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SARS-CoV-2 mRNA Vaccines
Elicit Different Responses
in Immunologically Naive
and Pre-Immune Humans
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Jasper L. Gattiker', Alexandria M. Jefferson” and Ted M. Ross ""?*

T Center for Vaccines and Immunology, University of Georgia, Athens, GA, United States, 2 Department of Infectious
Diseases, University of Georgia, Athens, GA, United States

As the COVID-19 pandemic continues, the authorization of vaccines for emergency use
has been crucial in slowing down the rate of infection and transmission of the SARS-CoV-
2 virus that causes COVID-19. In order to investigate the longitudinal serological
responses to SARS-CoV-2 natural infection and vaccination, a large-scale, multi-year
serosurveillance program entitled SPARTA (SARS SeroPrevalence and Respiratory Tract
Assessment) was initiated at 4 locations in the U.S. The serological assay presented here
measuring IgG binding to the SARS-CoV-2 receptor binding domain (RBD) detected
antibodies elicited by SARS-CoV-2 infection or vaccination with a 95.5% sensitivity and a
95.9% specificity. We used this assay to screen more than 3100 participants and selected
20 previously infected pre-immune and 32 immunologically naive participants to analyze
their antibody binding to RBD and viral neutralization (VN) responses following vaccination
with two doses of either the Pfizer-BioNTech BNT162b2 or the Moderna mRNA-1273
vaccine. Vaccination not only elicited a more robust immune reaction than natural
infection, but the level of neutralizing and anti-RBD antibody binding after vaccination is
also significantly higher in pre-immune participants compared to immunologically naive
participants (p<0.0033). Furthermore, the administration of the second vaccination did not
further increase the neutralizing or binding antibody levels in pre-immune participants
(p=0.69). However, ~46% of the immunologically naive participants required both
vaccinations to seroconvert.

Keywords: SARS-CoV-2, coronavirus, vaccination, immunization, pre-immune, neutralization, antibody response

INTRODUCTION

In December 2019, individuals linked to an animal market in Wuhan, China presented with what
was initially described as atypical pneumonia. Bronchoalveolar lavage fluid collected from
hospitalized individuals contained a novel coronavirus detected by Illumina and Nanopore
sequencing and electron microscopy (1). This novel coronavirus, SARS-CoV-2, is a member of
the Betacoronavirus genus in the Coronaviridae family (2). Four main structural proteins make up
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the SARS-CoV-2 virion: nucleocapsid proteins surround the
positive strand RNA genome, membrane proteins connect the
membrane to the nucleocapsid, envelope proteins facilitate
budding and detachment from the host cell, and spike proteins
are involved in host receptor binding (3). Similar to the closely
related SARS virus that caused a 2003 outbreak, SARS-CoV-2
targets the ACE2 receptor located on the surface of the host cells
(4-7).

Since its initial identification, SARS-CoV-2 spread rapidly
and resulted in a global pandemic. According to the World
Health Organization, there is a cumulative burden of over 168
million confirmed cases and 3.5 million deaths as of May 28,
2021. In order to effectively combat the ongoing pandemic, a
combination of targeted interventions and effective vaccines
are required in conjunction with a deeper understanding of
the elicited immune responses. The SARS-CoV-2 spike
protein has been used as the primary antigen in several
vaccines authorized for emergency use (EUA) by the U.S.
Food and Drug Administration (FDA) (8-10). The spike
protein is highly immunogenic, and is able to elicit a wide
array of serological and cellular responses (11, 12). Many
neutralizing antibodies isolated from convalescent human
sera specifically target the 223 amino acid receptor binding
domain (RBD; amino acids 319-541) of the 1273 amino acid
spike protein (13, 14). Therefore, RBD-directed antibodies are
a suitable predictor of both serological binding and
neutralizing potential (13, 15-17).

In December 2020, two mRNA-based vaccines received EUA
in the U.S. Both the Pfizer-BioNTech BNT162b2 vaccine (2x
30pg doses 21 days apart) and the Moderna mRNA-1273 vaccine
(2x 100pug doses 28 days apart) contain mRNA coding for the
full-length spike protein (8, 9). These vaccines are delivered
intramuscularly in a positively charged lipid nanoparticle to
enhance host cell uptake (8, 9). Following endocytosis and
endosomal escape, the mRNA is translated into protein by the
host cells. Two proline mutations in the C-terminal S2 fusion
machinery were inserted into the pre-fusion spike protein
conformation to more closely mimic the intact virus (18-20).
When displayed by antigen-presenting cells (APCs), the spike
protein stimulates a similar immune response to antigens
presented over the course of a natural infection (21). In human
trials, both vaccines reported 95% efficacy in healthy adults in
preventing symptomatic infection by SARS-CoV-2 (8, 9). Full
immunization is achieved 14 days following the second
vaccination (9, 22). However, it is yet to be determined how
quickly serological immunity wanes or what the exact nature of
the memory response is upon re-exposure to the virus.

In order to explore these questions, our group initiated a
large-scale longitudinal surveillance program entitled SPARTA
to investigate the durability and effectiveness of immune
responses to SARS-CoV-2 infection, re-infection, and
vaccination. Blood was collected for the analysis of serological
and cellular immune responses, and saliva was collected to test
for the presence of SARS-CoV-2 viral RNA by nucleic acid
amplification test (NAAT). Many SPARTA participants belong
to high-risk groups prioritized for receiving early vaccination.

