
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Julie Olson,
University of Minnesota Twin Cities,
United States

REVIEWED BY

Qunying Mao,
National Institutes for Food and Drug
Control, China
David Cooper,
Pfizer, United States

*CORRESPONDENCE

Luciana D’Apice
luciana.dapice@cnr.it
Francesca Colavita
francesca.colavita@inmi.it

†
PRESENT ADDRESSES

Antonino Di Caro,
IRCCS Sacro Cuore Don Calabria
Hospital, Negrar di Valpolicella, Italy
Unicamillus International Medical
University of Rome, Italy
Concetta Castilletti,
IRCCS Sacro Cuore Don Calabria
Hospital, Negrar di Valpolicella, Italy

‡These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Viral Immunology,
a section of the journal
Frontiers in Immunology

RECEIVED 29 June 2022

ACCEPTED 12 September 2022
PUBLISHED 26 September 2022

CITATION

D’Apice L, Trovato M, Gramigna G,
Colavita F, Francalancia M, Matusali G,
Meschi S, Lapa D, Bettini A, Mizzoni K,
Aurisicchio L, Di Caro A, Castilletti C
and De Berardinis P (2022)
Comparative analysis of the
neutralizing activity against SARS-
CoV-2 Wuhan-Hu-1 strain and variants
of concern: Performance evaluation of
a pseudovirus-based neutralization
assay.
Front. Immunol. 13:981693.
doi: 10.3389/fimmu.2022.981693

TYPE Original Research
PUBLISHED 26 September 2022

DOI 10.3389/fimmu.2022.981693
Comparative analysis of the
neutralizing activity against
SARS-CoV-2 Wuhan-Hu-1 strain
and variants of concern:
Performance evaluation of a
pseudovirus-based
neutralization assay

Luciana D’Apice1*‡, Maria Trovato1‡, Giulia Gramigna2‡,
Francesca Colavita2*, Massimo Francalancia2, Giulia Matusali2,
Silvia Meschi2, Daniele Lapa2, Aurora Bettini2, Klizia Mizzoni2,
Luigi Aurisicchio3, Antonino Di Caro2†, Concetta Castilletti 2†

and Piergiuseppe De Berardinis1

1Institute of Biochemistry and Cell Biology, Consiglio Nazionale delle Ricerche (CNR), Naples, Italy,
2National Institute for Infectious Diseases “L. Spallanzani” Istituto Ricovero e Cura a Carattere
Scientifico (IRCCS), Rome, Italy, 3Cancer Immunology, Takis Biotech, Rome, Italy
Objectives: Emergence of new variants of SARS-CoV-2 might affect vaccine

efficacy. Therefore, assessing the capacity of sera to neutralize variants of

concern (VOCs) in BSL-2 conditions will help evaluating the immune status of

population following vaccination or infection.

Methods: Pseudotyped viruses bearing SARS-CoV-2 spike protein from

Wuhan-Hu-1/D614G strains (wild type, WT), B.1.617.2 (Delta), or B.1.1.529

(Omicron) VOCs were generated to assess the neutralizing antibodies (nAbs)

activity by a pseudovirus-based neutralization assay (PVNA). PVNA

performance was assessed in comparison to the micro-neutralization test

(MNT) based on live viruses. Sera collected from COVID-19 convalescents

and vaccinees receiving mRNA (BNT16b2 or mRNA-1273) or viral vector

(AZD1222 or Ad26.COV2.S) vaccines were used to measure nAbs elicited by

two-dose BNT16b2, mRNA-1273, AZD1222 or one-dose Ad26.CO2.S, at

different times from completed vaccination, ~ 1.5 month and ~ 4-6 months.

Sera from pre-pandemic and unvaccinated individuals were analyzed as

controls. Neutralizing activity following booster vaccinations against VOCs

was also determined.

Results: PVNA titers correlated with the gold standard MNT assay, validating the

reliability of PVNA. Sera analyzed late from the second dose showed a reduced
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neutralization activity compared to sera collected earlier. Ad26.CO2.S

vaccination led to very low or absent nAbs. Neutralization of Delta and

Omicron BA.1 VOCs showed significant reduction of nAbs respect to WT

strain. Importantly, booster doses enhanced Omicron BA.1 nAbs, with

persistent levels at 3 months from boosting.

Conclusions: PVNA is a reliable tool for assessing anti-SARS-CoV-2 nAbs

helping the establishment of a correlate of protection and the management

of vaccination strategies.
KEYWORDS

COVID-19, SARS-CoV-2, variants of concern, pseudotyped virus, neutralization assay,
neutralizing antibodies, vaccines, immunogenicity
Introduction
Levels of neutralizing antibodies (nAbs) are highly predictive

of immune protection from symptomatic SARS-CoV-2 infection

and thereby are strong predictors of vaccine efficacy (1, 2). Micro-

neutralization test (MNT) is the gold standard assay for detecting

nAbs. Nevertheless, the assay poses biosafety concerns related to

the use of live viruses that limit its availability to a restricted

number of high-containment laboratories. To overcome these

issues, several pseudovirus-based neutralization assays (PVNAs)

have been proposed and used worldwide (3–5).

In the effort of curtailing the persistent spread of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), eleven

vaccines (as of June, 2022) have been authorized by the World

Health Organization (WHO) for full or emergency use (https://

covid19.trackvaccines.org/agency/who/). The approved vaccines

exploit four distinct technological platforms and comprise the

mRNA-based BNT16b2 (Pfizer/BioNtech) and mRNA-1273

(Moderna), and the non-replicating adenoviral vector

Ad26.COV2.S (Johnson & Johnson/Janssen) and AZD1222

(ChAdOx1 vector, AstraZeneca/University of Oxford) vaccines.

