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ABSTRACT

Knowledge about development and duration of virus-specific antibodies after COVID-19 vaccination is
important for understanding how to limit the pandemic via vaccination in different populations and
societies. However, the clinical utility of postvaccination testing of antibody response and selection of
targeted SARS-CoV-2 antigen(s) has not been established. The results of such testing from clinical
teams independent from vaccine manufacturers are also limited. Here, we report the initial results of an
ongoing clinical study on evaluation of antibody response to four different SARS-CoV-2 antigens after
first and second dose of Pfizer and Moderna mRNA vaccines and at later time points. We revealed a
peak of antibody induction after the vaccine boosting dose with a gradual decline of antibody levels at
later time. Anti-nucleocapsid antibody was not induced by spike protein-encoding vaccines and this
may continue to serve as a marker of previous SARS-CoV-2 infection. No differences between the two
vaccines in terms of antibody response were revealed. Age and gender dependencies were determined
to be minimal within the healthy adult (but not aged) population. Our results suggest that
postvaccination testing of antibody response is an important and feasible tool for following people after
vaccination and selecting individuals who might require a third dose of vaccine at an earlier time point
or persons who may not need a second dose due to previous SARS-CoV-2 infection.

IMPORTANCE Now that authorized vaccines for COVID-19 have been widely used, it is important
to understand how they induce antivirus antibodies, which antigens are targeted, how long antibodies
circulate, and how personal health conditions and age may affect this humoral immunity. Here, we
report induction and time course of multiple anti-SARS-CoV-2 antibody responses in healthy
individuals immunized with Pfizer and Moderna mRNA vaccines. We also determined the age and
gender dependence of the antibody response and compared antibody levels to responses seen in those
who have recovered from COVID-19. Our results suggest the importance of screening for antibody
response to multiple antigens after vaccination in order to reveal individuals who require early and late
additional boosting and those who may not need second dose due to prior SARS-CoV-2 infection.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2, SARS-CoV-2, is a single-stranded RNA virus which
can be passed between humans and is the cause of the coronavirus pandemic, which began in 2019.
Infection with SARS-CoV-2 may result in coronavirus disease 2019 (COVID-19), which commonly
induces a robust and persistent immune response to SARS-CoV-2. This includes virus-specific
antibodies, memory B cells, and effector and memory CD8" T cells (1, 2). The U.S. Food and Drug
Administration (FDA) issued an Emergency Use Authorization (EUA) for the first two SARS-CoV-2
vaccines in December 2020—the Pfizer-BioNTech and Moderna vaccines—for the prevention of
COVID-19 in the United States and the protection of persons who are at high risk for complications (3,
4). Both vaccines use nucleoside-modified mRNA with a lipid nanoparticle-formulation to encode the
spike (S) protein of SARS-CoV-2.

It is considered critical that SARS-CoV-2 vaccines provoke a strong immune response against the spike
protein, particularly the receptor-binding domain (RBD) of the spike protein which contains many
neutralizing epitopes (5). Therefore, many vaccines utilize stabilizing mutations in the S glycoprotein
to maintain the prefusion conformation and prevent shedding of the S1 subunit (6). Available
information to date seems to indicate that these mutated S proteins are more immunogenic than the
wild-type S protein. Both the mRNA-1273 vaccine (Moderna) and the BNT162b2 vaccine (Pfizer) (7)
encode the full-length viral S ectodomain with a transmembrane anchor and two S-2P mutations which
serve to stabilize the prefusion conformation (7, 8).

Initially, Pfizer clinically investigated the BNT162b1 vaccine candidate that incorporates modified
mRNA to encode only the RBD portion of the S protein, thought to be the key target of virus-
neutralizing antibodies (9). The RBD antigen that resulted from BNT162b1 had an additional T4
fibritin-derived fold in the trimerization domain which served to increase immunogenicity (10). Later,
Pfizer reported that the BNT162b2, which encoded the full-length stabilized S glycoprotein, elicited
dose-dependent SARS-CoV-2 neutralizing antibody titers comparable or higher than those elicited by a
defined panel of convalescent SARS-CoV-2 serum samples (11). The full-length protein vaccine was
shown to have fewer side effects and was better tolerated than other vaccine candidates. Using the full-
length glycoprotein vaccine, a randomized, placebo-controlled trial was performed with over 40,000
participants. The trial found that two doses of BNT162b2 demonstrated 95% protection against
COVID-19 (7).

The Moderna mRNA-1273 vaccine encodes the S-2P antigen (15-1208; a mutant recombinant version
of the S glycoprotein with proline replacements at amino acids 986 and 987) (12, 13), a transmembrane
anchor, and an S1-S2 cleavage site. The prefusion conformation is stabilized by the consecutive proline
substitutions which are located in the S2 subunit at the top of the central helix (6, 14). Findings from
the 30,000-participant phase III clinical trial demonstrated an efficacy of 94.1% after a median follow-
up of 2 months in preventing symptomatic COVID-19 with laboratory confirmation of infection. This
trial excluded those previously infected with SARS-CoV-2 and was a randomized, double-blind,
placebo-controlled trial (15).

The mRNA COVID-19 vaccine series is comprised of two doses administered intramuscularly: 30 pg,
0.3 ml each with 3 weeks apart for Pfizer-BioNTech and 100 pg, 0.5 ml each with 1 month apart for
Moderna. Several reports documented a strong humoral response to mRNA vaccines (16,—18). These
vaccines have shown efficacy against the mutated strains of the virus (19,=21). For instance,
participants who were fully immunized with the Moderna mRNA-1273 COVID-19 vaccine have sera
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that demonstrates neutralizing activity against the SARS-CoV-2 variants: the Alpha variant (B.1.1.7),
the Beta variant (B.1.351-v1, B.1.351-v2, and B.1.351-v3), the Delta variant (B.1.617.2), and the
Gamma variant (P.1) (22). In addition, neutralization titers in vaccinated participants often exceed those
of convalescent COVID-19 patients who were not hospitalized (23). Estimation of Pfizer-BioNTech
BNT162b2 vaccine effectiveness against mutated variants using a test-negative case-control study
design revealed its effectiveness against the B.1.1.7 and B.1.351 variants (23, 24). Pfizer-BioNTech
vaccine is also effective against Delta and Kappa variants of the coronavirus (25). Interestingly, SARS-
CoV-2 mRNA vaccination also induces cross-reactive antibodies to seasonal B-coronaviruses (26).

Although the immune response against SARS-CoV-2 has been well characterized in naturally infected
people, development of immunity after administration of antiviral vaccines, including mRNA vaccines,
is not yet completely understood. For instance, simultaneous analysis and comparison of antibodies to
four SARS-CoV-2 antigens in healthy volunteers receiving two mRNA vaccines has not yet been
conducted. The availability of limited data about humoral response to vaccination may be in part due to
the fact that the CDC does not recommend measuring postvaccination titers for COVID-19: “Antibody
testing is not currently recommended to assess for immunity to SARS-CoV-2 following COVID-19
vaccination because the clinical utility of postvaccination testing has not been established” (27).
However, to reduce the current pandemic and limit the burden of COVID-19 worldwide by effectively
vaccinating as many people as possible, we must also select and validate appropriate assays and
comprehensively characterize antiviral immunity associated with COVID-19 vaccines.

Although a consistent proof of protective immunity after vaccination may only come via reinfection
challenge experiments or longitudinal studies of postvaccination individuals, studies analyzing
antibody response to different SARS-CoV-2 antigens after vaccination of healthy volunteers and
recovered COVID-19 individuals are important for establishing the “levels of protection” to be
determined by FDA-approved clinical laboratory assays. In addition, testing of vulnerable populations
for sufficient vaccine response will be critical in stemming the spread in these populations and requires
that we define a normal or sufficient vaccine response for comparison. The goal of this study was to
determine the level of antibodies to RBD, S1, S2, and nucleocapsid (N) SARS-CoV-2 antigens in the
sera of volunteers receiving Pfizer-BioNTech and Moderna vaccines by evaluating the feasibility of
novel BioPlex 2200 SARS-CoV-2 IgG panel. Our results demonstrate the dynamic of antibody
production after the two-dose vaccine schedule and establish differences between antibody generation
induced by a vaccine and natural COVID-19 disease. Although some of the immune mechanisms
described here are not novel, our study provides critical, confirming evidence that key antibody
pathways are indeed modulated under the COVID-19 vaccination procedure.

RESULTS

Dynamics of antibody response to vaccination.

A common measure of the effectiveness of a vaccine is the specific antibody response in serum
samples. Common patterns of antibody response to four different SARS-CoV-2 antigens after
vaccination of healthy individuals are shown in Fig. 1. All volunteers demonstrated no antibodies to
any tested antigens before vaccine administration. The first dose of a vaccine induced the production of
specific antibodies within 2 weeks, although the levels varied from negative to 580 (median, 71), 327
(median, 64), and 234 (median, 5) U/ml for RBD, S1, and S2 antibodies, respectively. Interestingly, 13,
3, and 66% of participating volunteers demonstrated negative (<10 U/ml) antibody responses to RBD,
S1, and S2 antigens, respectively, after the first dose vaccine administration. No anti-nucleocapsid
antibodies were detected during or after vaccination. The second vaccine dose caused a significant
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upregulation of tested antibodies of up to 100-fold in all volunteers, including statistically significant
increases in those who demonstrated negative or low response to first vaccine dose (Fig. 1). The levels
of antibodies reached 15,300 (median, 4,320), 5940 (median, 2,172), and 174 (median, 40) U/ml for
RBD, S1, and S2, respectively (Fig. 1). No nonresponders were detected after second vaccine dose
administration for anti-RBD and -S1 antibodies, and only one person demonstrated no response for
anti-S2 antibody (Fig. 1). Interestingly, the levels of anti-RBD and anti-S1 antibodies after the second
dose in all participants were higher than any levels seen after the first dose, regardless of the
responsiveness to the first dose; this suggests that even if scored as negative, the initial vaccine dose
did induce an immunologic response.

100000 100000-

RBD 81
10000 @ 2 = 10000 ot
' L]
1Y % & % & "00:"
1000 e = wia vogme 1000 =
E £ 3 E a4 " e A
=2 1m0+ X s 3 04 2 °
Ll L]
b
T R RN oS AN A R A SRR T ok
Dg“
L]
14 s s i — we
Bafore  istdose Znddosa 454 754 105 Bofore  istdose Znddose  did 73d 1054
100000 100000 -
52 N
100004 10000 -
1000 g 1000 4
E.. ° g8 b
= 100+ ng, ;3 v- - = 1004
=3 I L 8,3% _________________ 100 s ——————
@ o Raaaasd o
dﬂﬁﬂ. ] L]
14 C— ‘=mzzmzz & 14 L [ B [re— [ Lo
Belore  1stdose  2nd dose 45d 7 105 Belore  1stdose  Ind dose Asd T5d 105

Open in a separate window
FIG 1

Individual antibody responses to two doses of mRNA vaccines. Blood specimens were collected from
healthy individuals before and after the first and second doses of the Pfizer or Moderna vaccines and then
every month. IgG antibodies binding to RBD, S1, S2, and nucleocapsid SARS-CoV-2 structural proteins
were screened and differentiated by the BioPlex 2200 SARS-CoV-2 IgG multiplex panel as described in
Materials and Methods. Each time point represents individual values with the mean and SEM. 10 U/ml is

the negative cutoff concentration.

