwith unadjuvantedvaccine sera.

We next comparedthe epitopeprofiles of sera obtained from 3- to 8-year-oldchildren (five
per group)vaccinated with two doses of H1N1 vaccine (with or without MF59 adjuvant),
with similar titers of virus-neutralizingantibodies (320 to 1280)(Fig.2, A and B).
Comparedto adults, antibodies in prevaccinationsera bound less than 20 phage-displayed
epitopes,and all recognizedinserts mappedto HA2. Vaccination increased the number of

$watermark-text
antibodies that bound HA-specificepitopesby 26-fold, and MF59 increased the number of
HA fragmentsrecognizedby more than twofold. As in adults, a predominanceof HA2-
specificantibodies in response to the unadjuvantedvaccine was observed (Fig. 2, A and B,
and table S1),and MF59 induced more expansionin the number of HA1 comparedwith
HA2-binding antibodies (3.43 increase in the HA1/HA2 ratio). Thus, althoughthe
magnitudeof the antibodyresponse was lower in 3- to 8-year-oldchildren than adults, the
effects of MF59 in 3- to 8-year-oldchildren were similar to those observed in adults (Figs.
1A and 2A).

An HA2-predominant antibody repertoire is not observed in toddlers

To better understand the cause of preexistingHA2 antibodies in children and adults, we

examined the specificityof antibodies in toddlers (<3 years).Toddlers respondedto two
$watermark-text

doses of vaccine, and once again,MF59 increased virus-neutralizingantibodytiters by a

factor of ~4, from 80 to 320 against320 to 1280 end-pointtiter.

Notably,prevaccinationsera in this group did not contain HA2-bindingantibodies (Fig. 3B).
Vaccination elicited antibodies with broadened specificityfor HA and NA fragments,with
twofold more phageclones bound by sera from MF59-adjuvantedcomparedto unadjuvanted
vaccine (Fig. 3A and table S1). In this age group, there was no preferentialresponse of
HA2-bindingantibodies after vaccination,and the MF59-adjuvantedvaccine induced a

similar increase (~2.4-fold)in the number of both HA1- and HA2-bindingantibodies
comparedto the unadjuvantedH1N1 vaccine (Fig. 3A).

These results suggest that the abundance of HA2-specificantibodies in adults is due to
repeatedIAV infections or vaccinations,althoughantibodies that cross-react with the large
number of other pathogensencountered by older individuals may be present. The selective
enhancement of HA1-specificantibodies after MF59-adjuvantedvaccination may indicate a
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difference in the requirementfor activatingprimary in oppositionto recall antibody

responses.

The MF59-adjuvanted vaccine elicits antibodies with a higher binding capacity to properly
folded HA1 globular domain than unadjuvanted vaccine

On the basis of the extensive literature on the specificityof anti-HA antibodies (17, 19,20)
and our previousstudy(13), we expectedthat increased recognitionof the fragmentsfrom

the globulardomain would correlate with increased recognitionof folded recombinant HA1

globulardomain revealed by SPR. Indeed,binding to properlyfolded HA1 [previously
described (21)] was significantlyhigherfor antibodies from the MF59-adjuvantedvaccine

sera comparedwith sera from unadjuvantedvaccine recipientsin all three age groups (Fig.$watermark-text
4, A to D), with the most pronounceddifference observed in the youngest age group (12 to

35 months)(Fig.4, C and D; 0.00001).

To further investigatethe effect of MF59 on the qualityof antibodyresponses, we extended

our analysisto enzyme-linkedimmunosorbent assay (ELISA). In ELISA, as in other

equilibrium-basedassays (for example,HAI and VN), it is not feasible to discriminate

between the contributions of antibodyaffinity and antibodyconcentration to the binding
titer. It is possible,however, to approximateantibodyaffinity by measuringthe effect of

denaturants on antibodybinding(22, 23),because low-affinity antibodies are more rapidly
eluted.