These vaccines were designed to deliver (or express) the full-

length SARS-CoV-2 spike (S) protein derived from the ancestral

Wuhan-Hu-1 strain and have been extremely effective in

preventing severe coronavirus disease 2019 (COVID-19) (6).

Nevertheless, COVID-19 breakthrough infections have been

reported in vaccine recipients, likely due to waning immunity

and/or emergence of viral variants escaping vaccine-induced

immunity (7, 8).

B.1.617.2 (Delta; first identified in India) lineage of SARS-

CoV-2 became the predominant circulating variant at the

beginning of 2021, quickly fol lowed by the higher

transmissible B.1.1.529 (Omicron, first reported from South

Africa; BA.1 sublineage) variant (9) in November 2021, and
02
were subsequently defined as variants of concerns (VOCs),

carrying S polymorphisms.

Several studies showed a reduced in vitro neutralization of

the circulating VOC by sera from people who are infected with

the ancestral strains or immunized with authorized

vaccines (10).

The aim of this study was to evaluate performance and

reliability of a PVNA protocol in comparison to the gold

standard based on live virus in the detection of nAb response

against SARS-CoV-2 Wuhan-Hu-1/D614G strains (wild type,

WT), Delta and Omicron BA.1 variants in residual anonymized

serum samples collected from unvaccinated individuals, COVID-

19 convalescents and vaccinees early and late from second vaccine

dose administration. Finally, effectiveness of booster shots at

enhancing vaccinees’ immunity was investigated.
Materials and methods

Study design and participants

Residual serum samples stored following the diagnostic

routine activities performed at the National Institute for

Infectious Diseases “L. Spallanzani” (INMI, Rome, Italy) were

anonymized and used to test and validate the performance of

the novel PVNA as compared to the results obtained with MNT,

the gold standard based on live virus. Cohorts, time points

of analysis and sample characteristics are described in

Supplementary Methods.

The use of residual anonymized samples for the validation of

new diagnostic tools and the longitudinal collection for the

monitoring of antibody response induced by the vaccination

were approved by the “Comitato Etico INMI Lazzaro

Spallanzani IRCCS/Comitato Etico Unico Nazionale Covid-19”

(issues n. 70/2018 and n. 55/2022, respectively).
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Anti-SARS-CoV-2 IgG
chemiluminescence microparticle assay

As previously described (11), to detect anti-Nucleoprotein

(anti-N) IgG and anti-Spike/RBD IgG, the following assays were

used: ARCHITECT SARS-CoV-2 IgG, and ARCHITECT SARS-

CoV-2 IgG II Quantitative, on ARCHITECT® i2000sr; Abbott

Laboratories, Wiesbaden, Germany. According to the

manufacturer’s instructions, Index >1.4 and Binding Antibody

Units (BAU)/mL ≥7.1 are considered positive for anti-N and

anti-Spike/RBD IgG, respectively. According to the WHO

standard preparation for SARS-CoV-2 binding antibodies (12),

the results expressed as BAU/ml were obtained using the

following conversion factor from Abbott AU: 1 BAU/mL =

0.142 × AU/mL.
Micro-neutralization test

nAbs were assessed by micro-neutralization test (MNT)

using live SARS-CoV-2 viruses in BSL-3 facility. The

challenging viruses included (i) the Wuhan-D614G strain,

isolated in March 2020 in Italy (GISAID accession ID

EPI_ISL_ 568579; Ref-SKU: 008V-04005, from EVAg portal),

(ii) the Delta strain (GISAID accession ID EPI_ISL_3230211)

and (iii) the Omicron BA.1 strain (GISAID accession ID

EPI_ISL_7716384), isolated from a traveler who arrived to

Italy in December 2021. Viral stocks were prepared by

infecting Vero E6 cells and titre calculated according to the

Reed and Muench method and expressed as 50% Tissue Culture

Infective Dose (TCID50/ml) (13). For MNT, seven two-fold

serial dilutions in cell medium containing 2% fetal bovine serum

(starting dilution 1:10) of heat-inactivated serum samples (56°C

for 30 min) were titrated in duplicate, mixed with the same

volume (50 ml) containing 100 TCID50 SARS-CoV-2 and

incubated at 37°C for 30 min. Subsequently, virus-serum

mixtures were added to sub-confluent Vero E6 cells seeded in

96-well microplates and incubated at 37 C, 5% CO2. Microplates

were observed by light microscope for the presence of cytopathic

effect (CPE) after 48 hours for the Wuhan-D614G strain and

after 96 hours for the Omicron and Delta strains. Neutralization

titres were expressed as the reciprocal of the highest serum

dilution inhibiting at least 90% (MNT90) of CPE. When 90%

inhibition was not observed at the first dilution tested (1:10), the

sample was considered not able to neutralize (neutralization

titre <10). To standardize the inter-assay procedures, positive

control samples showing low (20) and high (160) neutralizing

activity were included in each session. In addition, serum from

the National Institute for Biological Standards and Control,

Blanche Lane, Ridge, Herts, UK (NIBSC) with known
Frontiers in Immunology 03
neutralization titer (Research reagent for anti-SARS-CoV-2 Ab

NIBSC code 20/136) was used as a reference in MNT during the

setting-up ad validation of the protocol.
Production and titration of SARS-CoV-2
S-pseudotyped lentiviruses