Here, we present validation for our serological assays used for
SPARTA, as well as data tracking SARS-CoV-2-specific antibody
levels in 32 immunologically naive and 20 previously infected
pre-immune participants going through vaccination by
measuring both anti-RBD antibody binding via indirect ELISA,
and viral neutralization (VN) using the USA-WA1/2020 SARS-
CoV-2 strain. We also demonstrated how the effect of a single
vaccination differs in immunologically naive and pre-immune
participants. While most researchers focus only on using ELISA
or surrogate virus pseudo-neutralization assays as a substitute for
VN with varying results (23-29), we felt it was not only
important to demonstrate the capacity of antibodies to bind to
a SARS-CoV-2-derived protein, but also to assess in vitro
protection against infectious SARS-CoV-2 virus by analyzing
the potential of serum antibodies to limit virus-mediated
cytopathic effects.

MATERIALS AND METHODS

Ethics Statement and the Role of the
Funding Source

The study procedures, informed consent, and data collection
documents were reviewed and approved by the WIRB-
Copernicus Group Institutional Review Board (WCG IRB
#202029060) and the University of Georgia. The funding
sources had no role in sample collection nor the decision to
submit the paper for publication.

SPARTA Participant Selection
Eligible volunteers between the ages of 18 and 90 years old (y.o.)

were recruited and enrolled with written informed consent
beginning March, 2020. Participants in the SPARTA program
were enrolled at four locations: Athens, GA, Augusta, GA, Los
Angeles, CA, and Memphis, TN in the U.S., and blood and saliva
samples were collected monthly. Participants were
predominantly people in high-risk groups, such as health-care
workers, first responders, the elderly, and university employees
and students receiving in-person tuition. Exclusion criteria
included being younger than 18 years old, weighing less than
110 lbs, being pregnant, being cognitively impaired, or having
anemia or a blood-borne infectious condition such as hepatitis C
or HIV. As of May 28, 2021, 3124 participants were enrolled in
the study and enrollment is ongoing. 69.9% of the participants
identified as female and 29.2% identified as male. The mean age
was 43.7 years (range 18-90). 76.4% of the participants self-
identified as White/Caucasian, 11.7% as Black/African-
American, 8.1% as Asian, and 3.8% as other or multiple.

Of those participants, 40 were chosen based on their
vaccination and infection status as well as serum availability,
and assorted into age and vaccine-matched groups based on the
presence of SARS-CoV-2 infection prior to vaccination. At the
pre-vaccination timepoint, 20 of them were categorized as
immunologically naive to SARS-CoV-2, and reported no
specific COVID-19 symptoms, never had a positive NAAT
result, and tested negative for RBD-specific IgG antibodies
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with concentrations below our experimentally determined
threshold of 1.139ug/mL [see under ROC analysis heading]
(Table S1A). The other 20 participants were immunologically
pre-immune due to a previous SARS-CoV-2 infection prior to
vaccination and reported COVID-19 symptoms, positive NAAT,
and/or antibody concentrations above the threshold (Table S1B).
Serum samples were collected from 8 of the 20 pre-immune
participants between the two vaccinations. In contrast, mid-
vaccine serum was collected from only one of the 20 matched
immunologically naive participants. Therefore, an additional 12
immunologically naive participants were selected who had a
mid-vaccine timepoint, in order to statistically compare how a
single vaccine dose affects antibody levels in immunologically
naive and pre-immune individuals (Table S1C). The mean age
across all 52 participants was 45 y.o. (SD = 15.7, range = 24-72),
with 57.7% female (n=30) and 42.3% male (n=22). 79% of the
participants received the Pfizer-BioNTech BNT162b2 vaccine
(n=41), while 21% received the Moderna mRNA-1273 vaccine
(n=11) between December 18, 2020 and February 18, 2021.

Blood Collection and Processing

BD Vacutainer serum separation venous blood collection tubes
(BD, Franklin Lakes, NJ, USA) containing whole blood were
centrifuged at 2500 rpm for 10 min. After centrifugation, the
supernatant serum layer was isolated and heat inactivated in a
56°C water bath for 45 min to disable any infectious SARS-CoV-
2 virus (30). Serum was thereafter stored at -80°C.

Enzyme-Linked Immunosorbent

Assay (ELISA)

Immulon® 4HBX plates (Thermo Fisher Scientific, Waltham,
MA, USA) were coated with 100 ng/well of recombinant SARS-
CoV-2 RBD protein in PBS overnight at 4°C in a humidified
chamber. Plates were blocked with blocking buffer made with 2%
bovine serum albumin (BSA) Fraction V (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% gelatin from bovine
skin (Sigma-Aldrich, St. Louis, MO, USA) in PBS/0.05%
Tween20 (Thermo Fisher Scientific, Waltham, MA, USA) at
37°C for 90 min. Serum samples from the participants were
initially diluted 1:50 and then further serially diluted 1:3 in
blocking buffer to generate a 4-point binding curve (1:50,
1:150, 1:450, 1:1350), and subsequently incubated overnight at
4°C in a humidified chamber. Plates were washed 5 times with
PBS/0.05% Tween20 and IgG antibodies were detected using
horseradish peroxidase (HRP)-conjugated goat anti-human IgG
detection antibody (Southern Biotech, Birmingham, AL, USA) at
a 1:4,000 dilution and incubated for 90 min at 37°C. Plates were
then washed 5 times with PBS/0.05% Tween20 prior to
development with 100uL of 0.1% 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS, Bioworld,
Dublin, OH, USA) solution with 0.05% H,O, for 18 minutes
at 37°C. The reaction was terminated with 50uL of 1% (w/v) SDS
(VWR International, Radnor, PA, USA). Colorimetric
absorbance was measured at 414nm using a PowerWaveX$
plate reader (Biotek, Winooski, VT, USA). All samples and
controls were run in duplicate and the mean of the two blank-

adjusted optical density (OD) values were used in downstream
analyses. IgG equivalent concentrations were calculated based on a
7-point standard curve generated by a human IgG reference protein
(Athens Research and Technology, Athens, GA, USA), and verified
on each plate using human sera with known concentrations.