To this end,we performeda standard ELISA with immobilized properly folded recombinant

HA1 (21); this assay was modified such that bound serum antibodies (from the same serum$watermark-text
samplesused in GFPDL analysis)were briefly exposedto 7 M urea before addition of the

secondarylabeled anti-human immunoglobulinG (IgG) antibody.MF59 increased the

fraction of 7 M urea-resistant antibodies in an age-relatedmanner (Fig. 5): The effects were

highestin toddlers (<20%against>65%, P= 0.002)and lowest in adults (30 to 40% against
40 to 65%, 0.167),with an intermediate effect in 3 to 8 year olds (40%against>70%, P

= 0.015).

Antibody avidities can also be determined by the ratio of antibodyon and off rates as

determined by SPR. Antibody on rates typically fall in a fairly narrow range with avidity
principally resultingfrom decreases in off rates (24-29). Althoughdeterminingon rates

requiresknowledgeof antibodyconcentration (14), off-rate measurements are independent
of antibodyconcentration and hence can be measured for serum antibodies bound to antigen
(25, 30).$watermark-text
To determine polyclonalantibodyoff rates via SPR,we first demonstrated that although
post-vaccinationhuman sera tested in serial dilutions yieldeddifferent maximal resonance

unit (RU) bindingto recombinant HA1 (rHA1), the kinetics of dissociation were identical

and hence independentof serum antibodyconcentration. As seen in Fig. 6A, antibody
concentration independencewas indicated by parallellines in the dissociation phasefor the

10- and 100-fold dilution for each post-vaccinationhuman serum. Antibody off-rate

constants, which describe the stabilityof the complexby measuringthe fraction of

complexesthat decaysper second in the disassociation phase,were determined with the Bio-

Rad ProteOn manager software for the heterogeneoussamplemodel. To improvethe

accuracy of measurements, we determined the off-rate constants from two independentSPR

runs for each sample.

The off-rate constants of individual sera supportedthe results in the 7 M urea treatment

(Figs.5 and 6, B to G). Lower off rates correlated with increased VN titers in the three age

groups. Off-rate constants of anti-HAl antibodies from toddlers and young children who had
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received nonadjuvantedvaccine rangedfrom 1.0 10³ to 1.5 X
10³ after two

vaccinations and correlated with modest VN titers (40 to 320) (Fig. 6, B and D). In
comparison,the antibodies generatedby MF59-adjuvantedvaccine displayedslower off-rate

constants (reaching<1 X
10 s¹ in some individuals)and correlated with higherVN titers

(Fig. 6, C and E). As with other parametersexamined, the magnitudeand statistical
significanceof the adjuvanteffects were age-dependent,with stronger effects in toddlers and
the least effect seen in the adult populationwho also had sera with higherVN titers (320 to
1280)(Fig.6, G and F). The inverse correlation between VN titers and off-rate constants
stronglysuggests that an increase in antibodyaffinity playsan essential role in the
neutralization of the SOIV-H1N1 virus. In conclusion,MF59 greatlyenhanced the affinity
of antibodies specificfor the HA globulardomain, which was most evident in the young age
groups and, in general,in subjectswith limited previousexposure to the antigenspresent in

$watermark-text
the influenza vaccines.

MF59 enhances antibody affinity maturation after repeat dosing with the H5N1 subunit
vaccine

The adjuvanteffect on antibodyaffinity maturation as measured by either 7 M urea

resistance or SPR was most pronouncedin the influenzanaïve groups. This suggestedthat
MF59 mighthave a greater effect on the affinity of HA-specificantibodies elicited by the
H5N1 vaccine in adults,because H5N1 viruses do not circulate in humans.