SARS-CoV-2 S-pseudotyped lentiviral particles harboring the

Luciferase (Luc) reporter gene were produced by transfection of

HEK293T cells (seeded 24 hours before transfection at a density of

3.5 × 106 cells/100 mm Petri dish) (14–16), as reported in

Supplementary Methods. The neutralization activity of each serum

sample was calculated as follows: % Neutralization = (RLUmax –

RLUexperimental)/(RLUmax – RLUmin)*100, where RLUmax was the

maximal infectivity calculated from untreated infected cells,

RLUexperimental was calculated from infected cells treated with each

serum dilution, RLUmin was the minimal infectivity calculated from

uninfected cells (17). The nAb titers were expressed as the reciprocal

of the highest serum dilution leading to 90% inhibition of RLUs

(IC90). All samples with neutralization titers < 10 were considered

negative and given an arbitrary value of IC90 = 5. The highest serum

dilutions resulting in 90% or 50% reduction of luciferase production

were referred to as pVNT90 or pVNT50, respectively. Neutralization

of VSVg pseudotyped lentivirus infection was used to assess false

positive results.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 9

(GraphPad Software, Inc., San Diego, CA). Spearman rank

correlation was used as non-parametric test to measure the

association between 90% live SARS-CoV-2 neutralization titers

(MNT90) and 90% pseudovirus neutralization titers (pVNT90).

Ratio between pVNT90 mean titers and MNT90 mean titers

(pVNT90/MNT90) was also calculated and included on

correlation plots to provide the mean bias between PVNA and

MNT. The Spearman’s rank correlation coefficients rs and the p

values in serum samples from all study participants are

presented in Table S1. Kruskal–Wallis test with Dunn’s

multiple comparison post-test was used to compare the nAb

titers among vaccine groups. A two-tailed non-parametric

Wilcoxon signed-rank test for paired observations or a two-

tailed non-parametric Mann–Whitney test for unpaired

observations was performed. P-values < 0.05 were considered

to be statistically significant. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001;

**** p < 0.0001. Concordance between the two assays and k

coefficient of agreement were also established.
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Results

Cohort description and binding antibody
responses to SARS-CoV-2

Samples negative for anti-SARS-CoV-2 were used as

negative controls for the assessment of the assay. These

samples included pre-pandemic sera collected in early 2019

and unvaccinated healthy individuals who showed absence of

anti-N and anti-Spike/RBD IgG. These groups included 7
Frontiers in Immunology 04
females and 7 males, with a mean age of 51 ± 17 years

(median:51; IQR:36.7–59.2). Samples from COVID-19

convalescent individuals collected at a median time of 93 days

(interquartile range, IRQ=84.5-99) from the infection were

positive to anti-Spike/RBD IgG with median levels of 397

BAU/mL (IQR: 168.9-574.9 BAU/mL). This group included 4

females and 6 males, with a mean age of 61 ± 10 years

(median:58; IQR:53.5-63). Samples collected from vaccinees

were selected according two different time points from the last

vaccine dose administration (Figure 1A): “short-time” consisting
B C

A

FIGURE 1

Serum collection schedule and nAb antibody detection. (A) Schematic representation of time points (blue: short-time; orange: long-time) of
serum collection for each cohort of donors. The median time from the 2nd dose of BNT162b2, mRNA-1273, and AZD1222 was of 56 days
(range 20–68 days), 44.5 days (range 22–67), and 55.5 days (range 20–72), respectively. The median time from the 2nd dose of BNT162b2,
mRNA-1273, AZD1222, and from the 1st dose of Ad26.CO2.S was of 138 days (range 101–191 days), 128 days (range 110–172), 132 days (range
110–192), and 136 days (range 120–162), respectively. (B) 90% live SARS-CoV-2 wild type (WT) neutralization titers (MNT90, left y-axis, hatched
bars) and 90% pseudovirus neutralization titers (pVNT90, right y-axis, open bars) were used as measure of nAb levels in sera from SARS-CoV-2
infected recovered donors or sera from vaccinated donors collected at different time points. Geometric means ± 95% confidence intervals were
reported. Neutralization titers < 10 were considered negative and given an arbitrary value of 5 (dotted line). Kruskal–Wallis test with Dunn’s
multiple comparison post-test was used to compare groups. ** p ≤ 0.01; **** p < 0.0001. (C) Correlation between pVNT90 and MNT90 titers
against SARS-CoV-2 WT strain. The non-parametric Spearman’s correlation coefficients (rs), statistically significant p values and ratio between
pVNT90 mean titers and MNT90 mean titers were provided. Perfect-fit correlation line was included on the plot. GMT: geometric mean titers;
n = number of samples.
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in samples collected after ~ 1.5 mo from the second vaccine dose

and “long-time” consisting in samples collected after 4-6 mo

from the last vaccine dose administration. These two groups

included 43 females and 46 males, respectively, with a mean age

of 58 ± 15 years (median:56; range:49.8–70.7). In addition,

although this study did not aim to compare vaccine

formulations, in order to evaluate the assay performance in a

more realistic population, we selected samples from individuals

receiving different vaccines, BNT162b2, mRNA-1273,

AZD1222, Ad26.COV2.S, with no differences in age and

gender. All vaccinees were negative to anti-N IgG and

presented positive anti-Spike/RBD IgG both at short and long

time from last dose vaccine (Figure S1). Finally, the cohort of

vaccinees receiving booster dose of mRNA vaccine included 14

females and 4 males with a mean age of 46 ± 13 years

(median:48; IQR:36-56).
SARS-CoV-2 pseudotyped system
efficiently detects neutralizing
antibodies: Comparison with the MNT
reference test

The PVNA, using SARS-CoV-2 pseudoviruses carrying the

WT SD19 protein, was first compared to the MNT using live

SARS-CoV-2 Wuhan-Hu-1/D614G strains (wild type, WT).

Results were measured as pVNT90 and MNT90 titers,

respectively. Of the 14 samples negative for anti-SARS-CoV-2

antibodies, all resulted negative also for nAbs using MNT, while

PVNA detected correctly 13 (93.0%) samples as negative. The

sample with false positive result (pVNT90 = 1:160) showed

reactivity also against the VSVg pseudotyped lentivirus, thus it

was excluded from further analysis.