The next set of data includes anti-Spike antibody levels after a completed vaccination on a monthly
basis. Figure 2A summarizes these results for each antigen. Kruskal-Wallis one-way analysis of
variance (ANOVA) on ranks with all pairwise comparisons (Dunn’s method for unequal group sizes)
revealed a statistically significant difference in the levels of anti-RBD antibodies (nonlogarithmic
values). For instance, the “1st dose” group (median, 71.0) versus the “2nd dose” group (median,
4320.0) (P<0.001) and the “45d” group (median, 2419.0) (P <0.001) and the “75d” group (median,
1514.0) (P <0.001). A decrease in anti-RBD antibody after its peak in “2nd dose” group was not
significant at day 45 (P =0.056) but was significant on day 75 (P <0.001). At the same time, the
difference between the “45d” and ““75d” groups was not statistically significant for anti-RBD antibody
levels (P=0.752).
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FIG2

Time-course of antibody response to vaccination with mRNA vaccines. Antibody responses to two doses
of Pfizer and Moderna vaccination were assessed for RBD, S1, S2, and nucleocapsid. (A) Summation of
two-dose vaccine-induced antibody development to different SARS-CoV-2 antigens in healthy volunteers.
The x axis shows time points before and after two doses of vaccine administration and 45 and 75 days after
a completed vaccination; the y axis shows the logarithmic antibody concentrations shown as means =+ the
SEM. Significant differences with corresponding P values for each antigen are presented in the text. 10
U/ml is the negative cutoff concentration. (B) RCDCs of antibody response in healthy volunteers
postvaccination for each of the three antigens. The x axis represents the antibody concentration values in
log scale; the y axis is the proportion of subjects having at least that antibody level. The curve begins at
100% and then descends from left to right. When the RCD curves overlap, the two doses of vaccines
induced comparable immune responses. If one curve is above another one, it indicates the higher immune

response.

Similar results were obtained for anti-S1 IgG. The “1st dose” group (median, 64.0) data were
significantly lower than data obtained from all other groups: the “2nd dose” group (median, 2172.0),
the “45d” group (median, 1053.5) and the “75d” group (median, 821.0) (all P<0.001). The decrease in
anti-S1 antibody at 45 and 75 days after the second dose was significant (P =0.013 and P <0.001,
respectively), although no differences between the “45d” and “75d” groups were seen (P = 1.0).

Changes in anti-S2 antibody levels were slightly different. Although a second dose of a vaccine
induced a significantly stronger anti-S2 IgG levels (median, 40.0 versus 5.0, P <0.001), the decrease
on day 45 after a second shot (median, 20.0) did not reach statistical significance (P =0.121), whereas
it was significant on day 75 (median, 10.5, P<0.001). No differences between the “45d” and “75d”
groups were detected (P=0.518).

To display the distribution of anti-SARS-CoV-2 antibody values and for visual comparisons of
distributions between different time points in vaccine groups, the reverse cumulative distribution
curves (RCDCs) are shown in Fig. 2B. In all groups prevaccination, the RCD curves were similar for
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each of the tested antigens, indicating a lack of baseline serological bias between study groups (data not
shown). Postvaccination, the proportion of subjects reaching higher antibody levels to RBD, S1, and S2
proteins increased. For the RBD and S1 antigens, the RCD curves for the second dose of a vaccine are
above the curve for the first dose of a vaccine at all antibody concentrations presented in a log scale.
This suggests that the vaccine dose with the highest curve induced the greatest immune responses. For
the S2 antigen, two RCD curves coincide at the highest antibody levels, which demonstrates
comparable immune responses. While the postvaccination RCD curves were similar for RBD and S1
antigens, for the S2 antigen there was a shift in the “2nd dose” RCDC, demonstrating that a lower
proportion of subjects achieved antibody concentrations of >100 U/ml versus the “Ist dose” group (
Fig. 2B).

Together, these data demonstrate that none of volunteers had serologic signs of previous natural SARS-
CoV-2 infection, all individuals responded to two-dose mRNA vaccination by a significant production
of antibodies specific to spike proteins encoded by mRNA vaccines, and the peak of antibody response
was seen 2 weeks after second dose of the vaccine.

Difference in antibody response to two vaccines.

To compare the strength and duration of antibody response to Pfizer and Moderna vaccines, we
assessed levels of antibodies to three antigens at different time points in individuals receiving Pfizer
(51%; Table 1) or Moderna (49%) vaccines. Analysis of results shown in Fig, 3 utilizing unpaired
parametric ¢ test with Welch’s correction (after evaluation for normal distribution by Kolmogorov-
Smirnov test) revealed no statistically significant differences in the potency of immune response to
RBD protein after first and second doses of either mRNA vaccine. No statistically significant
differences in the duration of anti-RBD responses to Pfizer and Moderna vaccines were also detected (
Fig. 3). Antibody response to S1 protein showed a significantly higher response to first dose of
Moderna (96.23 + 18.13 U/ml) than Pfizer (51.61 £ 9.54) vaccine, while no statistically significant
differences were detected at all following time points. Finally, no differences between two vaccines in
antibody response to S2 protein after vaccination were determined (Fig. 3). Overall, we did not reveal
differences between Pfizer and Moderna in terms of the antibody response to spike protein after two-
dose vaccination in healthy volunteers.
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FIG 3

Comparative analysis of antibody response to two mRNA vaccines. Antibody responses to two doses of
Pfizer and Moderna vaccination of healthy volunteers were assessed by the BioPlex 2200 SARS-CoV-2
IgG multiplex panel. Results represent individual values (dots) and means =+ the SEM (bars) for IgG
antibodies recognizing RBD, S1, and S2 SARS-CoV-2 antigens. P values were determined using an

unpaired 7 test. 10 U/ml (dotted line) is the negative cutoff concentration.

TABLE 1

Demographic data of participated individuals

Characteristic Data

Total no. of participants 47

Age (yr)
Median 50.00
Mean + the SD 49.29+£12.81
Range 19-70

No. (%) of subjects

Female 33 (70)
Pfizer 24 (51)
Female 16 (67)
Moderna 23 (49)
Female 16 (70)

Occupational risk 32 (68)
Healthcare workers 34 (72)

Open in a separate window
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Relative analysis (age and gender).
We next evaluated whether the antibody response to mRNA vaccination was similar in males and

females. Comparative results are shown in Fig. 4A. An unpaired ¢ test analysis revealed no statistically
significant differences between vaccinated males and females in anti-RBD and anti-S1 antibody levels

after the first and second doses and at the later time points, that is, 45 and 75 days after the second shot.

However, a statistically significant difference between males (28.91 +£4.19 U/ml) and females (55.93 +
8.11 U/ml) in anti-S2 response after the second dose was demonstrated (Fig. 4A). Although at 45 days
after the second injection the levels of anti-S2 antibodies were higher in females (41.31 + 11.44 U/ml)
than in males (19.60 + 4.64 U/ml), these differences did not reach statistical significance. Thirty days
later, this difference was minimal: ~19 U/ml versus ~13 U/ml. Thus, we did not observe gender-
associated differences in a long-term response to mRNA vaccination.
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FIG 4

Gender and age differences in antibody responses to mRNA vaccination. Antibody responses to two doses
of Pfizer and Moderna vaccinations of healthy volunteers were assessed by the BioPlex 2200 SARS-CoV-
2 IgG multiplex assay. (A) Results represent individual values (dots) and means + the SEM of IgG
antibodies recognizing RBD, S1, and S2 SARS-CoV-2 antigens in males and females 2 weeks after the
first and second doses and 45 and 75 days after the second shot. The y axis represents antibody levels in
U/ml in logarithmic scale. P values were calculated using an unpaired ¢ test. (B) Pearson correlation
analysis of antibody responses versus age of healthy volunteers. Two age cohorts separated based on the
median age (50) are shown for clarity. Induction of anti-RBD antibody after first (left panel) and second
(right panel) doses of a vaccine are shown in the y axis. Regression lines and correlation coefficients with

the corresponding P values are shown. CIs (95%) and prediction intervals (95%) are also indicated.
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Next, we sought to determine whether specific antibody responses to mRNA administration may be age
dependent within adults aged 19 to 70. Figure 4B shows antibody responses versus age separated based
on the median age (51 years old). Pearson correlation analysis utilizing all age groups revealed a
statistically significant relationship between the age and level of anti-RBD IgG after first dose of
vaccine administration (Fig. 4B). However, no age dependency of the antibody response was seen after
the second dose, suggesting that immune boosting was significant in all age categories. No correlations
between the anti-RBD antibody levels and age were detected at later time points of blood collection (45
and 75 days after second dose administration). Similarly, induction of anti-S1 IgG after first vaccine
dose was age dependent (R=0.410, P=0.005), whereas this correlation disappeared after second dose
(R=0.234, P=0.152) and was not detected at later time points (R <0.02, P> 0.9). No significant
correlations between age and anti-S2 response were determined (data not shown). Thus, induction of
anti-RBD and anti-S2 antibodies by vaccination was initially inversely correlated with volunteers’ age,
while the later response and its duration were age independent.

Comparative examples (COVID-19, vaccination interval, and vaccination after a natural
disease).

For comparative presentation of anti-SARS-CoV-2 serum antibody levels determined by a multiplexed
assay, we determined the antibody response in randomly selected samples obtained from COVID-19-
confirmed and COVID-19-recovered patients who donated their blood for convalescent plasma
evaluation. A comprehensive analysis of antibody levels in different cohorts of COVID-19 patients
have been recently reported by our lab (N. Cook et al., unpublished data). Figure SA demonstrates a
range of anti-SARS-CoV-2 antibodies in individuals recovered (3 to 6 months) after mild COVID-19
incidence. The levels of tested antibodies were similar to the levels of antibodies seen in individuals
receiving a first dose of COVID-19 mRNA vaccines, with the only difference being the absence of
anti-nucleocapsid antibody in vaccinated healthy volunteers (Fig. 6). As an additional confirmation of
positive anti-SARS-CoV-2 immunity in COVID-19-recovered patients, we utilized the Eurolmmun
assay detecting anti-S IgG antibodies in the same blood specimens (Fig, 5SB). Together, these results
suggest that anti-N antibody may serve as a marker of previous COVID-19 disease and that two-dose
mRNA vaccination induces a significantly higher antibody response than that seen in people recovered
after mild or medium SARS-CoV-2 infection.
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FIG 5

Serum anti-SARS-CoV-2 antibody levels in COVID-19 recovered individuals. Antibody levels were
assessed by using the BioPlex 2200 SARS-CoV-2 IgG multiplex panel (A) and the Eurolmmun IgG
ELISA (B) in 59 COVID-19-recovered persons 3 to 8 months after disease. Antibody levels are expressed
in U/ml in logarithmic scale (A) and index values (B), as described in Materials and Methods. 10 U/ml
(dotted line) is the negative cutoff concentration for panel A. A, index value of 1 (dotted line) is the

negative cutoff concentration for panel B. Results from a representative cohort of patients are shown.
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FIG 6

Vignettes to compare healthy to previously infected volunteers. Examples of anti-SARS-CoV-2 antibody
levels in a vaccinated healthy volunteer (A and B), a mild COVID-19 recovered person (C and D), and a
previously SARS-CoV-2-infected individual receiving a two-dose mRNA vaccine (E and F) are shown.
Antibody levels were assessed by using a BioPlex 2200 SARS-CoV-2 IgG multiplex panel. Results are
expressed as antibody levels in U/ml (y axis) in the linear (B, D, and F) and logarithmic (A, C, and E)
scales for comparison. The x axis indicates time points before, 2 weeks after the first and second vaccine
doses, and 45, 75, and 105 days after the second shot (A, B, E, and F) or days after natural disease (C and
D). 10 U/ml (dotted line) is the negative cutoff concentration.