The H5N1 antibodyresponses in adults were typical of a primary immune response in a

naïve populationas previouslydescribed (13) (Fig.7). To assess antibodyaffinity
maturation after repeatedvaccination and its effect on VN, we followed the serum VN titer$watermark-text
and correspondingpolyclonalserum off-rate constants after every vaccination for each
individual. The values for each individual vaccinee are depictedwith the same colored
symbolafter the first, second,and third immunizations in the three correspondingfiguresof
each arm (Fig.7, A to F). After the first vaccination,VN titers were below detectable limits,
and off-rate constants of native H5-bindingantibodies were high (1 X

10³ s¹; that is low
affinity). Second and third doses of unadjuvantedvaccine elicited neutralizingantibodies in
the 40 to 320 range with a paralleldecrease in antibodyoff-rate constants. In the MF59-
adjuvantedvaccine group, a clear improvementof antibodyaffinity maturation was

observed after repeatedvaccination between the second and third dose,with off-rate

constants reaching1 X
10 and VN titers rangingfrom 160 to 640. As with the SOIV-

H1N1 vaccine,there was a tight inverse correlation between VN titer and off-rate constants.
ELISA revealed similar behavior of antibodyaffinity as measured by 7 M urea resistance
(Fig.7G).

$watermark-text
These findingsclearlydemonstrated that MF59 improvedthe immunogenicityof both the
SOIV-HIN1 and H5N1 vaccines by increasingantibodyavidity.Such improvementsto
antibodyqualitiesare predictedto improveprotectiveimmunity in vivo.

DISCUSSION

The insufficient immunogenicityof the originalH5N1 vaccine led to the inclusion of MF59
and AS03 adjuvantsin influenza vaccines,which enabled the vaccine to achieve U.S. Food
and Drug Administration and EuropeanUnion criteria of seroconversion and seroprotection
rates. At the onset of the SOIV-HIN1 pandemicin Europe,these adjuvantswere combined
with the SOIV-HINI vaccines to enhance immunogenicityand allow dose sparing(8-11).

Here, we providethe initial characterization of the effects of oil-in-water adjuvantson the

quality of antibodies induced by the SOIV-HIN1 vaccine in different age populations.Our

data clearlyshow that MF59 enhances VN responses by both quantitativeand qualitative

Sci Transl Med. Author manuscript;available in PMC 2012 November 20.



Khurana et al. Page6

improvementin HA-specificantibodyresponses by increasingthe diversityof epitope
repertoirerecognizedin the HA1 globulardomain and by enhancingthe affinity of

antibodies specificfor native HA. On the basis of the increased magnitudeof the effect of

MF59 on anti-SOIV-HIN1 responses in younger individuals, and similar findingswith the

H5N1 vaccine in H5N1-naïve adults, it is likely that the major effect of MF59 is exerted on

naïve B cells, increasingthe rate of somatic hypermutation.Therefore, MF59 and similar

adjuvantshave the potentialto overcome the tendencyin some individuals to generate low-

affinity antibodies with pathologicalpotential.

We show that in the face of a novel IAV pandemic,most preexistingserum antibodies are

specificfor HA2. These antibodies would be induced by previousclinically overt or

subclinical infections with influenza viruses or by previousimmunizations (mainly in adults)$watermark-text
with conventional, nonadjuvantedseasonal influenza vaccines. This is consistent with

previousfindingsthat HA2 antibodies are highly cross-reactive,which is expectedbecause

of the much highersequence conservation in HA2 comparedto HA1 (13).The RBD of

HA1, where antigenicdrift is most extensive,is particularlydiverse.