The reliability of SARS-CoV-2 pseudotyped system in

detecting nAbs was validated using samples positive for anti-

Spike/RBD IgG collected from a cohort of COVID-19

convalescent individuals (n=10) collected after a median time

of 93 days from symptoms onset, and from a cohort of vaccinees

(n=89) at different time points from the last dose administration

(Figure 1A). Among 99 anti-Spike/RBD IgG positive samples, 83

(83.8%) had positive nAbs by MNT (MNT90≥1:10); of these

samples, PVNA detected nAbs in 64 (77.1%) samples. One of

these samples showed cross-reactivity against the VSVg

pseudotyped lentivirus, resulting with pVNT90 = 1:160 vs

MNT90 = 1:20. Nineteen samples resulted positive for nAbs in

MNT but negative in PVNA. Notably, false-negative results by

PVNA were observed in those samples with low MNT90

(between 1:10 and 1:20).

Overall, considering the total of the samples (n=113) tested

against WT SARS-CoV-2, the comparison between the two

assays showed a “substantial agreement” for nAb detection

(82.3% concordance, k coefficient = 0.619; 95%CI: 0.477-

0.761). The result was confirmed also when excluding the two
Frontiers in Immunology 05
samples showing reactivity also against the VSVg pseudotyped

lentivirus (82.9% concordance, k coefficient = 0.634; 95%CI:

0.495-0.773). In addition, similar results in nAb titres were

observed, as confirmed also by the Spearman ’s rank

correlation (rs = 0.9231; p < 0.0001) (Figures 1B, C).

Although the aim of the work was not to compare vaccine

platforms, serum samples from vaccinated volunteers were

analyzed in detail comparing the two assays (Figure 2). Both

the MNT and PVNA assays revealed neutralizing activity at

short time points (~ 1.5 mo) post-second vaccine dose in a total

of 26/29 (89.7%) samples, consisting in 88.9% (8 of 9) of

individuals receiving BNT162b2, 80.0% (8 of 10) receiving

AZD1222 and 100% (10 of 10) of mRNA-1273 vaccinees

(Figure 2A). When sera collected at longer time points (4–6

mo) were analyzed, a reduction of nAb levels were observed and

were detected in 78.3% (47 of 60) and in 48.3% (29 of 60) of

vaccinees by MNT or PVNA, respectively (Figure 2B). Notably,

for this time point, we included in the study also sera collected

from donors vaccinated with Ad26.COV2.S (which is

administered as single dose). In this latter case, very low or

absent nAb levels were observed (Figure 2B).

Comparing the nAb titres, the MNT and the PVNA assays

showed very similar GMTs (Figures 2A, B). Indeed, pVNT90

titers strongly correlated with MNT90 titers across samples

collected both early (Figure 2C, rs = 0.9139) and late

(Figure 2D, rs = 0.8444) from vaccination, validating the

reliable performance of SARS-CoV-2 pseudotyped system.

Correlation analyses revealed also a positive association

between MNT90 titers and levels of IgG to RBD (Figure S2A,

rs = 0.8429; Figure S2B, rs = 0.8215) and between pVNT90 titers

and anti-RBD IgG (Figure S2C, rs = 0.8843; Figure S2D, rs =

0.7953) across all analyzed samples. The highest correlation was

observed between pVNT90 titers and anti-RBD IgG levels in sera

collected early from vaccination (Figure S2C, rs = 0.8843).

When SARS-CoV-2 WT neutralization was analyzed at a

threshold of 50% reduction of Luc production (pVNT50), as

expected, an increase of GMTs was observed in each study

cohort, except for pre-pandemic and unvaccinated not infected

individuals (neg ctrl) (Figures S3A-C). The highest GMT values

were observed in sera collected at short- or long-time from

mRNA-1273 vaccination (Figures S3B, C), consistent with the

90% neutralization analysis.
PVNA vs MNT for Delta and Omicron
variants: Neutralization activity is
impaired by mutations in VOCs

All approved COVID-19 vaccines were developed against

the ancestral S protein. Studies evaluating the effectiveness of

different vaccines are required to understand the potential ability

of VOCs to escape from vaccine-induced immunity. To evaluate

the neutralization activity against infection by VOCs, the two
frontiersin.org
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neutralization assays were performed using live SARS-CoV-2

Delta and Omicron BA.1 variants and pseudoviruses carrying

the Delta and Omicron BA.1 SD19 proteins. MNT90 and

pVNT90 titers to Delta and Omicron VOCs were then

compared (Figures 3, 4). The MNT90 titers in all vaccinated

individuals were lower against the Delta variant (Figures 3A, B)

than against the WT strain (Figures 2A, B). The highest GMT

values were observed in sera collected at short time frommRNA-

1273 vaccination (Figure 3A). Sera collected late from

vaccination showed a reduced neutralizing activity compared

to those collected early, with the mRNA-1273 vaccinees having

higher Delta nAbs (Figure 3B). Similar results were observed
Frontiers in Immunology 06
when sera were analyzed by PVNA assay, as confirmed by the

positive correlations shown in Figure 3C (rs = 0.9486, p<0.0001)

and Figure 3D (rs = 0.8844, p<0.0001). The 50% neutralization

analysis gave comparable results, with the mRNA-1273 group

having the highest Delta GMTs (Figures S4A, B).

There was a reduction in the neutralizing activity against the

Delta variant as compared to WT in all sera collected early and

late from vaccination with two doses of BNT162b2 (Figures S5A,

B), mRNA-1273 (Figures S5C, D), and AZD122 (Figures S5E, F).