ROC Analysis and Threshold
Determination Using a Validation Cohort

In order to distinguish between antibody positive and negative
participants, ROC (receiver operating characteristic) analysis was
performed on a validation cohort comprised of 22 NAAT-
confirmed positive and 49 pre-pandemic human sera. Serum
from NAAT-confirmed positive participants were obtained from
samples intended to be discarded from a central Georgia hospital
in May and June 2020, before SARS-CoV-2 vaccines became
available. They were all between the ages of 22 and 60 (mean =
43.5 y.0.) with a nearly even female (n=11) to male ratio (n=10)
with one participant whose gender was unknown (Table S2). All
participants tested positive for the presence of SARS-CoV-2 viral
RNA collected via nasopharyngeal swab by NAAT 9-74 days
prior to the blood draw. In addition, the presence of any COVID-
19 symptoms the participants had experienced at the time of the
NAAT were recorded (Table S2). These symptoms included, but
were not limited to fever, cough, chills, loss of taste or smell, and
shortness of breath. The pre-pandemic sera were collected between
2013 and 2018. The threshold between positives and negatives was
chosen at the antibody concentration corresponding to the most
similar sensitivity and specificity values, in order to balance false
positive and false negative rates. Linear regression and correlation
analyses were applied to test the relationship between anti-RBD IgG
antibody concentrations (ELISA) and VN endpoint titers. All
analyses were performed using GraphPad Prism 9.1.1
(RRID:SCR_002798).

Viral Neutralization Assay

All research activities using infectious SARS-CoV-2 virus
occurred in a Biosafety Level 3 (BSL-3) laboratory in the
Animal Health Research Center at the University of Georgia
(Athens, GA, USA). The USA-WA1/2020 SARS-CoV-2 strain
(NCBI accession number: PRINA717311) was propagated as
previously described (31). 50ul of two-fold serially diluted
serum (1:5-1:640 or 1:50-1:6400 depending on the magnitude
of antibody binding concentration and vaccination status) was
incubated with the SARS-CoV-2 virus (100 TCID50/50ul) for 1 h
at 37°C. The serum-virus mixture was then transferred to Vero
E6 cells in 96-well cell culture plates. The plates were observed
for 3 days for cytopathic effects (CPEs), such as the aggregation
and detachment of cells. The VN endpoint titer was determined
as the reciprocal of the highest dilution that completely inhibited
CPE formation. All neutralization titers were represented as the
average of the five replicates.

Statistical Comparison of

Participant Groups

Statistical difference between pre-, mid-, and post-vaccination
timepoints for both the immunologically naive and the infected
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cohorts were determined using a paired t-test, while the
difference between the post-vaccination timepoints of
immunologically naive and infected participants was
determined using an unpaired t-test. The pre-vaccination
timepoints occurred at least 1 day prior to receiving the first
dose of an mRNA vaccine (mean = 32.6 days, range = 1-99 days),
mid-vaccination timepoints occurred between the
administration of the two vaccinations (mean = 13.5 days,
range = 4-26 days), while post-vaccination timepoints occurred
a minimum of 14 days after the administration of the second
dose of the same mRNA vaccine (mean = 28.8 days, range = 4-51
days). Statistical analyses were performed using GraphPad 9.1.1,
and statistical significance was represented by *p<0.05, **p<0.01,
©p<0.001, and ***p<0.0001.

RESULTS

In order to establish the threshold value between participants
with positive and negative RBD-binding IgG antibody levels, a
ROC analysis based on serum from the validation cohort of 49
pre-pandemic negative participants and 22 confirmed NAAT
positive, non-vaccinated participants was performed. The
threshold between negative and positive anti-RBD IgG
antibody concentrations was set at 1.139ug/mlL, yielding a
sensitivity of 95.5% and a specificity of 95.9% (Figures 1A, B).

Further investigation into this validation cohort
demonstrated that VN was absent in all participants with anti-
RBD IgG antibody concentrations below the threshold, while all
participants above the threshold showed some level of VN
(Figure 2A), and there was a strong correlation between
ELISA binding and VN (r=0.9125, p<0.0001). Similarly, a
strong positive relationship was observed between the antibody

binding and neutralization levels for all timepoints of the 53 SPARTA
participants from this study (r=0.9359, p<0.0001) (Figure 2B).

Using the experimentally determined threshold of 1.139ug/mL,
40 age-matched and vaccine-matched participants were selected,
20 of whom were immunologically naive to SARS-CoV-2 prior to
receiving a complete mRNA vaccine regimen, while the other 20
were pre-immune with signs of prior SARS-CoV-2 infection
before vaccination. None of the immunologically naive
participants had any documented history of COVID-19, while
16 out of the 20 participants in the pre-immune group have
reported COVID-19 symptoms or a positive NAAT. The
remaining 4 were asymptomatic but had elevated RBD IgG
antibody titers (Tables S1A, B).