A few examples from participating volunteers open additional opportunities for further studies.
Figure 6 demonstrates individual results for comparison: a representative antibody response to a two-
dose vaccination in a volunteer in a linear (Fig. 6B) and a logarithmic (Fig. 6A) scale. The peak of
antibody response to RBD antigen reached ~3,000 U/ml. The level of anti-SARS-CoV-2 antibodies in
an individual recovered after mild COVID-19 was within 50 to 150 U/ml during ~8 months after a
disease, with a slight but consistent declining of anti-RBD and anti-S1 antibodies and a marked
reduction of anti-N antibody (Fig. 6): the results are shown in a linear (Fig. 6D) and a logarithmic (
Fig. 6C) scale. This suggests that vaccine-induced antibodies are seen at higher levels compared to
mild natural disease-induced antibodies at least during a few months after vaccination. Interestingly,
vaccination of a person several months after mild confirmed COVID-19 recovery resulted in a dramatic
induction of anti-RBD, -S1, and -S2, but not anti-N, antibodies up to 40,000 U/ml, which is almost
1,000-fold higher than in healthy vaccinated volunteers (Fig, 6E and F). Importantly, although the
second vaccine dose resulted in the highest boosting of antibody production, even the first dose
stimulated a dramatic antibody response in a COVID-19-recovered person, which was significantly
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higher than the average response in previously COVID-19-free volunteers. Together, these results of
the multiplexed analysis of anti-SARS-CoV2 antibodies support the idea that both anti-N and anti-S2
antibodies may be helpful in differentiation of individuals who have had a previous infection for at
least several months earlier and were or were not vaccinated.

Figure 7 shows prolonged serum antibody levels in a healthy volunteer after the first dose of the
Moderna vaccine for up to 70 days prior to administration of the second dose of the vaccine. As
expected, a relatively low antibody response, determined by the BioPlex SARS-CoV-2 IgG assay, was
seen after first injection (Fig. 7B) to both RBD and S1 antigens, as shown in the linear (lower panel)
and logarithmic (upper panel) scales. Antibody levels slowly and gradually decreased for 70 days,
while a boosting vaccination induced 30- to 40-fold increase in antibody levels, peaking 1 week after
injection. The following decline in serum antibodies was also anticipated. These results were verified
by determining antibodies utilizing Siemens SARS-CoV-2 total assay (Fig. 7A). The results, shown
linear (lower panel) and logarithmic (upper panel) scales, confirmed a persistent low level of specific
antibodies after the first dose and a significant boosting induced by the second dose of a vaccine.
Together, these data demonstrate that waiting longer between the two doses could achieve the same
effect in healthy individuals.

Open in a separate window

FIG 7

Anti-SARS-CoV-2 antibody levels in a vaccinated healthy volunteer with a delayed boosting vaccination.
Antibody levels were assessed by using the Siemens SARS-CoV-2 total assay (A) and the BioPlex 2200
SARS-CoV-2 IgG multiplex panel (B). The results are shown with linear (lower panels) and logarithmic
(upper panels) scales (y axis) in index values (A) and U/ml (B). The x axis indicates the days after the first
dose of a vaccine administration. An index unit of 1 (dotted line) is the negative cutoff concentration for

panel A. 10 U/ml (dotted line) is the negative cutoff concentration for panel B.

In summary, our results demonstrate clinical usefulness of multiplexed detection of anti-SARS-CoV-2
antibodies in vaccinated healthy volunteers. Specifically, we revealed a compatible efficacy of the
Pfizer-BioNTech and Moderna vaccines in the induction of various anti-SARS-CoV-2 antibodies, a
similar immune response to vaccination in males and females, an initial dose-limited age dependence
of antibody production, and a marked monthly decline in antibody levels after vaccination.

DISCUSSION

Currently, there are three basic types of tests to determine whether an individual has been infected with
SARS-CoV-2: viral RNA detection, viral antigen detection, and detection of antibodies to the virus.
Viral tests are used to assess acute infection, whereas antibody tests provide evidence of prior infection.
Although the FDA has not authorized the use of antibody tests for the diagnosis of acute infection, they
are the key tests for assessing immune response to a COVID-19 vaccination, distinguishing immune
response to a vaccine or natural disease and identification of prior asymptomatic infections.
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There are four major structural proteins in SARS-CoV-2: spike, envelope, membrane, and nucleocapsid
encoded by the S, E, M, and N genes, as well as nonstructural proteins (13, 28). The S protein contains
the S1 and S2 subunits which mediate receptor binding and membrane fusion, respectively. Viral entry
is achieved through virus-host cell membrane fusion, which requires a conformational change in the S
protein. The RBD in S1 binds to angiotensin-converting enzyme 2 (ACE2) on the host cell, which
initiates the necessary conformational change in the S2 subunit that allows for membrane fusion (28).
Both antibody and T cell responses are detectable to all major viral antigens during or after COVID-19
(29, 30). Similar immune responses can be seen after COVID-19 vaccination. Although more than 200
vaccine candidates are in development, of which more than 60 are in clinical development, as of May
2021 the WHO has determined that the following vaccines against COVID-19 have met the necessary
criteria for safety and efficacy: vaccines made by SinoPharm, AstraZeneca/Oxford, Johnson and
Johnson, Moderna, and Pfizer-BioNTech. Some national regulators have also assessed other COVID-
19 vaccine products for use in their countries. All major first-generation COVID-19 vaccines approved
in the United States utilize spike protein coding for immune response targeting and thus induce RBD,
S1, and S2 antibody production. Interestingly, the Pfizer phase I/II COVID-19 vaccine trial with
BNT162b1, an mRNA that encodes the RBD of the spike protein, showed that a detectable level of
RBD-binding IgG was seen before the second dose, but the peak was 1 week after the booster (31).

For Moderna, there were detectable antibodies by the day of second dose with the peak on day 15 after
second injection (14). The follow-up data for the Moderna mRNA-1273 vaccine provide
immunogenicity data set 90 days after the second vaccination, showing high levels of RBD binding and
neutralizing antibodies that declined slightly over time, as expected (32). Similarly, blood from six
adults receiving the mRNA-based SARS-CoV-2 vaccines was analyzed for the immune responses to S
protein and RBD by ELISA (16). This study found that immune responses were highest 1 week after
the second dose of vaccine with a subsequent decline in antibody titers. Neutralizing antibody titers
displayed a comparable trend for all vaccinees (16). These results were confirmed by retrospective
analysis of healthy donors’ serologic response to immunization with the Pfizer BNT162b2 vaccine. All
participants demonstrated no S protein (RBD) antibodies before vaccination and were all positive for S
protein antibodies by 2 weeks after the first vaccine dose. The serum levels of S protein antibodies
peaked at 4 to 5 weeks following the initial vaccine dose (33). Though correlates of protection against
SARS-CoV-2 infection are not yet widely proven, our results and those of others signify that even with
a slight and expected decrease in the level of circulating binding and neutralizing antibodies, mRNA
vaccines have the ability to deliver lasting humoral immunity.

Utilizing a new multiplexed antibody detection approach here, we demonstrated induction of diverse
anti-spike antibodies after both the first and the second doses of spike protein encoding Moderna and
Pfizer vaccines, including a strong response to RBD, which is the major target of neutralizing
antibodies in convalescent patients (34). However, some isolated neutralizing antibodies may exert
their function without interfering with RBD-ACE2 recognition or even without binding to RBD (35,—
37). Indeed, while RBD-binding antibodies are commonly referred to as “neutralizing” antibodies,
there is not a full correlation between the level of RBD-binding antibodies and the real neutralizing
potential of plasma or serum. For example, it was reported that the concordance between seven
different anti-SARS-CoV-2 immunoassays and virus neutralization tests varied widely (38). Although
these observations may suggest that neutralization potency, as opposed to antibody to epitope
specificity, is responsible for the putative protection of anti-SARS-CoV-2 antibodies (39), these results
also advocate that detection and characterization of immune response to multiple viral protein domains
and antigens is well justified.
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In our study, the anti-RBD response was the strongest, followed by the anti-S1 response, whereas the
anti-S2 response was the lowest in all tested individuals. While RBD and S1 antibodies are commonly
associated with their ability to neutralize a virus, the clinical significance of antibodies recognizing the
S2 subunit is less clear. Recently, Voss et al. reported that more than 80% of the anti-spike 1gG
repertoire bound to epitopes outside the RBD, with about 40% of the circulating antibodies targeting
the S2 subunit (40). Protective activity of the neutralizing anti-S2 antibody has been also reported (35,
39, 41). Thus, our data demonstrate that tested vaccines, in addition to the anti-RBD and anti-S1
responses, are also eliciting low but significant antibodies targeting the S2 subunit, which are likely
providing another layer of protection against the virus. Interestingly, recent characterization of binding
and neutralizing antibodies isolated from SARS-CoV-2-infected subjects revealed that the anti-S2
antibody was the only one that was unaffected by mutations found in the recently emerged South
African variant (39). The authors of that study concluded that these antibodies can serve as blueprints
for the development of immunogens to elicit protective neutralizing antibody responses against
multiple coronaviruses. Our findings suggest that these vaccines elicit polyclonal responses against
multiple epitopes, which may offer enhance protection against variants.

In our study, no differences between Pfizer-induced and Moderna-induced antibody responses were
detected (Fig. 3). This agrees with other work in a study of a cohort of 20 volunteers who received
either the Moderna or the Pfizer/BioNTech vaccines. Wang et al. demonstrated high levels of IgM and
IgG anti-SARS-CoV-2 spike protein and RBD binding titers 8 weeks after the second vaccine injection

(18).