None of sera collected late from one-dose Ad26.COV2.S

vaccination had detectable nAbs against the Delta variant

(Figure S5G).
B

C

D

A

FIGURE 2

Live virus MNT and SARS-CoV-2 PVNA on sera collected from vaccinated donors produce comparable results. (A, B) 90% live SARS-CoV-2 wild
type (WT) neutralization titers (MNT90, left y-axis, hatched bars) and 90% pseudovirus neutralization titers using pseudotyped lentiviruses
carrying the WT SD19 protein (pVNT90, right y-axis, open bars) in sera drawn from (A) unvaccinated and recipients of two-dose BNT162b2,
mRNA-1273, and AZD1222 collected at a median time of ~ 1.5 mo post-second vaccine dose; (B) unvaccinated and recipients of two-dose
BNT162b2, mRNA-1273, AZD1222, or one dose Ad26.CO2.S collected at a median time of ~ 4–6 mo post-vaccination. Geometric means ± 95%
confidence intervals were reported. Neutralization titers < 10 were considered negative and given an arbitrary value of 5 (dotted line). Kruskal–
Wallis test with Dunn’s multiple comparison post-test was used to compare groups. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.0001.
(C) Correlation between pVNT90 and MNT90 titers shown in (A); (D) correlation between pVNT90 and MNT90 titers shown in (B). The non-
parametric Spearman’s correlation coefficients (rs), statistically significant p values and ratio between pVNT90 mean titers and MNT90 mean titers
were provided. Perfect-fit correlation line was included on the plots. GMT: geometric mean titers; n = number of samples.
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Compared to WT neutralization (Figure 2), neutralization

activities against Omicron VOC resulted impaired in all

vaccinated individuals with both assays (Figures 4A, B), for

which the MNT90 and pVNT90 titers positively correlated as

shown in Figures 4C, D. Additional analyses using sera from

COVID-19 convalescents demonstrated an impairment of the

neutralizing activity against Omicron VOC also in this cohort

(Figure S6).

The pVNT90 titers reported in Figure S7 points out how the

mutation accumulated in the S protein of the Omicron BA.1

variant affects the neutralizing activity induced by the different
Frontiers in Immunology 07
vaccines either at short or at long time since completing the

vaccination schedule. Relative to GMT values against WT, in line

with the general waning of the immune response, there was

respectively a 6.1-fold and 1.8-fold reduction early and late from

vaccination with two doses of BNT162b2 (Figures S7A, B), a

13.1-fold and 4-fold reduction early and late from vaccination

with two doses of mRNA-1273 (Figures S7C, D), and a 3.3-fold

and 1.8-fold reduction early and late from vaccination with two

doses of AZD1222 (Figures S7E, F). None of sera collected late

from the single-dose Ad26.COV2.S vaccination had detectable

nAbs against the Omicron variant for both assays (Figure S7G).
B

C

D

A

FIGURE 3

Neutralizing antibodies against SARS-CoV-2 Delta variant are detected either by MNT or PVNA. (A, B) 90% live SARS-CoV-2 Delta neutralization
titers (MNT90, left y-axis, hatched bars) and 90% pseudovirus neutralization titers using pseudotyped lentiviruses carrying the Delta SD19 protein
(pVNT90, right y-axis, open bars) in sera drawn from (A) unvaccinated and recipients of two-dose BNT162b2, mRNA-1273, and AZD1222
collected at a median time of ~ 1.5 mo post-second vaccine dose; (B) unvaccinated and recipients of two-dose BNT162b2, mRNA-1273,
AZD1222, or one dose Ad26.CO2.S collected at a median time of ~ 4–6 mo post-vaccination. Geometric means ± 95% confidence intervals
were reported. Neutralization titers < 10 were considered negative and given an arbitrary value of 5 (dotted line). Kruskal–Wallis test with Dunn’s
multiple comparison post-test was used to compare groups. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001. (C) Correlation between pVNT90 and MNT90
titers shown in (A); (D) correlation between pVNT90 and MNT90 titers shown in (B). The non-parametric Spearman’s correlation coefficients (rs),
statistically significant p values and ratio between pVNT90 mean titers and MNT90 mean titers were provided. Perfect-fit correlation line was
included on the plots. GMT: geometric mean titers; n = number of samples.
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Booster shots increase nAbs against WT
and Omicron variant

Effect of vaccine boosters at enhancing protection against

VOCs was investigated analyzing sera from 18 mRNA recipients

collected at a median time of ~ 1 mo, (26 days) and ~ 3 mo (96

days) from the third vaccine dose (Figure 5A). The pVNT90

titers to SARS-CoV-2WT strain or Omicron BA.1 variant in this

cohort are reported in Figures 5B, C, respectively. Boosted

vaccinees had a WT GMT of 335.1 at ~ 1 mo after the third

dose, that significantly decreased to a GMT of 115.8 at ~ 3 mo
Frontiers in Immunology 08
from boosting (Figure 5B). The Omicron GMT at ~ 1 mo post-

third vaccine dose was of 35 that significantly decreased to a

GMT of 17 following ~ 3 mo from the booster shots (Figure 5C).