VN of the pre-vaccination and post-vaccination serum samples
collected from these 40 participants demonstrated that
vaccinations significantly increased the VN titer of both
immunologically naive and pre-immune participants (p<0.0001)
(Figure 3A). Interestingly, after vaccination, the neutralizing
antibody titer of pre-immune individuals was significantly
higher than the neutralizing antibody titer of immunologically
naive individuals (p<0.0001) (Figure 3A). The post-vaccination
neutralization titers for immunologically naive participants ranged
from 1:5-1:400, while the post-vaccination neutralization titers in
pre-immune participants ranged from 1:400-1:3200. The highest
tested VN titer was 1:6400, but all participants demonstrated some
level of CPE at this dilution point.

Similarly, there were significant increases in RBD-binding
antibody concentrations due to vaccination in both the
immunologically naive and pre-immune groups (p<0.0001)
(Figure 3B). The difference in post-vaccination antibody
concentrations between immunologically naive and pre-
immune participants was less pronounced than demonstrated
by VN titers, but antibody concentrations were still significantly
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higher in pre-immune participants (p=0.0033) (Figure 3B).
Additionally, post-vaccination antibody levels for naive
participants were significantly higher than the antibody levels
elicited by natural infection, as shown in both neutralizing
(p<0.0001) and binding (p<0.0001) antibody concentrations.

Eight of the 20 participants in the age-matched pre-immune
cohort had serum collected between the first and the second
vaccinations (Table S1B). These timepoints ranged between 4
and 16 days after the first vaccination with a mean of 10.8 days
(SD = 4.6). These previously infected participants had a
significant increase in both VN titers (p=0.002) and RBD-
binding IgG antibody concentrations (p=0.03) following the
first vaccination, but there was no further significant change in
RBD-binding or neutralizing antibody titers following the
second vaccination (p=0.69) (Figures 4A, B).

Only one of the 20 naive participants from the age-matched
cohort had available samples collected between the two
vaccinations (Table S1A). Therefore, an additional 12
participants were selected that had samples collected 9-26 days
after the first vaccination (mean = 15.8 days, SD = 5.3 days), but
prior to the second vaccination. Overall, there was a significant
increase in neutralizing and RBD-binding antibody titers
following both the first (p=0.0074 and p=0.02 respectively) and
second vaccinations (p=0.0006 and p=0.0001 respectively)
(Figures 4C, D). However, 46% of these participants (n=6)
had no detectable neutralizing activity or anti-RBD IgG
antibodies after the administration of the first vaccination

(mean = 12 days after the first vaccination, SD = 3.7 days,
range = 9-18 days). These participants only seroconverted after
receiving the second vaccination. The remaining participants
(54%, n=7) exhibited a low level of positive neutralizing and
binding antibody levels following the first vaccination (mean =
19 days after the first day, SD = 4.3 days, range = 12-26 days).
There was a significant rise in neutralizing and anti-RBD IgG
antibody levels following the second vaccination (p=0.023 and
p=0.009 respectively).

DISCUSSION

Accurately tracking serological responses in people infected
with or vaccinated against SARS-CoV-2 is critical in assessing
the effectiveness of the induced immunity, which can
subsequently inform public health decisions. Following
SARS-CoV-2 infection, there is an expansion of B and T
cells directed at various antigens in the virus, especially the
receptor binding domain of the highly immunogenic spike
protein (13, 15-17). Currently, COVID-19 vaccines
authorized in the U.S. include the spike protein as the
vaccine antigen that elicits protective immunity (8, 9). In
this study, we examined the serological responses elicited by
immunologically naive or previously infected pre-immune
individuals who were subsequently vaccinated with mRNA-
based COVID-19 vaccines.
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RBD was chosen over the full-length spike protein as the
antigenic target for binding assay to determine antibody positive
responses. Anti-RBD antibodies have lower cross-reactivity and
background binding by ELISA compared to anti-spike
antibodies. This results in a higher overall sensitivity and
specificity for the assay. While the full-length spike protein has
a larger number of epitopes that antibodies can bind which may
correspond to higher antibody titers, other groups indicated that
most individuals tested positive or negative for both anti-RBD
and anti-spike antibodies with few individuals testing positive for
one but not the other (32, 33). Similarly, our validation cohort
showed that anti-RBD and anti-spike antibody results
were congruent.

Serological protection conferred by vaccination was
significantly more robust compared to antibodies induced by
natural viral infection. Both total anti-RBD IgG binding, as well
as in vitro neutralizing activity were stronger in vaccinated
subjects (34). The immune system may respond more
efficiently to a single protein during vaccination, allowing for a
more focused immune response to fewer epitopes, compared to
the array of viral proteins and epitopes present during natural
infection. Moreover, vaccination elicited higher antibody titers in
participants who were pre-immune to SARS-CoV-2 compared to
those who were immunologically naive. This robust and
immediate recall of high affinity antibodies may be attributed
to memory B cell mediated processes (35), similar to immune
responses shown in other infectious agents (36, 37), as well as in
antibody binding to SARS-CoV-2 (35, 38) and in neutralization
assays performed using a pseudo-typed virus displaying SARS-
CoV-2 spike protein (23). These findings highlight the
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importance of vaccination, especially in light of reports of
short-term protection and abundant cases of reinfections after
antibodies elicited by natural infection (39, 40).