We also did not detect significant differences in immune response between males and females but
demonstrated that the initial response to different antigens was age dependent. However, this
correlation was observed only during the relatively weak response to the first dose and disappeared
after boosting of the immune reaction with a second dose (Fig. 4). These results have been recently
confirmed (23). The results of another study, analyzing the antibody titer 7 days after the second dose
of Pfizer BNT162b2 vaccine in health care workers, revealed that females, lean people, and young
people have an increased capacity to mount humoral immune responses compared to male, overweight,
and older populations (42). Although these data confirm the age dependence of vaccine-induced
humoral immune response detected in our study, we did not see a significant gender-dependent
responses in our cohort of healthy volunteers. Importantly, our study includes only IgG antibody
evaluation. Recent data revealed that in response to BNT162b2, volunteers developed only moderate
levels of anti-S1 IgA and IgM antibodies after both the first and the second doses of the vaccine, in
contrast to the strong IgG response (23). Similarly, the BNT162b2 vaccine compared to natural
infection induces low anti-S and anti-RBD IgM and IgA responses but does induce a strong IgG
response (43). One possible explanation for the relatively low IgM and IgA responses to the vaccine
are the lipid components of the vaccine formulation, which are relatively uncharacterized with respect
to their effect on the human immune system. Some early work indicates that the lipid components may
increase Th1-polarized CD4" T cell responses, thus creating early IgG class-switching that could
produce the observed high IgG and low IgA and IgM responses (43). However, Wang et al. reported
high levels of IgM and IgG anti-S and anti-RBD binding titers in volunteers 8 weeks after the second
vaccine injection (18). Therefore, additional studies of different cohorts of vaccinated people are
needed in order to draw conclusions regarding the significance of polarized antibody responses after
COVID-19 vaccination.

Our data demonstrating a strong antibody response in an individual who experience a natural disease 9
months earlier (Fig. 6C) are in agreement with the results demonstrating that the antibody response to
the first vaccine dose in individuals with preexisting immunity is equal to or even exceeds the titers
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found in naive individuals after the second dose (17, 44). These authors studied more than 100 vaccine
recipients, ~40% of whom were seropositive for SARS-CoV-2 at the time of vaccination. They found
that median antibody titers among seropositive vaccinees after the first dose were more than 10 times
higher than titers among seronegative vaccinees after the second dose. The fact that after a single dose
of COVID-19 vaccine, people with a prior COVID-19 infection had antibody levels similar to those of
people without prior infection after two vaccine doses suggests the importance of testing anti-SARS-
CoV-2 antibodies prior to vaccination in order to prevent immune overboosting and limit potential
adverse effects, as well as to minimize the unnecessary utilization of vaccines in countries with
restricted vaccine availability.

In conclusion, our results suggest that postvaccination testing of multiple antibody responses is a vital
and practicable instrument for following vaccinated people for selecting individuals who need
additional boosting because of low responsiveness or might require a third dose of vaccine at an earlier
time point or persons who may do not need second dose due to previous SARS-CoV-2 infection. For
instance, measurement of SARS-CoV-2 IgG production in patients with hematological malignancy who
received two mRNA vaccine doses revealed that 46% of these patients did not produce antibodies and
were therefore vaccine nonresponders. Patients with B-cell CLL were at a particularly high risk, with
only 23% having a detectable antibody response even though almost 70% of the B-cell CLL patients
were not concurrently receiving cancer therapy (45). Alternatively, if a cohort of presumably healthy
individuals demonstrates an unexpectedly low response to vaccination, concerns can be raised
regarding a particular batch of a vaccine. Our and other studies characterizing the clinically testable
response to COVID-19 vaccination pave the way toward developing effective tools to combat the
pandemic.

MATERIALS AND METHODS

Study design and participants.

The goal of this prospective panel study was to examine healthy individuals receiving the
Pfizer/BioNTech and Moderna COVID-19 vaccines to characterize the serum levels of antibodies
recognizing four virus antigens before and at different time points after the first and second doses of
vaccines. Eligible participants were healthy individuals aged 19 or older. A total of 47 volunteers who
received two injections of either vaccine 3 or 4 weeks apart (Pfizer/BioNTech and Moderna,
respectively) participated in the study (Table 1). The key exclusion criteria included an axillary
temperature of more than 37°C, a history of allergy to any vaccine components, anemia and treatment
for anemia or iron deficiency, and immunosuppression whether from disease or treatment. Written
informed consent was obtained from each participant before enrollment. As a control (natural disease),
remnant samples from patients who had SARS-CoV-2 antibody ordered as part of their clinical care or
for convalescent plasma donation were utilized. Written approval of the study protocol and informed
consent form were obtained from the relevant Independent Ethics Committee/Institutional Review
Board (IRB) of the University of Pittsburgh (studies 20040072 and 20120157). The study was
conducted in compliance with Good Clinical Practice and all applicable laws and guidelines consistent
with ethical principles of the Declaration of Helsinki.

Blood samples were collected 6 to 72 h prior to the initial vaccine administration, 2 weeks (14 to 16
days) after the first dose of either vaccine, 2 weeks after the second dose, and then monthly at day 45
(42 to 46 days), day 75 (73 to 78 days), 105 (102 to 108 days), and 135 (132 to 138) after the
completed vaccination.

Detection of virus-specific antibodies.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 15/23
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Blood samples were collected into BD serum gel separator tubes and centrifuged after complete
clotting at room temperature (1,200 % g, 10 min). All specimens were deidentified and aliquoted for
assessment. Serum samples were stored at —30°C for 1 to 3 months before analysis.

SARS-CoV-2 antibody assays were performed in CLIA certified high-complexity clinical laboratories
at the (University of Pittsburgh Medical Center). For screening and differentiation of the antibody
response to COVID-19 vaccines, we used the BioPlex 2200 CoV-2 IgG Panel (Bio-Rad Laboratories,
Inc., Hercules, CA). The BioPlex 2200 SARS-CoV-2 IgG panel is a multiplex assay for the qualitative
(IgG screen) and semiquantitative (U/ml) detection of IgG class antibodies against the RBD, S1, S2,
and nucleocapsid (N) proteins of the SARS-CoV-2 virus in human serum and plasma. The analytical
measuring range was 1 to 100 U/ml, with onboard dilutions of 1:8, 1:16, and 1:32. Samples that
displayed any antibody levels higher than 3,200 U/ml were manually diluted 1:5 or 1:10 using the Bio-
Rad dilution solution. The SARS-CoV-2 IgG calibrator set included five levels of each antibody
specificity, with a 4PL calibration curve fit; for the SARS-CoV-2 IgG quality control, two levels were
utilized. Performance studies showed an overall specificity of 99.8% and an overall sensitivity of
96.3%, according to the manufacturer’s instructions for use. Evaluation and validation of this assay in
our lab confirmed these characteristics (Cook et al., unpublished). Results that are <10 U/ml are
considered negative, and positivity is >10 U/ml.

For the expansion and verification of serum antibody results, we also used an ADVIA Centaur SARS-
CoV-2 total (COV2T) chemiluminescent immunoassay (Siemens USA, Malvern, PA) intended for
qualitative detection of total antibodies, including IgG and IgM, to SARS-CoV-2. The COV2T assay
on ADVIA Centaur XP system is a fully automated one-step antigen sandwich immunoassay using
acridinium ester chemiluminescent technology, in which antigens are bridged by antibodies present in
the patient sample. The solid phase contains a preformed complex of streptavidin-coated microparticles
and biotinylated SARS-CoV-2 recombinant S1-RBD antigen. A direct relationship exists between the
level of SARS-CoV-2 antibodies present in the patient sample and the amount of relative light units
(RLUs) detected by the system. A result of reactive or nonreactive is determined according to the index
value established with the high and low calibrators. Within the measuring interval 0.05 to 10.00 index,
results were reported as nonreactive (<1.0 index) or reactive (>1.0 index). Manual dilution of serum
samples (1:10 to 1:1,000) was utilized if required. This assay was evaluated in the lab and the results
were published (46).

For additional confirmation of antibody results, we used an anti-SARS-CoV-2 ELISA (Eurolmmun,
NJ) that provides semiquantitative determination of human IgG antibodies targeting spike protein,
which has been evaluated and verified in our lab previously (46, 47). The assay was run according to
the manufacturer provided protocol using an iMark microplate absorbance reader (Bio-Rad
Laboratories). The absorbance of sample wells was measured immediately at 450 and 630 nm, with
output reports generated with the optical density (OD) at 630 nm subtracted from the OD at 450 nm.
Data were then analyzed as recommended by the manufacturer as a ratio based on the sample OD
divided by the averaged OD of the calibrators. This ratio was interpreted as follows: <0.8, negative;
>0.8 to <1.0, borderline; and >1.1, positive. Antibody level results are expressed as the “index value.”

Statistical analysis.

First, data were compared using ¢ tests on nontransformed and log-transformed values. Evolution of
antibody levels over time was assessed using paired 7 tests. For a single comparison of two groups, a
Student # test was used after evaluation of normality. If the data distribution was not normal
(Kolmogorov-Smirnov normality test), a Mann-Whitney rank sum test was performed. To compare
multiple groups, ANOVA was applied. We used ANOVA to compare log-transformed and
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nontransformed antibody levels. When comparison of all groups showed a significant difference, we
performed pairwise comparisons. Correlation between tested parameters was done using Pearson
correlation. Hypothesis testing was two-sided, and we considered P values of <0.05 to be significant.

To analyze variability and central tendencies and summarize immune response profiles after
vaccination, reverse cumulative distribution curves (RCDCs) were generated. These graphic techniques
were used by Salk to display distribution of anti-polio antibodies (48). The method was further
developed by Reed et al. to analyze antibody response in vaccine studies (49). RCDCs are step
functions based on the order statistics of the data. The curves begin with a value of 1.0 or 100% at an
antibody titer of virtually zero and fall to a value of zero above the largest titer value in steps of 1/n. If
there are ties, then the step size is equal to the number of tied values times 1/xn (50). We calculated
antibody levels and corresponding 95% confidence intervals (Cls) on the basis of standard normal
distribution of the log-transformed antibody concentrations.

We used SigmaPlot (version 14; Systat Software, Inc., San Jose, CA) and Prism (version 9; GraphPad,
San Diego, CA) for all analyses and data presentation. The data are presented as means + the standard
errors of the mean (SEM) or medians with a 95% confidence interval (CI), as stated in the
corresponding figure legends or in the text.

ACKNOWLEDGMENTS

We thank Mary Yost, Vincent Maskivish, and Sharon Palmosina for help with blood collection and
preparation of serum samples, and we thank Bio-Rad Laboratories for providing key reagents and
supporting antibody detection. We also thank all volunteers participating in the study.

This research received no specific grant from any funding agency in the public, commercial or not-for-
profit sectors.

We confirm that all relevant ethical guidelines have been followed, and all necessary IRB and/or ethics
committee approvals have been obtained. Bio-Rad Laboratories had no role in study design, data
collection, data analysis, data interpretation, or writing of the report. All authors had full access to all
the data in the study and had final responsibility for the decision to submit for publication.