It should be emphasized that after vaccine boosting (regardless

of the type of vaccine previously administered), nAb GMT

against the Omicron VOC increased in comparison to the

results observed for individuals receiving two doses of vaccine

(Figures 3, 4). In Figure 5D the correlative statistical analysis for

paired samples was reported to compare the individual response

against Omicron at ~ 1 mo and ~ 3 mo from boosting. Although

a significant reduction of the neutralizing activity was observed
B

C

D

A

FIGURE 4

Neutralizing antibodies against SARS-CoV-2 Omicron variant are detected either by MNT or PVNA. (A, B) 90% live SARS-CoV-2 Omicron
neutralization titers (MNT90, left y-axis, hatched bars) and 90% pseudovirus neutralization titers using pseudotyped lentiviruses carrying the
Omicron SD19 protein (pVNT90, right y-axis, open bars) in sera drawn from (A) unvaccinated and recipients of two-dose BNT162b2, mRNA-1273,
and AZD1222 collected at a median time of ~ 1.5 mo post-second vaccine dose; (B) unvaccinated and recipients of two-dose BNT162b2,
mRNA-1273, AZD1222, or one dose Ad26.CO2.S collected at a median time of ~ 4–6 mo post-vaccination. Geometric means ± 95% confidence
intervals were reported. Neutralization titers < 10 were considered negative and given an arbitrary value of 5 (dotted line). Kruskal–Wallis test
with Dunn’s multiple comparison post-test was used to compare vaccine groups. * p < 0.05. (C) Correlation between pVNT90 and MNT90 titers
shown in (A); (D) correlation between pVNT90 and MNT90 titers shown in (B). The non-parametric Spearman’s correlation coefficients (rs),
statistically significant p values and ratio between pVNT90 mean titers and MNT90 mean titers were provided. Perfect-fit correlation line was
included on the plots. GMT: geometric mean titers; n = number of samples.
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(fold decrease of 2.1), boosted vaccinees had persistent levels of

Omicron nAbs after 3 months from boosting. In the interval that

occurred between the blood sampling, 3 donors were infected by

SARS-CoV-2 and were excluded from the analysis. Individuals
Frontiers in Immunology 09
exposed to the virus had a GMT of 32 that increased to 101

following the infection (Figure 5E), consistent with finding

previously reported (18). When neutralization was analyzed at

a threshold of 50%, WT GMTs decreased from 442.2 at ~ 1 mo
B C

D E

A

FIGURE 5

Vaccine booster shots strengthen nAb response against Omicron VOC. (A) Schematic representation of serum collection time points.
(B, C) Violin plots representing Log of pVNT90 observed in sera (n = 15) collected at ~ 1 mo or ~ 3 mo after vaccine boost and challenged with
(B) SARS-CoV-2 WT or (C) Omicron pseudotyped lentiviruses. A two-tailed non-parametric Mann–Whitney test for unpaired observations was
performed. * p < 0.05; ** p ≤ 0.01. (D) pVNT90 titers against Omicron VOC in sera collected at ~ 1 mo and ~ 3 mo after vaccine boost report
immune response waning after three months. ** p ≤ 0.01. (E) pVNT90 titers against Omicron VOC observed in sera from three donors infected
with SARS-CoV-2 and excluded from the previous analyses. A two-tailed non-parametric Wilcoxon signed-rank test was performed for paired
observations (D, E). Geometric mean titers are reported. n = number of samples.
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after the third dose to a GMT of 291.8 at ~ 3 mo from boosting

(Figure S8A). The Omicron GMT at ~ 1 mo post-third vaccine

dose was of 87.8 that significantly decreased to a GMT of 33.3

following ~ 3 mo from the booster shots (Figure S8B).
Discussion

Understanding the quantity, quality and duration of the

antibody response is compelling to predict protection against

SARS-CoV-2. It has been demonstrated that assessing the level

of nAbs that block viral entry into cells is a fundamental

parameter in determining protection (1). However, with the

ongoing of COVID-19 epidemic, new strains of SARS-CoV-2

(VOCs) are continuously emerging. These variants quickly

spread worldwide and caused the four waves of global

epidemics. Evaluation of the efficacy of the antibody response,

either following vaccination or natural infection, against

different VOCs is of capital interest in the attempt of

estimating how emerging variants could be recognized and

eventually evade the immune response in the population.

Moreover, the availability of standardized and easy-to-

implement methods for measuring nAbs could in the future

allow a more personalized approach to vaccination strategies.

Determining neutralization activity poses challenges, as

these assays generally rely on live virus replication, requiring a

high containment (BSL-3) laboratory, specialized personnel and

well-established protocols from the virus isolation and culture to

the neutralization assay. To address this issue, a variety of

surrogate assays have been proposed, based on enzyme-linked

immunosorbent assay (ELISA) test or on live surrogate virus,

such as live attenuated SARS-CoV-2 or pseudoviruses

(3, 19–24). ELISA-based test presents advantages such as low

cost, speed, and safety but only antibodies that block the RBD/

ACE2 interaction are detected, thus both the neutralizing

activity and the detection of non-RBD binding antibodies

which may also be neutralizing are missing. Live attenuated

and replication-deficient pseudotyped-virus neutralization

assays are a safe alternative to evaluate protective antibody

response in sera from vaccinees or convalescent individuals.

The properties of the engineered viruses allow nAb experiments

to be performed in BSL-2 laboratories. This is of a great

advantage, as highly pathogenic viruses such as SARS-CoV-2

require BSL-3 laboratories. Different pseudovirus-based assays

have been reported and widely used for the detection of anti-

SARS-CoV-2 nAbs with the potential to be deployed for the

large-scale testing as high-throughput screening of COVID-19

patients or vaccinated people in general lab settings (25). Live

attenuated SARS-CoV-2 pseudoviruses are more similar to the

authentic SARS-CoV-2 as only part of the viral proteins are

deleted, however it is crucial to define the attenuation

mechanisms (19, 20). Pseudotyped viruses based only on the
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Spike protein, although they rule out the response against other

viral antigens, allow the easy production of mutant S proteins,

thus rapidly set up safe tests against new variants or introduce

specific point mutation to evaluate the importance of selected

protein regions (26).

In this context, we have set up a neutralization assay for

SARS-CoV-2, producing ACE2/TMPRSS2-stably expressing

target cell line and a pseudotyped lentiviral vector harboring

the S protein of SARS-CoV-2 with detection based

on luminescence.