A number of groups have recentlydescribed antibodies in mice, ferrets,monkeys,and

humans specificfor a discontinuous antigenicsite in the HA stem regionthat cross-react

between related subtypes(for example,H1-H2-H5) with post-attachmentvirus-neutralizing
activity (31-36).Representativemonoclonal antibodies (mAbs) have been shown to prevent
and treat IAV infections in animal models,raisingthe prospect of generatingvaccines that

providebroader immunity within and even across related subtypes(35,36). It will be of

great interest to examine the effect of MF59 on eliciting such antibodies,and particularlyon

increasingtheir affinity, which may be critical in enhancingtheir in vivo activity.
$watermark-text

Here, we revisited the central questionof the role of affinity maturation in antiviral

immunity. In earlier mouse studies usinga panelof mouse mAbs specificfor vesicular

stomatitis virus (VSV) glycoprotein,protectionagainstVSV infection was independentof

immunoglobulinclass,affinity, and VN rate constant. Antibody affinity above a minimal

threshold (about2 X
10 M¹) providedcompleteprotectionfrom acute infection, and

protectiondependedsimplyon serum antibodyconcentration (37,38). Furthermore,mAbs

generatedeither early or late after VSV hyperimmunizationdemonstrated similar high
affinity, with no evidence of time-dependentaffinity maturation (14).The authors proposed
that for acute viruses,there is little need for affinity maturation because the virus is cleared

long before higher-affinity antibodies reach effective concentrations. However, these studies

focused on the mouse responses to VSV, for which it appears that a germ-lineantibody$watermark-text
offers highneutralizingtiters againstthe virus (15, 39). This is probablyan unusual situation

wherebyvery limited affinity maturation is needed,and does not reflect normal antiviral

antibodyresponses. Recent studies demonstrate that acute viral infections (including SOIV)
and formalin-inactivated vaccines for measles and respiratorysyncytialvirus may elicit low-

affinity antibodies that form immune complexesin the lungsand activate complement.
These non-neutralizingantibodies may contribute to enhanced lungpathologywith severe

disease and even death after infection (22, 23, 40, 41).

Here, we confirm the importanceof antibodyaffinity in anti-influenza immunityby
demonstratingstrong correlation between 7 M urea-resistant serum antibodies and off-rate

constants with VN titers in response to SOIV-H1N1 and H5N1 vaccination. We found that

MF59 adjuvantgreatlyenhanced affinity maturation especiallyin naïve populations.

How is an oil-in-water adjuvantsuch as MF59 able to increase antibodyaffinity? The

enhancement observed by MF59 of HA1-specificantibodies could be due to a difference in

the requirementsfor activatingnaïve HA1-specificas opposedto recall HA2-specificB

Sci Transl Med. Author manuscript;available in PMC 2012 November 20.



Khurana et al. Page7

cells. Indeed,previousfindingshave shown that vaccination with the MF59-adjuvanted
H5N1 vaccine,but not with unadjuvantedvaccine,primesa potent and rapidantigen-
specificCD4 T cell response that is predictiveof the high VN antibodylevels found after
booster immunization (42,43).

Together,our data clearlydemonstrate that antibodyaffinity maturation occurs after
influenza vaccination, particularly in naïve individuals. Most importantly,MF59 enhances
affinity maturation and offers the promiseof improvedprotection in vivo. These findings
providesupport for use of adjuvantsin influenza vaccines,especiallywhen targetingnaïve

populations.

MATERIALS AND METHODS
$watermark-text

Description of clinical trials and collection of vaccination samples

Serum or plasmasampleswere obtained from subjectsenrolled in clinical trials with either

the SOIV-HINI or the H5N1 vaccine in three different clinical trials sponsoredby Novartis
Vaccines and Diagnostics.All studyprotocolswere in accordance with the Helsinki
Declaration and with Good Clinical Practice principlesand were approvedby the local
ethical committees.

The SOIVA/HIN1 trials were two randomized, single-blind,dose-ranging,multicenter
studies aimed at evaluatingimmunogenicity,safety,and tolerabilityof various amounts (3.5
or 7.5 µg of HA) of MF59-adjuvantedand non-adjuvanted,egg-derived,inactivated (15 µg
of HA) SOIV A/H1N1 monovalent subunit vaccine in healthyadults and elderly,age 18$watermark-text
years and above (n= 656, ClinicalTrials.govno. NCT00971906),and in 720 toddlers,
children, and adolescents with ages rangingfrom 6 months to 17 years (ClinicalTrials.gov
no. NTC00971542).The compositionand the presentationof the vaccine have been already
reportedin previouspublication(44).