REFERENCES

1. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, Grifoni A, Ramirez SI, Haupt S, Frazier
A, Nakao C, Rayaprolu V, Rawlings SA, Peters B, Krammer F, Simon V, Saphire EO, Smith DM,
Weiskopf D, Sette A, Crotty S. 2021. Immunological memory to SARS-CoV-2 assessed for up to 8
months after infection. Science 371:¢abf4063. doi:10.1126/science.abf4063. [PMC free article]
[PubMed] [CrossRef] [Google Scholar]

2. Shurin MR, Morris A, Wells A, Wheeler SE. 2020. Assessing immune response to SARS-CoV-2
infection. Immunotargets Ther 9:111-114. doi:10.2147/ITT.S264138. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

3. Food and Drug Administration. 2020. Pfizer COVID-19 vaccine emergency use authorization. U.S.
Food and Drug Administration, Silver Spring, MD. [Google Scholar]

4. Food and Drug Administration. 2020. Moderna COVID-19 vaccine emergency use authorization.
U.S. Food and Drug Administration, Silver Spring, MD. [Google Scholar]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 17/23


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7919858/
https://www.ncbi.nlm.nih.gov/pubmed/33408181
https://dx.doi.org/10.1126%2Fscience.abf4063
https://scholar.google.com/scholar_lookup?journal=Science&title=Immunological+memory+to+SARS-CoV-2+assessed+for+up+to+8+months+after+infection&volume=371&publication_year=2021&pages=eabf4063&pmid=33408181&doi=10.1126/science.abf4063&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7295455/
https://www.ncbi.nlm.nih.gov/pubmed/32607314
https://dx.doi.org/10.2147%2FITT.S264138
https://scholar.google.com/scholar_lookup?journal=Immunotargets+Ther&title=Assessing+immune+response+to+SARS-CoV-2+infection&volume=9&publication_year=2020&pages=111-114&pmid=32607314&doi=10.2147/ITT.S264138&
https://scholar.google.com/scholar_lookup?title=Pfizer+COVID-19+vaccine+emergency+use+authorization.&publication_year=2020&
https://scholar.google.com/scholar_lookup?title=Moderna+COVID-19+vaccine+emergency+use+authorization.&publication_year=2020&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects

5. Barnes CO, Jette CA, Abernathy ME, Dam KA, Esswein SR, Gristick HB, Malyutin AG, Sharaf
NG, Huey-Tubman KE, Lee YE, Robbiani DF, Nussenzweig MC, West AP, Jr, Bjorkman PJ. 2020.
SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 588:682—687.
doi:10.1038/s41586-020-2852-1. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

6. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O, Graham BS, McLellan JS.
2020. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 367:1260—
1263. doi:10.1126/science.abb2507. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

7. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez JL, Perez Marc G,
Moreira ED, Zerbini C, Bailey R, Swanson KA, Roychoudhury S, Koury K, Li P, Kalina WV, Cooper
D, Frenck RW, Jr, Hammitt LL, Tureci O, Nell H, Schaefer A, Unal S, Tresnan DB, Mather S,
Dormitzer PR, Sahin U, Jansen KU, Gruber WC, C4591001 Clinical Trial Group. 2020. Safety and
efficacy of the BNT162b2 mRNA COVID-19 vaccine. N Engl J Med 383:2603-2615.
doi:10.1056/NEJMo0a2034577. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

8. Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, Werner AP, Flach B, O’Connell
S, Bock KW, Minai M, Nagata BM, Andersen H, Martinez DR, Noe AT, Douek N, Donaldson MM,
Nji NN, Alvarado GS, Edwards DK, Flebbe DR, Lamb E, Doria-Rose NA, Lin BC, Louder MK,
O’Dell S, Schmidt SD, Phung E, Chang LA, Yap C, Todd JM, Pessaint L., Van Ry A, Browne S,
Greenhouse J, Putman-Taylor T, Strasbaugh A, Campbell TA, Cook A, Dodson A, Steingrebe K, Shi
W, Zhang Y, Abiona OM, Wang L, Pegu A, Yang ES, Leung K, Zhou T, Teng IT, Widge A, et al. .
2020. Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. N Engl J
Med 383:1544—-1555. doi:10.1056/NEJMo0a2024671. [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

9. Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y, Bangaru S, Torres JL, Okba
NMA, Claireaux M, Kerster G, Bentlage AEH, van Haaren MM, Guerra D, Burger JA, Schermer EE,
Verheul KD, van der Velde N, van der Kooi A, van Schooten J, van Breemen MJ, Bijl TPL, Sliepen K,
Aartse A, Derking R, Bontjer I, Kootstra NA, Wiersinga WJ, Vidarsson G, Haagmans BL, Ward AB,
de Bree GJ, Sanders RW, van Gils MJ. 2020. Potent neutralizing antibodies from COVID-19 patients
define multiple targets of vulnerability. Science 369:643-650. doi:10.1126/science.abc5902.

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

10. Mulligan MJ, Lyke KE, Kitchin N, Absalon J, Gurtman A, Lockhart S, Neuzil K, Raabe V, Bailey
R, Swanson KA, Li P, Koury K, Kalina W, Cooper D, Fontes-Garfias C, Shi P-Y, Tiireci 0, Tompkins
KR, Walsh EE, Frenck R, Falsey AR, Dormitzer PR, Gruber WC, Sahin U, Jansen KU. 2020. Phase
/1T study of COVID-19 RNA vaccine BNT162b1 in adults. Nature 586:589-593. doi:10.1038/s41586-
020-2639-4. [PubMed] [CrossRef] [Google Scholar]

11. Walsh EE, Frenck RW, Falsey AR, Kitchin N, Absalon J, Gurtman A, Lockhart S, Neuzil K,
Mulligan MJ, Bailey R, Swanson KA, Li P, Koury K, Kalina W, Cooper D, Fontes-Garfias C, Shi P-Y,
Tiireci O, Tompkins KR, Lyke KE, Raabe V, Dormitzer PR, Jansen KU, Sahin U, Gruber WC. 2020.
Safety and immunogenicity of two RNA-based COVID-19 vaccine candidates. N Engl J Med
383:2439-2450. doi:10.1056/NEJMo0a2027906. [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

12. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K, Le KC, Wrapp D,
Lee AG, Liu Y, Chou CW, Byme PO, Hjorth CK, Johnson NV, Ludes-Meyers J, Nguyen AW, Park J,
Wang N, Amengor D, Lavinder JJ, Ippolito GC, Maynard JA, Finkelstein 1J, McLellan JS. 2020.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 18/23


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8092461/
https://www.ncbi.nlm.nih.gov/pubmed/33045718
https://dx.doi.org/10.1038%2Fs41586-020-2852-1
https://scholar.google.com/scholar_lookup?journal=Nature&title=SARS-CoV-2+neutralizing+antibody+structures+inform+therapeutic+strategies&volume=588&publication_year=2020&pages=682-687&pmid=33045718&doi=10.1038/s41586-020-2852-1&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7164637/
https://www.ncbi.nlm.nih.gov/pubmed/32075877
https://dx.doi.org/10.1126%2Fscience.abb2507
https://scholar.google.com/scholar_lookup?journal=Science&title=Cryo-EM+structure+of+the+2019-nCoV+spike+in+the+prefusion+conformation&volume=367&publication_year=2020&pages=1260-1263&pmid=32075877&doi=10.1126/science.abb2507&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7745181/
https://www.ncbi.nlm.nih.gov/pubmed/33301246
https://dx.doi.org/10.1056%2FNEJMoa2034577
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Safety+and+efficacy+of+the+BNT162b2+mRNA+COVID-19+vaccine&volume=383&publication_year=2020&pages=2603-2615&pmid=33301246&doi=10.1056/NEJMoa2034577&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7449230/
https://www.ncbi.nlm.nih.gov/pubmed/32722908
https://dx.doi.org/10.1056%2FNEJMoa2024671
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Evaluation+of+the+mRNA-1273+vaccine+against+SARS-CoV-2+in+nonhuman+primates&volume=383&publication_year=2020&pages=1544-1555&pmid=32722908&doi=10.1056/NEJMoa2024671&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7299281/
https://www.ncbi.nlm.nih.gov/pubmed/32540902
https://dx.doi.org/10.1126%2Fscience.abc5902
https://scholar.google.com/scholar_lookup?journal=Science&title=Potent+neutralizing+antibodies+from+COVID-19+patients+define+multiple+targets+of+vulnerability&volume=369&publication_year=2020&pages=643-650&pmid=32540902&doi=10.1126/science.abc5902&
https://www.ncbi.nlm.nih.gov/pubmed/32785213
https://dx.doi.org/10.1038%2Fs41586-020-2639-4
https://scholar.google.com/scholar_lookup?journal=Nature&title=Phase+I/II+study+of+COVID-19+RNA+vaccine+BNT162b1+in+adults&volume=586&publication_year=2020&pages=589-593&pmid=32785213&doi=10.1038/s41586-020-2639-4&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7583697/
https://www.ncbi.nlm.nih.gov/pubmed/33053279
https://dx.doi.org/10.1056%2FNEJMoa2027906
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Safety+and+immunogenicity+of+two+RNA-based+COVID-19+vaccine+candidates&volume=383&publication_year=2020&pages=2439-2450&pmid=33053279&doi=10.1056/NEJMoa2027906&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects

Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 369:1501-1505.
doi:10.1126/science.abd0826. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

13. Xia X. 2021. Domains and functions of spike protein in SARS-CoV-2 in the context of vaccine
design. Viruses 13:109. doi:10.3390/v13010109. [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

14. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN, McCullough MP,
Chappell JD, Denison MR, Stevens LJ, Pruijssers AJ, McDermott A, Flach B, Doria-Rose NA, Corbett
KS, Morabito KM, O’Dell S, Schmidt SD, Swanson PA, 2nd, Padilla M, Mascola JR, Neuzil KM,
Bennett H, Sun W, Peters E, Makowski M, Albert J, Cross K, Buchanan W, Pikaart-Tautges R,
Ledgerwood JE, Graham BS, Beigel JH. 2020. An mRNA vaccine against SARS-CoV-2: preliminary
report. N Engl J Med 383:1920-1931. doi:10.1056/NEJMo0a2022483. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

15. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert D, Spector SA, Rouphael
N, Creech CB, McGettigan J, Khetan S, Segall N, Solis J, Brosz A, Fierro C, Schwartz H, Neuzil K,
Corey L, Gilbert P, Janes H, Follmann D, Marovich M, Mascola J, Polakowski L, Ledgerwood J,
Graham BS, Bennett H, Pajon R, Knightly C, Leav B, Deng W, Zhou H, Han S, Ivarsson M, Miller J,
Zaks T, Group CS. 2021. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med
384:403—416. doi:10.1056/NEJMo0a2035389. [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

16. Amanat F, Thapa M, Lei T, Ahmed SMS, Adelsberg DC, Carreno JM, Strohmeier S, Schmitz AJ,
Zafar S, Zhou JQ, Rijnink W, Alshammary H, Borcherding N, Reiche AG, Srivastava K, Sordillo EM,
Bakel H, Turner JS, Bajic G, Simon V, Ellebedy AH, Krammer F. 2021. The plasmablast response to
SARS-CoV-2 mRNA vaccination is dominated by non-neutralizing antibodies that target both the NTD
and the RBD. medRxiv. doi:10.1101/2021.03.07.21253098:2021.03.07.21253098. [CrossRef]

[Google Scholar]

17. Krammer F, Srivastava K, Alshammary H, Amoako AA, Awawda MH, Beach KF, Bermudez-
Gonzalez MC, Bielak DA, Carreno JM, Chernet RL, Eaker LQ, Ferreri ED, Floda DL, Gleason CR,
Hamburger JZ, Jiang K, Kleiner G, Jurczyszak D, Matthews JC, Mendez WA, Nabeel I, Mulder LCF,
Raskin AJ, Russo KT, Salimbangon AT, Saksena M, Shin AS, Singh G, Sominsky LA, Stadlbauer D,
Wajnberg A, Simon V. 2021. Antibody responses in seropositive persons after a single dose of SARS-
CoV-2 mRNA vaccine. N Engl J Med 384:1372—1374. doi:10.1056/NEJMc2101667.