A single vaccination with an mRNA vaccine was sufficient to
significantly increase the neutralization titer in humans
previously infected with SARS-CoV-2 (41). Anti-RBD antibody
binding and VN supported the conclusion that all 8 pre-immune
participants examined in this study had a significant increase in
antibody levels prior to the administration of the second
vaccination with no further significant change in antibody
levels after the second vaccination. Not only did the first
vaccination yield a more significant rise in antibody levels in
pre-immune participants compared to immunologically naive
participants, pre-immune individuals had a more rapid rise
following the first vaccination, with some individuals
experiencing a significant increase in antibody titer in just 4
days after the first vaccination. Such a rapid increase in IgG levels
in serum so soon after vaccination most likely indicates a
memory cell-driven response that was recalled from a prior
natural infection (42-44).

Immunologically naive participants could be categorized
into two groups: individuals that seroconverted before the
second vaccination, and those who did not seroconvert until
after the second vaccination. This is likely due to the timing of
the blood collection. In general, serum samples collected earlier
after the first vaccination (average = 12 days, range = 9-18 days)
had no change in antibody levels, while participants with later
blood collections (average = 19 days, range = 12-26 days)
tended to have an increase in antibody titers. There was a
significant positive correlation between the number of days
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FIGURE 4 | Antibody response during vaccination. Pre-immune participants (n = 8) with serum obtained between the two mRNA vaccinations (mid-vax) have
demonstrated a significant increase in (A) neutralizing (*p = 0.002) and (B) anti-RBD antibody levels (*p = 0.03) before the second vaccination was administered,
and there was no significant change (ns) in antibodly titer in response to the second vaccination (p = 0.69). Immunologically naive participants (n = 13) with serum
obtained between the two mRNA vaccinations have demonstrated a significant increase in (C) neutralizing (**p = 0.0005), and (D) binding antibody levels (**p < 0.0001).
Six of them showed no neutralizing activity before the second vaccination was administered. While the other 7 showed a significant increase (*p = 0.0074) and exhibited a
low level of neutralization even after the first vaccination, the second vaccination was still crucial in boosting antibody levels (**p = 0.0006). In order to represent the values

on a logarithmic scale, lack of neutralization was reported as 1.

after the first vaccination that the serum was taken and the
antibody level (Figures S1A, B), while the same trend was less
apparent in infected participants (Figures S1C, D). Other
research groups have shown similar trends because later
serum collections allowed additional time for the immune
system to mount a de novo response to the vaccine antigens
(45). However, there was no correlation between the number of
days after the second vaccination and the titer level amongst

immunologically naive (Figures S1E, F) or pre-immune
participants (Figures S1G, H).

Even though there was no significant change in antibody
levels in pre-immune participants in response to the second
vaccination, delaying or even skipping the second vaccination
may have unknown, long-term effects that have not yet been
explored. The longevity of antibodies or the quantity and quality
of the memory B cells could be impaired compared to
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participants who received a full vaccine regimen, and there could
be additional long-term advantages for fully vaccinated
participants even when short-term serological benefits are not
immediately apparent.

The limitations of this study included having a range of time
points for serum collection as opposed to a pre-determined
number of days after vaccination. Also, there was only one of
the 20 immunologically naive participants with serum collected
between vaccinations in the age matched cohort, necessitating
the addition of 12 non-age matched participants with available
serum in order to increase the power of our study. In addition,
the diversity of our naive and pre-immune cohorts was low due
to the low number of vaccinated participants available at the time
of study, most of whom were Caucasian.

Overall, this study validated a robust ELISA assay for
detecting SARS-CoV-2 anti-RBD IgG antibody binding with
high sensitivity and specificity in human sera. Using a set of
serum samples collected from 20 immunologically naive and 20
pre-immune age-matched and vaccine-matched participants, it
was demonstrated that vaccination with SARS-CoV-2 mRNA
vaccines elicits higher serological binding and neutralizing
antibody levels than non-vaccinated individuals who were
naturally infected. Furthermore, a single vaccination was
sufficient to boost pre-immune participants and the second
vaccination did not further increase their antibody levels. In
immunologically naive participants, ~50% of participants had no
significant rise in antibody titers until after the administration of
the second vaccination, while the other half whose titers started
to rise prior to the second vaccination were significantly boosted
further by receiving the second vaccination. Future studies will
assess the longevity and magnitude of anti-RBD and neutralizing
antibody titers after vaccination between immunologically naive
and pre-immune individuals.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Western Institutional Review Board. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

DF was responsible for the conceptualization, methodology,
validation, formal analysis, investigation, writing, and editing

of the manuscript. H] was responsible for the methodology,
validation, investigation, writing, and editing of the manuscript.
RA was responsible for the methodology, validation, and editing
of the manuscript. HH was responsible for the resources, writing,
and editing of the manuscript. JG was responsible for the
investigation and writing of the manuscript. AJ was responsible
for the validation and investigation of the study. TR was
responsible for the conceptualization, resources, project
administration, funding acquisition, writing, and editing of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was funded, in part, by the University of Georgia (US)
(UGA-001), and by the National Institute of Allergy and
Infectious Diseases (NIAID), a component of the U.S. National
Institutes of Health (NIH), Department of Health and Human
Services, under contract 75N93019C00052. In addition, TR is
supported by the Georgia Research Alliance as an eminent
scholar (GRA-001).