The third studyused MF59-adjuvantedor non-adjuvantedH5N1 subunit vaccine

(ClinicalTrials.govno. NCT00382187),and the results obtained have alreadybeen reported
in details elsewhere (13,42, 45).

Pre- and post-vaccinationserum sampleswere tested (i) from 40 adults (18 to 60 years old),
20 young children (3 to 8 years old), and 20 toddlers (12 to 35 months)receivingthe

Novartis Vaccine and Diagnostics(NVD) A/H1N1 (A/H1N1/California/07/2009)vaccine

not adjuvantedor adjuvantedwith MF59 and given as ready-to-useformulations in prefilled$watermark-text
syringes,and (ii) from 40 adults immunized with the A/H5N1 subunit vaccine (A/Vietnam/
1194/2004)preparedby NVD with and without MF59, and given as ready-to-use
formulations in prefilled syringes(42).

All sampleswere de-identified. The protocolswere evaluated by CBER (Centerfor
BiologicsEvaluation and Research)Research InvolvingHuman SubjectsCommittee and

were conducted under Research Involving Human SubjectsCommittee exemption
#03-118B.

Construction of H1N1 GFPDLs and panning of H1N1 GFPDLs with polyclonal human
vaccine sera

ComplementaryDNA correspondingto all eightgene segments of the A/H1N1/California/

07/2009 was generatedfrom the RNA isolated from egg-grown virus strain and was

henceforth used for cloning.The phagedisplaylibraries used in the current studyexpressed
inserts spanningthe HA (fig. S1)and NA genes as previouslydescribed for H5N1 GFPDL

(13,46).
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For each round of panning,an equalvolume of sera was used for each group. Before

panningof GFPDL, serum components, which might nonspecificallyinteract with phage
proteins,were removed by incubation with ultraviolet-killed M13K07 phage-coatedpetri
dishes. SubsequentGFPDL selection was performedin solution (with proteinA/G). Inserts

of bound phageswere polymerasechain reaction (PCR)-amplifiedand sequenced.

Affinity measurements for 7 M urea-resistant antibodies

IgG affinity was determined directly for each individual post-vaccinationserum that was

used in GFPDL analysisby a modified ELISA method as previouslydescribed (22, 23).
Briefly, ELISA plateswere coated with purifiedHA1 proteinsfrom either SOIV-HIN1 or

H5N1 (A/Vietnam/1203/2004)(22, 23) or subunit influenza vaccines. After blockingwith$watermark-text
2% bovine serum albumin (BSA)-phosphate-bufferedsaline with 0.1% Tween 20 (PBST),
serial dilutions of human sera in 2% BSA-PBST were incubated for 1 hour. Bound IgG was

detected with horseradish peroxidase-conjugatedantibodies specificto human IgG-Fcand

OPD (o-phenylenediaminedihydrochloride)as substrate. Sampleswere read at 490 nm.

Affinity was determined by modifyingthis immunoassayto include a 10-min wash with 7 M

urea after incubation of sera with the HA-coated wells. Percent of urea-resistant antibodies

was calculated by dividing the opticaldensity(OD) of the urea-washed samplesby the OD

of the unwashed samples.