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

18. Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S, Schaefer-Babajew D, Cipolla
M, Gaebler C, Lieberman JA, Oliveira TY, Yang Z, Abernathy ME, Huey-Tubman KE, Hurley A,
Turroja M, West KA, Gordon K, Millard KG, Ramos V, Da Silva J, Xu J, Colbert RA, Patel R, Dizon J,
Unson-O’Brien C, Shimeliovich I, Gazumyan A, Caskey M, Bjorkman PJ, Casellas R, Hatziioannou T,
Bieniasz PD, Nussenzweig MC. 2021. mRNA vaccine-elicited antibodies to SARS-CoV-2 and
circulating variants. bioRxiv. doi:10.1101/2021.01.15.426911:2021.01.15.426911. [PMC free article]
[PubMed] [CrossRef]

19. Luchsinger LL, Hillyer CD. 2021. Vaccine efficacy probable against COVID-19 variants. Science
371:1116-1116. doi:10.1126/science.abg9461. [PubMed] [CrossRef] [Google Scholar]

20. Edara VV, Hudson WH, Xie X, Ahmed R, Suthar MS. 2021. Neutralizing antibodies against
SARS-CoV-2 variants after infection and vaccination. JAMA 325:1896. doi:10.1001/jama.2021.4388.
[PMC free article] [PubMed] [CrossRef] [Google Scholar]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 19/23



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7402631/
https://www.ncbi.nlm.nih.gov/pubmed/32703906
https://dx.doi.org/10.1126%2Fscience.abd0826
https://scholar.google.com/scholar_lookup?journal=Science&title=Structure-based+design+of+prefusion-stabilized+SARS-CoV-2+spikes&volume=369&publication_year=2020&pages=1501-1505&pmid=32703906&doi=10.1126/science.abd0826&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7829931/
https://www.ncbi.nlm.nih.gov/pubmed/33466921
https://dx.doi.org/10.3390%2Fv13010109
https://scholar.google.com/scholar_lookup?journal=Viruses&title=Domains+and+functions+of+spike+protein+in+SARS-CoV-2+in+the+context+of+vaccine+design&volume=13&publication_year=2021&pages=109&pmid=33466921&doi=10.3390/v13010109&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7377258/
https://www.ncbi.nlm.nih.gov/pubmed/32663912
https://dx.doi.org/10.1056%2FNEJMoa2022483
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=An+mRNA+vaccine+against+SARS-CoV-2:+preliminary+report&volume=383&publication_year=2020&pages=1920-1931&pmid=32663912&doi=10.1056/NEJMoa2022483&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7787219/
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://dx.doi.org/10.1056%2FNEJMoa2035389
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Efficacy+and+safety+of+the+mRNA-1273+SARS-CoV-2+vaccine&volume=384&publication_year=2021&pages=403-416&pmid=33378609&doi=10.1056/NEJMoa2035389&
https://dx.doi.org/10.1101%2F2021.03.07.21253098%3A2021.03.07.21253098
https://scholar.google.com/scholar_lookup?journal=medRxiv&title=The+plasmablast+response+to+SARS-CoV-2+mRNA+vaccination+is+dominated+by+non-neutralizing+antibodies+that+target+both+the+NTD+and+the+RBD&publication_year=2021&doi=10.1101/2021.03.07.21253098:2021.03.07.21253098&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8008743/
https://www.ncbi.nlm.nih.gov/pubmed/33691060
https://dx.doi.org/10.1056%2FNEJMc2101667
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Antibody+responses+in+seropositive+persons+after+a+single+dose+of+SARS-CoV-2+mRNA+vaccine&volume=384&publication_year=2021&pages=1372-1374&pmid=33691060&doi=10.1056/NEJMc2101667&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8503938/
https://www.ncbi.nlm.nih.gov/pubmed/33567448
https://dx.doi.org/10.1101%2F2021.01.15.426911%3A2021.01.15.426911
https://www.ncbi.nlm.nih.gov/pubmed/33707257
https://dx.doi.org/10.1126%2Fscience.abg9461
https://scholar.google.com/scholar_lookup?journal=Science&title=Vaccine+efficacy+probable+against+COVID-19+variants&volume=371&publication_year=2021&pages=1116-1116&doi=10.1126/science.abg9461&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7980146/
https://www.ncbi.nlm.nih.gov/pubmed/33739374
https://dx.doi.org/10.1001%2Fjama.2021.4388
https://scholar.google.com/scholar_lookup?journal=JAMA&title=Neutralizing+antibodies+against+SARS-CoV-2+variants+after+infection+and+vaccination&volume=325&publication_year=2021&pages=1896&pmid=33739374&doi=10.1001/jama.2021.4388&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects

21. Callaway E. 2021. Pfizer COVID vaccine protects against worrying coronavirus variants. Nature
593:325-326. doi:10.1038/d41586-021-01222-5. [PubMed] [CrossRef] [Google Scholar]

22. Choi A, Koch M, Wu K, Dixon G, Oestreicher J, Legault H, Stewart-Jones GBE, Colpitts T, Pajon
R, Bennett H, Carfi A, Edwards DK. 2021. Serum neutralizing activity of mRNA-1273 against SARS-
CoV-2 variants. bioRxiv. doi:10.1101/2021.06.28.449914:2021.06.28.449914. [PMC free article]
[PubMed] [CrossRef]

23. Jalkanen P, Kolehmainen P, Hikkinen HK, Huttunen M, Téhtinen PA, Lundberg R, Maljanen S,
Reinholm A, Tauriainen S, Pakkanen SH, Levonen I, Nousiainen A, Miller T, Vélimaa H, Ivaska L,
Pasternack A, Naves R, Ritvos O, Osterlund P, Kuivanen S, Smura T, Hepojoki J, Vapalahti O,
Lempainen J, Kakkola L, Kantele A, Julkunen I. 2021. COVID-19 mRNA vaccine induced antibody
responses against three SARS-CoV-2 variants. Nat Commun 12:3991. doi:10.1038/s41467-021-24285-
4. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

24. Abu-Raddad LJ, Chemaitelly H, Butt AA. 2021. Effectiveness of the BNT162b2 COVID-19
vaccine against the B.1.1.7 and B.1.351 variants. N Engl J Med 385:187—189.
doi:10.1056/NEJMc2104974. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

25. LiuJ, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, Cai H, Cutler M, Cooper D, Muik A, Jansen
KU, Sahin U, Xie X, Dormitzer PR, Shi P-Y. 2021. BNT162b2-elicited neutralization of B.1.617 and
other SARS-CoV-2 variants. Nature. doi:10.1038/s41586-021-03693-y.. [PubMed] [CrossRef]
[Google Scholar]

26. Amanat F, Thapa M, Lei T, Sayed Ahmed SM, Adelsberg DC, Carreno JM, Strohmeier S, Schmitz
Al, Zafar S, Zhou JQ, Rijnink W, Alshammary H, Borcherding N, Reiche AG, Srivastava K, Sordillo
EM, van Bakel H, Turner JS, Bajic G, Simon V, Ellebedy AH, Krammer F. 2021. SARS-CoV-2 mRNA
vaccination induces functionally diverse antibodies to NTD, RBD, and S2. Cell 184:3936-3948.¢10.
doi:10.1016/j.cell.2021.06.005.. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

27. Centers for Disease Control and Prevention. 2021. Interim clinical considerations for use of
COVID-19 vaccines currently authorized in the United States. ACIP/National Center for Inmunization
and Respiratory Diseases. Centers for Disease Control and Prevention, Atlanta, GA. [Google Scholar]

28. Huang Y, Yang C, Xu X-f, Xu W, Liu S-w. 2020. Structural and functional properties of SARS-
CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta Pharmacol Sin
41:1141-1149. doi:10.1038/s41401-020-0485-4. [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

29. Bonifacius A, Tischer-Zimmermann S, Dragon AC, Gussarow D, Vogel A, Krettek U, Godecke N,
Yilmaz M, Kraft ARM, Hoeper MM, Pink I, Schmidt JJ, Li Y, Welte T, Maecker-Kolhoff B, Martens J,
Berger MM, Lobenwein C, Stankov MV, Cornberg M, David S, Behrens GMN, Witzke O, Blasczyk R,
Eiz-Vesper B. 2021. COVID-19 immune signatures reveal stable antiviral T cell function despite
declining humoral responses. Immunity 54:340-354.€6. doi:10.1016/j.immuni.2021.01.008.

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

30. Long Q-X, Liu B-Z, Deng H-J, Wu G-C, Deng K, Chen Y-K, Liao P, Qiu J-F, Lin Y, Cai X-F, Wang
D-Q, Hu Y, Ren J-H, Tang N, Xu Y-Y, Yu L-H, Mo Z, Gong F, Zhang X-L, Tian W-G, Hu L, Zhang X-
X, Xiang J-L, Du H-X, Liu H-W, Lang C-H, Luo X-H, Wu S-B, Cui X-P, Zhou Z, Zhu M-M, Wang J,
Xue C-J, Li X-F, Wang L, Li Z-J, Wang K, Niu C-C, Yang Q-J, Tang X-J, Zhang Y, Liu X-M, Li J-J,