ACKNOWLEDGMENTS

The authors would like to thank the SPARTA collection and
processing teams in Athens and Augusta, GA, as well as
Debbie Bratt for program coordination. The authors also
thank Katie Mailloux, Jasmine Burris, Omar Hamwy, Hua
Shi, Naveen Gokanapudi, Lillian Buescher, Patrick Fagan,
Brittany Baker, Charlotte Bolle, Courtney Briggs, Tejal Hill,
Jordan Byrne, and Lauren Howland for technical assistance.
We acknowledge the staff at the Animal Health Research
Center at the University of Georgia for the upkeep and
maintenance of the BSL-3 facilities. The recombinant
proteins were produced by Jeffrey Ecker, Spencer Pierce,
Ethan Cooper, and the team in the Center for Vaccines and
Immunology protein production core. We would also like to
thank all participants enrolled in the study, as well as Dr. Brad
Phillips, Kimberly Schmitz, and the entire staff at the
University of Georgia Clinical and Translational Research
Unit (CTRU) for assistance in collecting samples in the
SPARTA program. The CTRU was supported by
the National Center for Advancing Translational Sciences
of the National Institutes of Health under Award
Number UL1TR002378.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728021/
full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 728021


https://www.frontiersin.org/articles/10.3389/fimmu.2021.728021/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728021/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Forgacs et al.

Antibody Response to SARS-CoV-2 Vaccination

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus
From Patients With Pneumonia in China, 2019. N Engl ] Med (2020)
382:727-33. doi: 10.1056/NEJM0a2001017

. Gorbalenya AE, Baker SC, Baric RS, de Groot RJ, Drosten C, Gulyaeva AA,

et al. The Species Severe Acute Respiratory Syndrome-Related Coronavirus:
Classifying 2019-Ncov and Naming it SARS-CoV-2. Nat Microbiol (2020)
5:536-44. doi: 10.1038/s41564-020-0695-z

. Chen Y, Liu Q, Guo D. Emerging Coronaviruses: Genome Structure,

Replication, and Pathogenesis. ] Med Virol (2020) 92:418-23. doi: 10.1002/
jmv.25681

. Li W, Moore M], Vasilieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-

Converting Enzyme 2 Is a Functional Receptor for the SARS Coronavirus.
Nature (2003) 426:450-4. doi: 10.1038/nature02145

. Lan ], Ge ], YuJ, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2

Spike Receptor-Binding Domain Bound to the ACE2 Receptor. Nature (2020)
581:215-20. doi: 10.1038/s41586-020-2180-5

. Huang Y, Yang C, Xu X-F, Xu W, Liu S-W. Structural and Functional

Properties of SARS-CoV-2 Spike Protein: Potential Antivirus Drug
Development for COVID-19. Acta Pharmacol Sin (2020) 41:1141-9.
doi: 10.1038/s41401-020-0485-4

. Hofftmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S,

et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181:271-80.e8.
doi: 10.1016/j.cell.2020.02.052

. Polack FP, Thomas SJ, Kitchin N, Absalon ], Gurtman A, Lockhart S, et al.

Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N Engl |
Med (2020) 383:2603-15. doi: 10.1056/NEJMo0a2034577

. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy

and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl ] Med (2021)
384:403-16. doi: 10.1056/NEJM0a2035389

Meo SA, Bukhari IA, Akram J, Meo AS, Klonoftf DC. COVID-19 Vaccines:
Comparison of Biological, Pharmacological Characteristics and Adverse
Effects of Pfizer/BioNTech and Moderna Vaccines. Eur Rev Med Pharmacol
Sci (2021) 25:1663-9. doi: 10.26355/eurrev_202102_24877

ZhaoJ, Zhao S, Ou J, Zhang J, Lan W, Guan W, et al. COVID-19: Coronavirus
Vaccine Development Updates. Front Immunol (2020) 11:602256.
doi: 10.3389/fimmu.2020.602256

Henderson R, Edwards RJ, Mansouri K, Janowska K, Stalls V, Gobeil SMC,
et al. Controlling the SARS-CoV-2 Spike Glycoprotein Conformation. Nat
Struct Mol Biol (2020) 27:925-33. doi: 10.1038/s41594-020-0479-4
Ravichandran S, Coyle EM, Klenow L, Tang J, Grubbs G, Liu S, et al. Antibody
Signature Induced by SARS-CoV-2 Spike Protein Immunogens in Rabbits. Sci
Transl Med (2020) 12:eabc3539. doi: 10.1126/scitranslmed.abc3539

Zeng Q, Huang G, Li Y, Xu Y. Tackling COVID19 by Exploiting Pre-Existing
Cross-Reacting Spike-Specific Immunity. Mol Ther (2020) 28:2314-5.
doi: 10.1016/j.ymthe.2020.09.035

Ju B, Zhang Q, Ge ], Wang R, Sun ], Ge X, et al. Human Neutralizing
Antibodies Elicited by SARS-CoV-2 Infection. Nature (2020) 584:115-9.
doi: 10.1038/s41586-020-2380-z

Zost ], Gilchuk P, Case JB, Binshtein E, Chen RE, Nkolola JP, et al. Potently
Neutralizing and Protective Human Antibodies Against SARS-CoV-2. Nature
(2020) 584:443-9. doi: 10.1038/s41586-020-2548-6

Perera RA, Mok CK, Tsang OT, Lv H, Ko RL, Wu NG, et al. Serological Assays
for Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), March
2020. Eurosurveillance (2020) 25:2000421. doi: 10.2807/1560-
7917.ES.2020.25.16.2000421