Affinity measurements by SPR

Steady-stateequilibrium bindingof post-HIN1 or post-H5N1human vaccine sera was

monitored at 25°C with a ProteOn SPR biosensor (Bio-Rad). The HA1-His for the

respectiveinfluenza strains (21, 47) was coupledto a GLC sensor chip with amine coupling
$watermark-text

with 500 RUs in the test flow cells. Samplesof 60 µl of freshlypreparedsera at 10- and 100-

fold dilutions were injectedat a flow rate of 30 µl/min (120-scontact time) for association,
and disassociation was performedover a 600-s interval (at a flow rate of 30 µl/min).
Responsesfrom the protein surface were corrected for the response from a mock surface and

for responses from a separatebuffer-only injection.mAb 2D7 (anti-CCR5)was used as a

negativecontrol in the experiments.Binding kinetics for the human vaccine sera and the

data analysiswere calculated with Bio-Rad ProteOn manager software (version2.0.1).

Antibody off-rate constants that describe the stability of the complex,which is the fraction

of complexesthat decaysper second,were determined directly from the serum-plasma
sampleinteraction with rHA1 protein usingSPR in the disassociation phase(asdescribed

above)and calculated with the Bio-Rad ProteOn manager software for the heterogeneous$watermark-text
samplemodel. For accurate measurements, it was importantto have parallellines in the

dissociation phasefor the 10- and 100-fold dilution for each post-vaccinationhuman sera.

To improvethe measurements, we determined the off-rate constants from two independent
SPR runs.

Statistical analyses

Differences between groups were examined for statistical significancewith Student's test.

An unadjustedPvalue of <0.05 was considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementarymaterial.
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A

Distribution of phage clones after affinity selection on post-H1N1 vaccination sera in adults
Eluted phage Number of clones in influenza proteins HA1/HA2Serum sample clones

HA1 HA2 NA ratio(total number)
Pre-vaccine 225 9 182 34 0.049
Non-adjuvant (15 µg) 1973 272 1558 143 0.175
MF59 adjuvant (7.5 µg) 4482 2561 1659 262 1.543
Fold change

2.27 9.42 1.06 1.83 8.82(MF59 vs non-adjuvant)$watermark-text
B Hemagglutinin

HA1 HA2
RBD

Pre-vaccination

(VN <20)

No adjuvant$watermark-text
(15 µg HA) (VN >320)

MF59 Adjuvant

(7.5 µg HA) (VN >320)$watermark-text
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Fig. 1.
Analysis of antibodyrepertoireselicited in adults after vaccination with unadjuvantedand
adjuvantedsubunit HIN1 vaccines. (A) Distribution of phageclones after affinity selection
with sera obtained from adults before and after singlevaccination with subunit SOIV-HIN1
vaccine (with and without MF59 adjuvant).(B) Schematic alignmentof the peptides
recognizedby post-firstH1N1 vaccination sera in the adults, identified by panningwith
HIN1-GFPDL A/California/07/2009. The amino acid designationis based on the HA
proteinsequence (fig. S1).Bars indicate identified inserts in HA1 (redbars)and HA2 (blue
bars).The thickness of each bar represents the frequenciesof repetitivelyisolated phage

Sci Transl Med. Author manuscript;available in PMC 2012 November 20.
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inserts (only clones with a frequencyof two or more are shown; sequencedclones are shown

in table S1). Phage-displayingpeptidesfrom sequences within the HA1 receptor binding

domain (RBD) are depictedwith yellow bars.
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A

Distribution of phage clones after affinity selection on post-H1N1 vaccination sera in young
children (3-8 years)

Eluted phage Number of clones in influenza proteins HA1/HA2
Serum sample clones

HA1 HA2 NA ratio
(total number)

Pre-vaccine 17 2 9 6 0.222

Non-adjuvant (15 µg) 449 112 242 95 0.463

MF59 adjuvant (7.5 µg) 1199 585 368 246 1.589

Fold change
2.67 5.22 1.52 2.59 3.43

$watermark-text
(MF59 vs non-adjuvant)

B Hemagglutinin

HA1 HA2

RBD
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Fig. 2.