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 20/23


https://www.ncbi.nlm.nih.gov/pubmed/33963317
https://dx.doi.org/10.1038%2Fd41586-021-01222-5
https://scholar.google.com/scholar_lookup?journal=Nature&title=Pfizer+COVID+vaccine+protects+against+worrying+coronavirus+variants&volume=593&publication_year=2021&pages=325-326&pmid=33963317&doi=10.1038/d41586-021-01222-5&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8577347/
https://www.ncbi.nlm.nih.gov/pubmed/34549975
https://dx.doi.org/10.1101%2F2021.06.28.449914%3A2021.06.28.449914
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8239026/
https://www.ncbi.nlm.nih.gov/pubmed/34183681
https://dx.doi.org/10.1038%2Fs41467-021-24285-4
https://scholar.google.com/scholar_lookup?journal=Nat+Commun&title=COVID-19+mRNA+vaccine+induced+antibody+responses+against+three+SARS-CoV-2+variants&volume=12&publication_year=2021&pages=3991&pmid=34183681&doi=10.1038/s41467-021-24285-4&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8117967/
https://www.ncbi.nlm.nih.gov/pubmed/33951357
https://dx.doi.org/10.1056%2FNEJMc2104974
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Effectiveness+of+the+BNT162b2+COVID-19+vaccine+against+the+B.1.1.7+and+B.1.351+variants&volume=385&publication_year=2021&pages=187-189&pmid=33951357&doi=10.1056/NEJMc2104974&
https://www.ncbi.nlm.nih.gov/pubmed/34111888
https://dx.doi.org/10.1038%2Fs41586-021-03693-y.
https://scholar.google.com/scholar_lookup?journal=Nature&title=BNT162b2-elicited+neutralization+of+B.1.617+and+other+SARS-CoV-2+variants&publication_year=2021&doi=10.1038/s41586-021-03693-y.&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8185186/
https://www.ncbi.nlm.nih.gov/pubmed/34192529
https://dx.doi.org/10.1016%2Fj.cell.2021.06.005.
https://scholar.google.com/scholar_lookup?journal=Cell&title=SARS-CoV-2+mRNA+vaccination+induces+functionally+diverse+antibodies+to+NTD,+RBD,+and+S2&publication_year=2021&doi=10.1016/j.cell.2021.06.005.&
https://scholar.google.com/scholar?q=Centers+for+Disease+Control+and+Prevention+.++2021+.++Interim+clinical+considerations+for+use+of+COVID-19+vaccines+currently+authorized+in+the+United+States+.++ACIP/National+Center+for+Immunization+and+Respiratory+Diseases+.++Centers+for+Disease+Control+and+Prevention+,++Atlanta,+GA+.+
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7396720/
https://www.ncbi.nlm.nih.gov/pubmed/32747721
https://dx.doi.org/10.1038%2Fs41401-020-0485-4
https://scholar.google.com/scholar_lookup?journal=Acta+Pharmacol+Sin&title=Structural+and+functional+properties+of+SARS-CoV-2+spike+protein:+potential+antivirus+drug+development+for+COVID-19&volume=41&publication_year=2020&pages=1141-1149&pmid=32747721&doi=10.1038/s41401-020-0485-4&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7871825/
https://www.ncbi.nlm.nih.gov/pubmed/33567252
https://dx.doi.org/10.1016%2Fj.immuni.2021.01.008
https://scholar.google.com/scholar_lookup?journal=Immunity&title=COVID-19+immune+signatures+reveal+stable+antiviral+T+cell+function+despite+declining+humoral+responses&volume=54&publication_year=2021&pages=340-354.e6&pmid=33567252&doi=10.1016/j.immuni.2021.01.008&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects

Zhang D-C, Zhang F, Liu P, Yuan J, Li Q, Hu J-L, Chen J, et al. . 2020. Antibody responses to SARS-
CoV-2 in patients with COVID-19. Nat Med 26:845-848. doi:10.1038/s41591-020-0897-1. [PubMed]
[CrossRef] [Google Scholar]

31. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, Baum A, Pascal K, Quandt
J, Maurus D, Brachtendorf S, Lorks V, Sikorski J, Hilker R, Becker D, Eller A-K, Griitzner J, Boesler
C, Rosenbaum C, Kiihnle M-C, Luxemburger U, Kemmer-Briick A, Langer D, Bexon M, Bolte S,
Karik6 K, Palanche T, Fischer B, Schultz A, Shi P-Y, Fontes-Garfias C, Perez JL, Swanson KA,
Loschko J, Scully IL, Cutler M, Kalina W, Kyratsous CA, Cooper D, Dormitzer PR, Jansen KU, Tiireci
0.2020. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature
586:594-599. doi:10.1038/s41586-020-2814-7. [PubMed] [CrossRef] [Google Scholar]

32. Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC, Makhene M, Chappell JD,
Denison MR, Stevens LJ, Pruijssers AJ, McDermott AB, Flach B, Lin BC, Doria-Rose NA, O’Dell S,
Schmidt SD, Neuzil KM, Bennett H, Leav B, Makowski M, Albert J, Cross K, Edara VV, Floyd K,
Suthar MS, Buchanan W, Luke CJ, Ledgerwood JE, Mascola JR, Graham BS, Beigel JH, m RNASG.
2021. Durability of responses after SARS-CoV-2 mRNA-1273 vaccination. N Engl J Med 384:80-82.
doi:10.1056/NEJMc2032195. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

33. Mueller T. 2021. Antibodies against severe acute respiratory syndrome coronavirus type 2 (SARS-
CoV-2) in individuals with and without COVID-19 vaccination: a method comparison of two different
commercially available serological assays from the same manufacturer. Clin Chim Acta 518:9—16.
doi:10.1016/j.cca.2021.03.007. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

34. Yuan M, Liu H, Wu NC, Wilson IA. 2021. Recognition of the SARS-CoV-2 receptor binding
domain by neutralizing antibodies. Biochem Biophys Res Commun 538:192-203.
doi:10.1016/j.bbrc.2020.10.012. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

35. Wang C, van Haperen R, Gutierrez-Alvarez J, Li W, Okba NMA, Albulescu I, Widjaja I, van
Dieren B, Fernandez-Delgado R, Sola I, Hurdiss DL, Daramola O, Grosveld F, van Kuppeveld FIM,
Haagmans BL, Enjuanes L, Drabek D, Bosch BJ. 2021. A conserved immunogenic and vulnerable site

on the coronavirus spike protein delineated by cross-reactive monoclonal antibodies. Nat Commun
12:1715. doi:10.1038/s41467-021-21968-w. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

36. Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, Luo Y, Chan JF, Sahi V, Figueroa A, Guo XV,
Cerutti G, Bimela J, Gorman J, Zhou T, Chen Z, Yuen KY, Kwong PD, Sodroski JG, Yin MT, Sheng Z,
Huang Y, Shapiro L, Ho DD. 2020. Potent neutralizing antibodies against multiple epitopes on SARS-
CoV-2 spike. Nature 584:450-456. doi:10.1038/s41586-020-2571-7. [PubMed] [CrossRef]

[Google Scholar]

37. Wang C, Li W, Drabek D, Okba NMA, van Haperen R, Osterhaus A, van Kuppeveld FJM,
Haagmans BL, Grosveld F, Bosch BJ. 2020. A human monoclonal antibody blocking SARS-CoV-2
infection. Nat Commun 11:2251. doi:10.1038/s41467-020-16256-y. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

38. Bal A, Pozzetto B, Trabaud M-A, Escuret V, Rabilloud M, Langlois-Jacques C, Paul A, Guibert N,
D’ Aubaréde-Frieh C, Massardier-Pilonchery A, Fabien N, Goncalves D, Boibieux A, Morfin-Sherpa F,
Pitiot V, Gueyftfier F, Lina B, Fassier J-B, Trouillet-Assant S, COVID SER Study Group. 2021.
Evaluation of high-throughput SARS-CoV-2 serological assays in a longitudinal cohort of patients with
mild COVID-19: clinical sensitivity, specificity, and association with virus neutralization test. Clin
Chem 67:742—752. doi:10.1093/clinchem/hvaa336. [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 21/23



https://www.ncbi.nlm.nih.gov/pubmed/32350462
https://dx.doi.org/10.1038%2Fs41591-020-0897-1
https://scholar.google.com/scholar_lookup?journal=Nat+Med&title=Antibody+responses+to+SARS-CoV-2+in+patients+with+COVID-19&volume=26&publication_year=2020&pages=845-848&pmid=32350462&doi=10.1038/s41591-020-0897-1&
https://www.ncbi.nlm.nih.gov/pubmed/32998157
https://dx.doi.org/10.1038%2Fs41586-020-2814-7
https://scholar.google.com/scholar_lookup?journal=Nature&title=COVID-19+vaccine+BNT162b1+elicits+human+antibody+and+TH1+T+cell+responses&volume=586&publication_year=2020&pages=594-599&pmid=32998157&doi=10.1038/s41586-020-2814-7&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7727324/
https://www.ncbi.nlm.nih.gov/pubmed/33270381
https://dx.doi.org/10.1056%2FNEJMc2032195
https://scholar.google.com/scholar_lookup?journal=N+Engl+J+Med&title=Durability+of+responses+after+SARS-CoV-2+mRNA-1273+vaccination&volume=384&publication_year=2021&pages=80-82&pmid=33270381&doi=10.1056/NEJMc2032195&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7963519/
https://www.ncbi.nlm.nih.gov/pubmed/33741357
https://dx.doi.org/10.1016%2Fj.cca.2021.03.007
https://scholar.google.com/scholar_lookup?journal=Clin+Chim+Acta&title=Antibodies+against+severe+acute+respiratory+syndrome+coronavirus+type+2+(SARS-CoV-2)+in+individuals+with+and+without+COVID-19+vaccination:+a+method+comparison+of+two+different+commercially+available+serological+assays+from+the+same+manufacturer&volume=518&publication_year=2021&pages=9-16&pmid=33741357&doi=10.1016/j.cca.2021.03.007&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7547570/
https://www.ncbi.nlm.nih.gov/pubmed/33069360
https://dx.doi.org/10.1016%2Fj.bbrc.2020.10.012
https://scholar.google.com/scholar_lookup?journal=Biochem+Biophys+Res+Commun&title=Recognition+of+the+SARS-CoV-2+receptor+binding+domain+by+neutralizing+antibodies&volume=538&publication_year=2021&pages=192-203&pmid=33069360&doi=10.1016/j.bbrc.2020.10.012&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7969777/
https://www.ncbi.nlm.nih.gov/pubmed/33731724
https://dx.doi.org/10.1038%2Fs41467-021-21968-w
https://scholar.google.com/scholar_lookup?journal=Nat+Commun&title=A+conserved+immunogenic+and+vulnerable+site+on+the+coronavirus+spike+protein+delineated+by+cross-reactive+monoclonal+antibodies&volume=12&publication_year=2021&pages=1715&pmid=33731724&doi=10.1038/s41467-021-21968-w&
https://www.ncbi.nlm.nih.gov/pubmed/32698192
https://dx.doi.org/10.1038%2Fs41586-020-2571-7
https://scholar.google.com/scholar_lookup?journal=Nature&title=Potent+neutralizing+antibodies+against+multiple+epitopes+on+SARS-CoV-2+spike&volume=584&publication_year=2020&pages=450-456&pmid=32698192&doi=10.1038/s41586-020-2571-7&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7198537/
https://www.ncbi.nlm.nih.gov/pubmed/32366817
https://dx.doi.org/10.1038%2Fs41467-020-16256-y
https://scholar.google.com/scholar_lookup?journal=Nat+Commun&title=A+human+monoclonal+antibody+blocking+SARS-CoV-2+infection&volume=11&publication_year=2020&pages=2251&pmid=32366817&doi=10.1038/s41467-020-16256-y&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7929008/
https://www.ncbi.nlm.nih.gov/pubmed/33399823
https://dx.doi.org/10.1093%2Fclinchem%2Fhvaa336
https://scholar.google.com/scholar_lookup?journal=Clin+Chem&title=Evaluation+of+high-throughput+SARS-CoV-2+serological+assays+in+a+longitudinal+cohort+of+patients+with+mild+COVID-19:+clinical+sensitivity,+specificity,+and+association+with+virus+neutralization+test&volume=67&publication_year=2021&pages=742-752&pmid=33399823&doi=10.1093/clinchem/hvaa336&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects

39. Jennewein MF, MacCamy AJ, Akins NR, Feng J, Homad LJ, Hurlburt NK, Seydoux E, Wan YH,
Stuart AB, Edara VV, Floyd K, Vanderheiden A, Mascola JR, Doria-Rose N, Wang L, Yang ES, Chu
HY, Torres JL, Ozorowski G, Ward AB, Whaley RE, Cohen KW, Pancera M, McElrath MJ, Englund
JA, Finzi A, Suthar MS, McGuire AT, Stamatatos L. 2021. Isolation and characterization of cross-
neutralizing coronavirus antibodies from COVID-19" subjects. bioRxiv.
doi:10.1101/2021.03.23.436684. [PMC free article] [PubMed] [CrossRef]

40. Voss WN, Hou Y], Johnson NV, Delidakis G, Kim JE, Javanmardi K, Horton AP, Bartzoka F,
Paresi CJ, Tanno Y, Chou CW, Abbasi SA, Pickens W, George K, Boutz DR, Towers DM, McDaniel
JR, Billick D, Goike J, Rowe L, Batra D, Pohl J, Lee J, Gangappa S, Sambhara S, Gadush M, Wang N,
Person MD, Iverson BL, Gollihar JD, Dye J, Herbert A, Finkelstein 1J, Baric RS, McLellan JS,
Georgiou G, Lavinder JJ, Ippolito GC. 2021. Prevalent, protective, and convergent IgG recognition of
SARS-CoV-2 non-RBD spike epitopes. Science 372:1108—1112. doi:10.1126/science.abg5268.

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

41. Huang KA, Tan TK, Chen TH, Huang CG, Harvey R, Hussain S, Chen CP, Harding A, Gilbert-
Jaramillo J, Liu X, Knight M, Schimanski L, Shih SR, Lin YC, Cheng CY, Cheng SH, Huang YC, Lin
TY, Jan JT, Ma C, James W, Daniels RS, McCauley JW, Rijal P, Townsend AR. 2021. Breadth and
function of antibody response to acute SARS-CoV-2 infection in humans. PLoS Pathog 17:¢1009352.
doi:10.1371/journal.ppat.1009352. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

42. Pellini R, Venuti A, Pimpinelli F, Abril E, Blandino G, Campo F, Conti L, De Virgilio A, De Marco
F, Domenico Eg D, Di Bella O, Di Martino S, Ensoli F, Giannarelli D, Mandoj C, Manciocco V,
Marchesi P, Mazzola F, Moretto S, Petruzzi G, Petrone F, Pichi B, Pontone M, Zocchi J, Vidiri A,
Vujovic B, Piaggio G, Morrone A, Ciliberto G. 2021. Obesity may hamper SARS-CoV-2 vaccine
immunogenicity. medRxiv. doi:10.1101/2021.02.24.21251664:2021.02.24.21251664. [CrossRef]
[Google Scholar]

43. Roltgen K, Nielsen SCA, Arunachalam PS, Yang F, Hoh RA, Wirz OF, Lee AS, Gao F,
Mallajosyula V, Li C, Haraguchi E, Shoura MJ, Wilbur JL, Wohlstadter JN, Davis MM, Pinsky BA,
Sigal GB, Pulendran B, Nadeau KC, Boyd SD. 2021. mRNA vaccination compared to infection elicits
an IgG-predominant response with greater SARS-CoV-2 specificity and similar decrease in variant
spike recognition. medRxiv. doi:10.1101/2021.04.05.21254952. [CrossRef] [Google Scholar]

44, Krammer F, Srivastava K, Simon V. 2021. Robust spike antibody responses and increased
reactogenicity in seropositive individuals after a single dose of SARS-CoV-2 mRNA vaccine. medRxiv.
doi:10.1101/2021.01.29.21250653:2021.01.29.21250653. [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

45. Agha M, Blake M, Chilleo C, Wells A, Haidar G. 2021. Suboptimal response to COVID-19 mRNA
vaccines in hematologic malignancies patients. medRxiv.
doi:10.1101/2021.04.06.21254949:2021.04.06.21254949. [CrossRef] [Google Scholar]

46. Zilla M, Wheeler BJ, Keetch C, Mitchell G, McBreen J, Wells A, Shurin MR, Peck-Palmer O,
Wheeler SE. 2021. Variable performance in 6 commercial SARS-CoV-2 antibody assays may affect
convalescent plasma and seroprevalence screening. Am J Clin Pathol 155:343-353.
doi:10.1093/ajcp/aqaa228. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

47. Wheeler SE, Shurin GV, Keetch C, Mitchell G, Kattel G, McBreen J, Shurin MR. 2020. Evaluation
of SARS-CoV-2 prototype serologic test in hospitalized patients. Clin Biochem 86:8—14.
doi:10.1016/j.clinbiochem.2020.08.008. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 22/23


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8216847/
https://www.ncbi.nlm.nih.gov/pubmed/34237283
https://dx.doi.org/10.1101%2F2021.03.23.436684
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8224265/
https://www.ncbi.nlm.nih.gov/pubmed/33947773
https://dx.doi.org/10.1126%2Fscience.abg5268
https://scholar.google.com/scholar_lookup?journal=Science&title=Prevalent,+protective,+and+convergent+IgG+recognition+of+SARS-CoV-2+non-RBD+spike+epitopes&volume=372&publication_year=2021&pages=1108-1112&pmid=33947773&doi=10.1126/science.abg5268&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8130932/
https://www.ncbi.nlm.nih.gov/pubmed/33635919
https://dx.doi.org/10.1371%2Fjournal.ppat.1009352
https://scholar.google.com/scholar_lookup?journal=PLoS+Pathog&title=Breadth+and+function+of+antibody+response+to+acute+SARS-CoV-2+infection+in+humans&volume=17&publication_year=2021&pages=e1009352&pmid=33635919&doi=10.1371/journal.ppat.1009352&
https://dx.doi.org/10.1101%2F2021.02.24.21251664%3A2021.02.24.21251664
https://scholar.google.com/scholar_lookup?journal=medRxiv&title=Obesity+may+hamper+SARS-CoV-2+vaccine+immunogenicity&publication_year=2021&doi=10.1101/2021.02.24.21251664:2021.02.24.21251664&
https://dx.doi.org/10.1101%2F2021.04.05.21254952
https://scholar.google.com/scholar_lookup?journal=medRxiv&title=mRNA+vaccination+compared+to+infection+elicits+an+IgG-predominant+response+with+greater+SARS-CoV-2+specificity+and+similar+decrease+in+variant+spike+recognition&publication_year=2021&doi=10.1101/2021.04.05.21254952&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8008743/
https://www.ncbi.nlm.nih.gov/pubmed/33691060
https://dx.doi.org/10.1101%2F2021.01.29.21250653%3A2021.01.29.21250653
https://scholar.google.com/scholar_lookup?journal=medRxiv&title=Robust+spike+antibody+responses+and+increased+reactogenicity+in+seropositive+individuals+after+a+single+dose+of+SARS-CoV-2+mRNA+vaccine&publication_year=2021&doi=10.1101/2021.01.29.21250653:2021.01.29.21250653&
https://dx.doi.org/10.1101%2F2021.04.06.21254949%3A2021.04.06.21254949
https://scholar.google.com/scholar_lookup?journal=medRxiv&title=Suboptimal+response+to+COVID-19+mRNA+vaccines+in+hematologic+malignancies+patients&publication_year=2021&doi=10.1101/2021.04.06.21254949:2021.04.06.21254949&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7665309/
https://www.ncbi.nlm.nih.gov/pubmed/33155015
https://dx.doi.org/10.1093%2Fajcp%2Faqaa228
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Pathol&title=Variable+performance+in+6+commercial+SARS-CoV-2+antibody+assays+may+affect+convalescent+plasma+and+seroprevalence+screening&volume=155&publication_year=2021&pages=343-353&pmid=33155015&doi=10.1093/ajcp/aqaa228&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7448777/
https://www.ncbi.nlm.nih.gov/pubmed/32858060
https://dx.doi.org/10.1016%2Fj.clinbiochem.2020.08.008
https://scholar.google.com/scholar_lookup?journal=Clin+Biochem&title=Evaluation+of+SARS-CoV-2+prototype+serologic+test+in+hospitalized+patients&volume=86&publication_year=2020&pages=8-14&pmid=32858060&doi=10.1016/j.clinbiochem.2020.08.008&

1/27/22, 9:53 AM Differential Antibody Response to mMRNA COVID-19 Vaccines in Healthy Subjects
48. Salk J, van Wezel AL, Stoeckel P, van Steenis G, Schlumberger M, Meyran M, Rey JL, Lapinleimu
K, Bottiger M, Cohen H. 1981. Theoretical and practical considerations in the application of killed
poliovirus vaccine for the control of paralytic poliomyelitis. Dev Biol Stand 47:181-198. [PubMed]
[Google Scholar]

49. Reed GF, Meade BD, Steinhoff MC. 1995. The reverse cumulative distribution plot: a graphic
method for exploratory analysis of antibody data. Pediatrics 96:600—603. [PubMed] [Google Scholar]

50. Small RD, Ozol-Godfrey A, Yan L. 2019. On the use of nonparametric tests for comparing
immunological reverse cumulative distribution curves (RCDCs). Vaccine 37:6737-6742.
doi:10.1016/j.vaccine.2019.09.007. [PubMed] [CrossRef] [Google Scholar]

Articles from Microbiology Spectrum are provided here courtesy of American Society for Microbiology
(ASM)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8552678/ 23/23


https://www.ncbi.nlm.nih.gov/pubmed/7194827
https://scholar.google.com/scholar_lookup?journal=Dev+Biol+Stand&title=Theoretical+and+practical+considerations+in+the+application+of+killed+poliovirus+vaccine+for+the+control+of+paralytic+poliomyelitis&volume=47&publication_year=1981&pages=181-198&pmid=7194827&
https://www.ncbi.nlm.nih.gov/pubmed/7659485
https://scholar.google.com/scholar_lookup?journal=Pediatrics&title=The+reverse+cumulative+distribution+plot:+a+graphic+method+for+exploratory+analysis+of+antibody+data&volume=96&publication_year=1995&pages=600-603&pmid=7659485&
https://www.ncbi.nlm.nih.gov/pubmed/31537446
https://dx.doi.org/10.1016%2Fj.vaccine.2019.09.007
https://scholar.google.com/scholar_lookup?journal=Vaccine&title=On+the+use+of+nonparametric+tests+for+comparing+immunological+reverse+cumulative+distribution+curves+(RCDCs)&volume=37&publication_year=2019&pages=6737-6742&pmid=31537446&doi=10.1016/j.vaccine.2019.09.007&