The reliability of our assay was demonstrated in comparison

to the MNT gold standard assay based on live virus, by testing

residual anonymized samples negative to anti-SARS-CoV-2

antibodies (pre-pandemic and healthy unvaccinated individuals)

and samples collected from COVID-19 convalescent individuals

and vaccinees at different time ranges from the last dose

administration. The PVNA assay showed a substantial

agreement in the detection of nAbs as compared to the gold

standard. We observed linear significant correlation of nAb levels

(pVNT90 and MNT90) either with WT, Delta or Omicron VOC,

both in convalescent individuals with natural response and

vaccinees with different vaccine formulation. Lower sensitivity

in samples with very low nAb MNT90 was observed for PVNA.

We report results of our test as 90% neutralization. This

value was established in order to assess the new assay in

relationship to the gold standard assay based on live virus,

which is set for the estimation of 90% neutralization. As

several research articles report neutralization assay with a

threshold at 50% of neutralization, we also added as

Supplementary Data the pVNT50 values. It should be noted

that, while the GMT values for each group are higher, the overall

results here discussed are unaffected, confirming the reliability of

our assay.

In addition, as evidenced by the false positive result

obtained, the PVNA could be limited by the potential

interference of reverse transcription or integration of luciferase

reporter gene in subjects on anti-retroviral therapy (15). For this

reason, we added in the assay a control with VSVg pseudotyped

lentivirus to exclude potential nAb false positive samples from

the study.

The detailed analysis of samples collected from vaccinated

individuals showed that vaccination with mRNA-1273 induced

higher nAb levels both after short and long time from the second

dose administration than vaccination with BNT16b2, AZD1222

and Ad26.CoV2.S vaccines. However, we have observed the

absence of nAbs in Ad26 vaccinated individuals six months

after the single administration. This is in contrast to the report

published by GeurstvanKassel et al. (27) who analyzed nAb

levels in health care workers (HCW) immunized with mRNA

and viral vector vaccines showing their persistence although at a

decreased level six months after completing the two dose

vaccination with the different vaccine formulations, including
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one dose of Ad26.CoV2.S vaccines. However, it should be

emphasized that our cohort was probably less exposed to virus

contact with respect to HCWs.

Various reports have shown that sera isolated from

vaccinated individuals have reduced neutralizing activity

against VOCs as Delta and Omicron (28, 29). It has been

speculated that vaccines inducing high level nAbs are still

efficacious against VOCs where the Spike protein is similar to

the WT. When titres are lower (due to vaccine type and VOC

with cumulative spike mutations), small additional changes in

nAb titres (age, immune status, waning of immune response)

produce a stronger effect on vaccine efficacy (30). In our study,

nAbs targeting the Delta and the Omicron variants were

significantly lower in BNT16b2, mRNA-1273, and AZD1222

groups compared to antibodies targeting WT. However, samples

with higher nAb levels showed a less decrease after long time

from the completion of the vaccination schedule.

Finally, in agreement with previous studies (31, 32), we

observed that a booster vaccination increase nAb titers against

the Omicron variant. Importantly, here we report the persistence

of neutralizing activity also against the Omicron VOC three

month after the booster dose.

Overall, setting up a reliable neutralization assay easily

performed in a not stringent containment remain a crucial

issue and evidence are presented here on the fulfillment of

these conditions by the analysis of sera of convalescent and

vaccinated individuals, screening the ability of individual sera to

neutralize VOCs after completed schedule of vaccinations and

booster administration. This work may be also pivotal to

standardize the various assays often applied in different

laboratories in order to define the correlates of protection.

The study presented here has some limitations mainly due to

the low sample size, the absence of a fixed time schedule of sample

collection and the restricted, sometimes non-comparable, timing of

the vaccination groups. This study was not designed to compare the

effectiveness of the different vaccination strategies in generating an

antibody response, but only to demonstrate that the proposed

method is applicable and has a good analytical performance in

multiple conditions, representing a valuable alternative for

measuring nAb response. Moreover, the study is skewed toward

healthy adult participants.
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17. Trinité B, Tarrés-Freixas F, Rodon J, Pradenas E, Urrea V, Marfil S, et al.
SARS-CoV-2 infection elicits a rapid neutralizing antibody response that correlates
with disease severity. Sci Rep (2021) 11:2608. doi: 10.1038/s41598-021-81862-9
Frontiers in Immunology 12
18. Khan K, Karim F, Cele S, San JE, Lustig G, Tegally H, et al. Omicron infection of
vaccinated individuals enhances neutralizing immunity against the delta variant.
medRxiv [Preprint] (2022) 28:2021. doi: 10.1101/2021.12.27.21268439

19. Zou J, Xia H, Shi PY, Xie X, Ren P. A single-round infection fluorescent
SARS-CoV-2 neutralization test for COVID-19 serological testing at a biosafety
level-2 laboratory. Viruses (2022) 14:1211. doi: 10.3390/v14061211

20. Liu Y, Zhang X, Liu J, Xia H, Zou J, Muruato AE, et al. A live-attenuated SARS-
CoV-2 vaccine candidate with accessory protein deletions.Nat Commun (2022) 13:4337.
doi: 10.1038/s41467-022-31930-z

21. Li Q, Liu Q, Huang W, Li X, Wang Y. Current status on the development of
pseudoviruses for enveloped viruses. Rev Med Virol (2018) 28:e1963. doi: 10.1002/
rmv.1963

22. Di Genova C, Sampson A, Scott S, Cantoni D, Mayora-Neto M, Bentley E,
et al. Production, titration, neutralisation, storage and lyophilisation of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) lentiviral pseudotypes. Bio
Protoc (2021) 11:e4236. doi: 10.21769/BioProtoc.4236