Antibody epitoperepertoireelicited in young children after vaccination with unadjuvanted
and adjuvantedsubunit H1N1 vaccines. (A) Distribution of phageclones after affinity
selection on sera obtained from young children (3 to 8 years)before and after two

immunizations with subunit SOIV-HINI vaccine (with and without MF59 adjuvant).(B)
Schematic alignmentof the peptidesrecognizedby post-secondH1N1 vaccination sera in

the young children (3 to 8 years) as identified with H1N1-GFPDL A/California/07/2009

(sequencedclones are shown in table S1).Phage-displayingpeptidesfrom sequences within

the HA1 RBD are depictedwith yellow bars, whereas identified inserts in HA1 are shown as

red bars and HA2 as blue bars. The thickness of each bar represents the frequenciesof

repetitively isolated phageinserts (only clones with a frequencyof two or more are shown;
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A

Distribution of phage clones after affinity selection on post-H1N1 vaccination sera in

toddlers (12-35 months)
Eluted phage Number of clones in influenza proteins HA1/HA2

Serum sample clones
HA1 HA2 NA ratio

(total number)
Pre-vaccine 3 1 1 1 1

Non-adjuvant (15 g) 328 240 41 47 5.86

MF59 adjuvant (7.5 µg) 771 598 99 74 6.04$watermark-text
Fold change

2.35 2.49 2.41 1.57 1.03(MF59 vs non-adjuvant)
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(VN <20)$watermark-text
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Fig. 3.
Antibody epitopeprofile elicited in toddlers after vaccination with an unadjuvantedor

MF59-adjuvantedsubunit SOIV-H1N1 vaccine. (A) Distribution of phageclones after

affinity selection with sera obtained from toddlers (12 to 35 months)before and after two

immunizations with subunit SOIV-H1N1 vaccine (with and without MF59 adjuvant).(B)
Schematic alignmentof the peptidesrecognizedby post-secondH1N1 vaccination sera in

the toddlers, identified by panningwith H1N1-GFPDL A/California/07/2009. Amino acid

designationis based on the HA proteinsequence (fig. S1).Bars indicate identified inserts in

HA1 (red bars)and HA2 (blue bars).Phage-displayingpeptidesfrom sequences within the
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HA1 RBD are depictedwith yellow bars. The thickness of bars represents the frequenciesof

repetitively isolated phageinserts (only clones with a frequencyof two or more are shown;
sequencedclones are shown in table S1).
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Fig. 4.
Binding of post-HIN1 vaccination human serum IgG to properly folded HA1 protein.(A to
C) Steady-stateequilibriumanalysisof the bindingof human vaccine serum IgG to properly
folded functional HA1 oligomerswas measured with SPR and is shown for two
representativesamplesfrom each group. Tenfold-diluted individual post-HIN1 vaccination

sera from the three age groups [adultsin (A), young children in (B), and toddlers in (C)] of
the H1N1 vaccine trial were injectedsimultaneouslyonto HA1 immobilized on a sensor
chip throughthe free amine group and onto a blank flow cell, free of peptide.Prevaccination

serum (VN < 20) is included (black) and was used as control in each assay. The VN titers of
each serum used in SPR are in parentheses.Bindingof the antibodies to the immobilized
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protein is shown as resonance unit (RU) values. (D) Maximum RU values for HA1 binding

by serum antibodies obtained from multiple individuals before and after vaccination with

either MF59-adjuvanted(red dots) or unadjuvantedSOIV-HINI (blue dots)vaccination for

the three age groups.
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Fig. 5.