Walsh EE, Frenck RWJr., Falsey AR, Kitchin N, Absalon J, Gurtman A, et al.
Safety and Immunogenicity of Two RNA-Based COVID-19 Vaccine
Candidates. N Engl ] Med (2020) 383:2439-50. doi: 10.1056/
NEJMo0a2027906

Xia X. Domains and Functions of Spike Protein in SARS-CoV-2 in the
Context of Vaccine Design. Viruses (2021) 13:109. doi: 10.3390/v13010109
Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O, et al.
Cryo-EM Structure of the 2019-Ncov Spike in the Prefusion Conformation.
Science (2020) 367:1260-3. doi: 10.1126/science.abb2507

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Heine A, Juranek S, Brossart P. Clinical and Immunological Effects of mRNA
Vaccines in Malignant Diseases. Mol Cancer (2021) 20:52. doi: 10.1186/
$12943-021-01339-1

Thompson MG, Burgess JL, Naleway AL, Tyner HL, Yoon SK, Meece J, et al.
Interim Estimates of Vaccine Effectiveness of BNT162b2 and mRNA-1273
COVID-19 Vaccines in Preventing SARS-CoV-2 Infection Among Health
Care Personnel, First Responders, and Other Essential and Frontline
Workers-Eight US Locations, December 2020-March 2021. MMWR Morb
Mortal Wkly Rep (2021) 70:495-500. doi: 10.15585/mmwr.mm?7013e3

Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru O,
et al. Distinct Antibody and Memory B Cell Responses in SARS-CoV-2 Naive
and Recovered Individuals Following mRNA Vaccination. Sci Immunol
(2021) 6:eabi6950. doi: 10.1126/sciimmunol.abi6950

Johnson M, Wagstaffe HR, Gilmour KC, Mai AL, Lewis J, Hunt A, et al.
Evaluation of a Novel Multiplexed Assay for Determining IgG Levels and
Functional Activity to SARS-CoV-2. J Clin Virol (2020) 130:104572.
doi: 10.1016/j.jcv.2020.104572

Pisil Y, Shida H, Miura T. A Neutralization Assay Based on Pseudo-Typed
Lentivirus With SARS CoV-2 Spike Protein in ACE2-Expressing CRFK Cells.
Pathogens (2021) 10:153. doi: 10.3390/pathogens10020153

von Rhein C, Scholz T, Henss L, Kronstein-Wiedemann R, Schwarz T,
Rodionov RN, et al. Comparison of Potency Assays to Assess SARS-CoV-2
Neutralizing Antibody Capacity in COVID-19 Convalescent Plasma. ] Virol
Methods (2021) 288:114031. doi: 10.1016/j.jviromet.2020.114031

Rathe JA, Hemann EA, Eggenberger ], Li Z, Knoll ML, Stokes C, et al. SARS-
CoV-2 Serologic Assays in Control and Unknown Populations Demonstrate
the Necessity of Virus Neutralization Testing. ] Infect Dis (2021) 223:1120-31.
doi: 10.1093/infdis/jiaa797

Ebinger JE, Fert-Bober J, Printsev I, Wu M, Sun N, Prostko JC, et al. Antibody
Responses to the BNT162b2 mRNA Vaccine in Individuals Previously
Infected With SARS-CoV-2. Nat Med (2021) 27:981-4. doi: 10.1038/
541591-021-01325-6

Stamatatos L, Czartoski J, Wan Y-H, Homad LJ, Rubin V, Glantz H, et al.
mRNA Vaccination Boosts Cross-Variant Neutralizing Antibodies Elicited by
SARS-CoV-2 Infection. Science (2021) 372:1413-8. doi: 10.1126/
science.abg9175

Pastorino B, Touret F, Gilles M, de Lamballerie X, Charrel RN. Heat
Inactivation of Different Types of SARS-CoV-2 Samples: What Protocols
for Biosafety, Molecular Detection and Serological Diagnostics? Viruses
(2020) 12:735. doi: 10.3390/v12070735

Jureka A, Silvas J, Basler C. Propagation, Inactivation, and Safety Testing of
SARS-CoV-2. Viruses (2020) 12:622. doi: 10.3390/v12060622

Premkumar L, Segovia-Chumbez B, Jadi R, Martinez DR, Raut R, Markmann
A, et al. The Receptor Binding Domain of the Viral Spike Protein Is an
Immunodominant and Highly Specific Target of Antibodies in SARS-CoV-2
Patients. Sci Immunol (2020) 5:eabc8413. doi: 10.1126/sciimmunol.abc8413
Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO, Chromikova V,
McMahon M, et al. A Serological Assay to Detect SARS-CoV-2
Seroconversion in Humans. Nat Med (2020) 26:1033-6. doi: 10.1038/
$41591-020-0913-5

Edara VV, Hudson WH, Xie X, Ahmed R, Suthar MS. Neutralizing Antibodies
Against SARS-CoV-2 Variants After Infection and Vaccination. JAMA (2021)
325:1896-8. doi: 10.1001/jama.2021.4388

Abu Jabal K, Ben-Amram H, Beiruti K, Batheesh Y, Sussan C, Zarka S, et al.
Impact of Age, Ethnicity, Sex and Prior Infection Status on Immunogenicity
Following a Single Dose of the BNT162b2 mRNA COVID-19 Vaccine: Real-
World Evidence From Healthcare Workers, Israel, December 2020 to January
2021. Eurosurveillance (2021) 26:2100096. doi: 10.2807/1560-
7917.ES.2021.26.6.2100096