23. Hyseni I, Molesti E, Benincasa L, Piu P, Casa E, Temperton NJ, et al.
Characterisation of SARS-CoV-2 lentiviral pseudotypes and correlation between
pseudotype-based neutralisation assays and live virus-based micro neutralisation
assays. Viruses (2020) 12:1011. doi: 10.3390/v12091011

24. TanCW,ChiaWN,QinX, Liu P,ChenMI,TiuC, et al. A SARS-CoV-2 surrogate
virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-
protein interaction. Nat Biotechnol (2020) 38:1073–8. doi: 10.1038/s41587-020-0631-z

25. Sholukh AM, Fiore-Gartland A, Ford ES, Miner MD, Hou YJ, Tse LV, et al.
Evaluation of cell-based and surrogate SARS-CoV-2 neutralization assays. J Clin
Microbiol (2021) 59:e0052721. doi: 10.1128/JCM.00527-21

26. Toon K, Bentley EM, Mattiuzzo G. More than just gene therapy vectors:
Lentiviral vector pseudotypes for serological investigation. Viruses (2021) 13:217.
doi: 10.3390/v13020217

27. GeurtsvanKessel CH, Geers D, Schmitz KS, Mykytyn AZ, Lamers MM, Bogers S,
et al. Divergent SARS-CoV-2 omicron-reactive T and b cell responses in COVID-19
vaccine recipients. Sci Immunol (2022) 7:eabo2202. doi: 10.1126/sciimmunol.abo2202

28. Lustig Y, Zuckerman N, Nemet I, Atari N, Kliker L, Regev-Yochay G, et al.
Neutralising capacity against delta (B.1.617.2) and other variants of concern
following comirnaty (BNT162b2, BioNTech/Pfizer) vaccination in health care
workers, Israel. Euro Surveill (2021) 26:2100557. doi: 10.2807/1560-
7917.ES.2021.26.26.2100557

29. Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al.
Covid-19 vaccine effectiveness against the omicron (B.1.1.529) variant. N Engl J
Med (2022) 386:1532–46. doi: 10.1056/NEJMoa2119451

30. Wall EC, WuM, Harvey R, Kelly G, Warchal S, Sawyer C, et al. Neutralising
antibody activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by BNT162b2
vaccination. Lancet (2021) 397:2331–3. doi: 10.1016/S0140-6736(21)01290-3

31. Lusvarghi S, Pollett SD, Neerukonda SN, Wang W, Wang R, Vassell R, et al.
SARS-CoV-2 BA.1 variant is neutralized by vaccine booster-elicited serum, but
evades most convalescent serum and therapeutic antibodies. Sci Transl Med (2022)
14:eabn8543. doi: 10.1126/scitranslmed.abn8543

32. Pajon R, Doria-Rose NA, Shen X, Schmidt SD, O'Dell S, McDanal C, et al.
SARS-CoV-2 omicron variant neutralization after mRNA-1273 booster
vaccination. N Engl J Med (2022) 386:1088–91. doi: 10.1056/NEJMc2119912

COPYRIGHT

© 2022 D’Apice, Trovato, Gramigna, Colavita, Francalancia, Matusali,
Meschi, Lapa, Bettini, Mizzoni, Aurisicchio, Di Caro, Castilletti and De
Berardinis. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
frontiersin.org

https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1080/22221751.2020.1743767
https://doi.org/10.1016/j.chom.2020.06.021
https://doi.org/10.1038/s41467-021-22958-8
https://doi.org/10.1038/s41467-021-22958-8
https://doi.org/10.1038/s41577-021-00592-1
https://doi.org/10.1038/s41577-021-00592-1
https://doi.org/10.1016/j.cmi.2021.10.005
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1038/s41392-022-00903-5
https://doi.org/10.3389/fimmu.2022.879036
https://doi.org/10.3389/fimmu.2022.879036
https://doi.org/10.1515/cclm-2021-0700
https://www.who.int/groups/expertcommittee-on-biological-standardization
https://www.who.int/groups/expertcommittee-on-biological-standardization
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1097/CJI.0000000000000259
https://doi.org/10.1097/CJI.0000000000000259
https://doi.org/10.1371/journal.pone.0248348
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1038/s41598-021-81862-9
https://doi.org/10.1101/2021.12.27.21268439
https://doi.org/10.3390/v14061211
https://doi.org/10.1038/s41467-022-31930-z
https://doi.org/10.1002/rmv.1963
https://doi.org/10.1002/rmv.1963
https://doi.org/10.21769/BioProtoc.4236
https://doi.org/10.3390/v12091011
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1128/JCM.00527-21
https://doi.org/10.3390/v13020217
https://doi.org/10.1126/sciimmunol.abo2202
https://doi.org/10.2807/1560-7917.ES.2021.26.26.2100557
https://doi.org/10.2807/1560-7917.ES.2021.26.26.2100557
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1016/S0140-6736(21)01290-3
https://doi.org/10.1126/scitranslmed.abn8543
https://doi.org/10.1056/NEJMc2119912
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.981693
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Comparative analysis of the neutralizing activity against SARS-CoV-2 Wuhan-Hu-1 strain and variants of concern: Performance evaluation of a pseudovirus-based neutralization assay
	Introduction
	Materials and methods
	Study design and participants
	Anti-SARS-CoV-2 IgG chemiluminescence microparticle assay
	Micro-neutralization test
	Production and titration of SARS-CoV-2 S-pseudotyped lentiviruses
	Statistical analysis

	Results
	Cohort description and binding antibody responses to SARS-CoV-2
	SARS-CoV-2 pseudotyped system efficiently detects neutralizing antibodies: Comparison with the MNT reference test
	PVNA vs MNT for Delta and Omicron variants: Neutralization activity is impaired by mutations in VOCs
	Booster shots increase nAbs against WT and Omicron variant

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