Human serum IgG avidity after immunization with an MF59-adjuvantedand unadjuvanted
H1N1 subunit vaccine in different age groups. H1N1-HA1-specificaffinity of IgG from
post-H1N1 vaccination human sera after 7 M urea wash in individuals with either MF59-
adjuvantedor unadjuvantedSOIV-HIN1 vaccination for the three age groups is shown (n=
5 to 7). Data are means ± SD of three independentexperiments.Differences between groups

$watermark-text
were examined for statistical significancewith Student's test. A Pvalue of <0.05 was

considered to be significant.
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Fig. 6.
Affinity measurements and correlation between in vitro neutralizingcapacityand off-rate

constant in human sera after immunization with an MF59-adjuvantedand unadjuvanted
H1N1 subunit vaccine in different age groups. (A) Antibodyaviditymeasurements in

polyclonalserum by off-rate constants with SPR. Antibodyoff-rate constants that describe

the stability of the complex,which is the fraction of complexesthat decaysper second,were

determined directly from the serum-plasmasampleinteraction with rHA1 proteinusingSPR

in the dissociation phase.For accurate measurements, parallellines in the dissociation phase
for the 10- and 100-fold dilution for each post-vaccinationhuman sera were required.The
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off-rate constants were determined from two independentSPR runs. (B to G) SPR analysis
of post-vaccinatedhuman sera with MF59-adjuvanted(C, E, and G) or unadjuvantedSOIV-
H1N1 (B, D, and F) vaccine from three age groups of the vaccine trial was performedwith
properly folded SOIV-H1N1 HA1 (A/California/07/2009)(21). Serum antibodyoff-rate
constants and serum-neutralizingantibodytiters for different individual vaccinees (each
symbol is one individual)were determined as described in Materials and Methods.
Neutralizingtiter is expressedas standardized end-pointneutralizingantibodytiter of post-
H1N1 vaccine human sera. Antibody off-rate constants of human sera after vaccination with
MF59-adjuvantedor unadjuvantedSOIV-H1N1 vaccine correlated with their in vitro
neutralizingcapacity.Correlation statistics of the affinity measurement and off-rate
constants of the human sera between MF59-adjuvantedand unadjuvantedvaccine groups
were statisticallysignificantonly for the toddlers' samples(12 to 35 months) and young
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children (3 to 8 years),with P< 0.05 (test).
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Fig. 7.
Kinetics of antibodyaffinity maturation to HA after multiple immunizations with an MF59-

adjuvantedand unadjuvantedH5N1 subunit vaccine and its correlation with in vitro VN. (A

to F) SequentialSPR analysisof vaccine sera (afterthe first, second,and third vaccination

with unadjuvantedor MF59-adjuvantedH5N1 vaccine)was performedwith properly folded

H5N1 HA1 (A/Vietnam/1203/2204)(13, 47). Tenfold-diluted individual sera from three

arms of the NVD vaccine trial at 28 daysafter each immunization were evaluated. After

binding of the sera to the immobilized ligand,antibodyoff-rate constants were calculated

with a heterogeneoussamplemodel as described in Materials and Methods. Values on the X
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axis denote the end-pointVN titers (meanof three replicates)with individual sera in a VN

assay performedwith A/Vietnam/1203/2004-rgH5N1xPR8reassorted virus. Data plottedare
shown for four individuals from the unadjuvantedarm (A, C, and E) and six individuals
from the MF59- adjuvantedH5N1 vaccine arm (B, D, and F) in the NVD trial after first,
second,and third immunizations. To follow the serum VN titer and corresponding
polyclonal serum off-rate constants after every vaccination, the values for each individual
vaccinee are depictedwith the same colored symbolafter the first, second,and third
immunization in the three correspondingfiguresof each arm. Statistical analysisof the off-
rate constants between MF59-adjuvantedand unadjuvantedvaccine groups after each
vaccination showed statistical significancebetweenMF59-adjuvantedand unadjuvanted
vaccine groups only for samplesafter the third immunization, with P<0.05 (ttest).
(G)H5N1-HA1-specificaffinity of serum IgG after 7 M urea wash in individuals after the

$watermark-text
third vaccination with either MF59-adjuvantedor unadjuvantedH5N1 subunit vaccine (n=

=

6). Data are means ± SD of three independentexperiments.Differences between groups
were examined for statistical significancewith Student's test. A Pvalue of <0.05 was
considered to be significant.
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