Luabeya AKK, Kagina BMN, Tameris MD, Geldenhuys H, Hoff ST, Shi Z,
et al. First-In-Human Trial of the Post-Exposure Tuberculosis Vaccine H56:
IC31 in Mycobacterium Tuberculosis Infected and non-Infected Healthy
Adults. Vaccine (2015) 33:4130-40. doi: 10.1016/j.vaccine.2015.06.051
Hussein ], Zewdie M, Yamuah L, Bedru A, Abebe M, Dagnew AF, et al. A
Phase I, Open-Label Trial on the Safety and Immunogenicity of the
Adjuvanted Tuberculosis Subunit Vaccine H1/IC31® in People Living in a
TB-Endemic Area. Trials (2018) 19:24. doi: 10.1186/s13063-017-2354-0

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 728021


https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1002/jmv.25681
https://doi.org/10.1002/jmv.25681
https://doi.org/10.1038/nature02145
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.26355/eurrev_202102_24877
https://doi.org/10.3389/fimmu.2020.602256
https://doi.org/10.1038/s41594-020-0479-4
https://doi.org/10.1126/scitranslmed.abc3539
https://doi.org/10.1016/j.ymthe.2020.09.035
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.3390/v13010109
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1186/s12943-021-01339-1
https://doi.org/10.1186/s12943-021-01339-1
https://doi.org/10.15585/mmwr.mm7013e3
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1016/j.jcv.2020.104572
https://doi.org/10.3390/pathogens10020153
https://doi.org/10.1016/j.jviromet.2020.114031
https://doi.org/10.1093/infdis/jiaa797
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1126/science.abg9175
https://doi.org/10.3390/v12070735
https://doi.org/10.3390/v12060622
https://doi.org/10.1126/sciimmunol.abc8413
https://doi.org/10.1038/s41591-020-0913-5
https://doi.org/10.1038/s41591-020-0913-5
https://doi.org/10.1001/jama.2021.4388
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.1016/j.vaccine.2015.06.051
https://doi.org/10.1186/s13063-017-2354-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Forgacs et al.

Antibody Response to SARS-CoV-2 Vaccination

38.

39.

40.

41.

42,

43.

44,

45.

Krammer F, Srivastava K, Alshammary H, Amoako AA, Awawda MH, Beach
KF, et al. Antibody Responses in Seropositive Persons After a Single Dose of
SARS-CoV-2 mRNA Vaccine. N Engl ] Med (2021) 384:1372-4. doi: 10.1056/
NEJMc2101667

Babiker A, Marvil CE, Waggoner JJ, Collins MH, Piantadosi A. The
Importance and Challenges of Identifying SARS-CoV-2 Reinfections. J Clin
Microbiol (2021) 59:€02769-20. doi: 10.1128/JCM.02769-20

Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AK, Kent S, et al.
Prospects for Durable Immune Control of SARS-CoV-2 and Prevention of
Reinfection. Nat Rev Immunol (2021) 21:395-404. doi: 10.1038/s41577-021-
00550-x

Lustig Y, Nemet I, Kliker L, Zuckerman N, Yishai R, Alroy-Preis S, et al.
Neutralizing Response Against Variants After SARS-CoV-2 Infection and
One Dose of BNT162b2. N Engl ] Med (2021) 384:2453-4. doi: 10.1056/
NEJMc2104036

Kurosaki T, Kometani K, Ise W. Memory B Cells. Nat Rev Immunol (2015)
15:149-59. doi: 10.1038/nri3802

Crotty S, Aubert RD, Glidewell ], Ahmed R. Tracking Human Antigen-
Specific Memory B Cells: A Sensitive and Generalized ELISPOT System.
J Immunol Methods (2004) 286:111-22. doi: 10.1016/j.jim.2003.12.015
Seifert M, Kiippers R. Human Memory B Cells. Leukemia (2016) 30:2283-92.
doi: 10.1038/1eu.2016.226

Hall VJ, Foulkes S, Saei A, Andrews N, Oguti B, Charlett A, et al. COVID-19
Vaccine Coverage in Health-Care Workers in England and Effectiveness of

BNT162b2 mRNA Vaccine Against Infection (SIREN): A Prospective,
Multicentre, Cohort Study. Lancet (2021) 397:1725-35. doi: 10.1016/S0140-
6736(21)00790-X

Author Disclaimer: The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Forgacs, Jang, Abreu, Hanley, Gattiker, Jefferson and Ross. 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.

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 728021


https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1128/JCM.02769-20
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1056/NEJMc2104036
https://doi.org/10.1056/NEJMc2104036
https://doi.org/10.1038/nri3802
https://doi.org/10.1016/j.jim.2003.12.015
https://doi.org/10.1038/leu.2016.226
https://doi.org/10.1016/S0140-6736(21)00790-X
https://doi.org/10.1016/S0140-6736(21)00790-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	SARS-CoV-2 mRNA Vaccines Elicit Different Responses in Immunologically Na&iuml;ve and Pre-Immune Humans
	Introduction
	Materials and Methods
	Ethics Statement and the Role of the Funding Source
	SPARTA Participant Selection
	Blood Collection and Processing
	Enzyme-Linked Immunosorbent Assay (ELISA)
	ROC Analysis and Threshold Determination Using a Validation Cohort
	Viral Neutralization Assay
	Statistical Comparison of Participant Groups

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	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 true
  /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 true
  /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 true
  /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


