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Abstract: Both the SARS-CoV-2 pandemic and emergence of variants of concern have highlighted
the need for functional antibody assays to monitor the humoral response over time. Antibodies
directed against the spike (S) protein of SARS-CoV-2 are an important component of the neutraliz-
ing antibody response. In this work, we report that in a subset of patients —despite a decline in total
S-specific antibodies—neutralizing antibody titers remain at a similar level for an average of 98 days
in longitudinal sampling of a cohort of 59 Hispanic/Latino patients exposed to SARS-CoV-2. Our
data suggest that 100% of seroconverting patients make detectable neutralizing antibody responses
which can be quantified by a surrogate viral neutralization test. Examination of sera from ten out of
the 59 subjects which received mRNA-based vaccination revealed that both IgG titers and neutral-
izing activity of sera were higher after vaccination compared to a cohort of 21 SARS-CoV-2 naive
subjects. One dose was sufficient for the induction of a neutralizing antibody, but two doses were
necessary to reach 100% surrogate virus neutralization in subjects irrespective of previous SARS-
CoV-2 natural infection status. Like the pattern observed after natural infection, the total anti-S an-
tibodies titers declined after the second vaccine dose; however, neutralizing activity remained rela-
tively constant for more than 80 days after the first vaccine dose. Furthermore, our data indicates
that—compared with mRNA vaccination—natural infection induces a more robust humoral im-
mune response in unexposed subjects. This work is an important contribution to understanding the
natural immune response to the novel coronavirus in a population severely impacted by SARS-
CoV-2. Furthermore, by comparing the dynamics of the immune response after the natural infection
vs. the vaccination, these findings suggest that functional neutralizing antibody tests are more rel-
evant indicators than the presence or absence of binding antibodies.
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1. Introduction

The COVID-19 pandemic presents an unprecedented challenge to the scientific com-
munity. As of today, more than 227 million persons have been exposed to the virus, re-
sulting in more than 4.5 million deaths (https://www.worldometers.info/coronavirus? (ac-
cessed on 15 September 2021)). At the same time, it is advancing our collective knowledge
in molecular biology, epidemiology, and immunology at an unprecedent accelerated
speed. One of the crucial questions still under scrutiny is the magnitude and durability of
the immune response to natural infection with SARS-CoV-2, especially given the fact that
virus-specific antibody (ab) responses are relatively short-lived following SARS-CoV and
common cold coronavirus (CCC) infections (https://doi.org/10.1016/j.immuni.2020.05.002
(accessed on 15 September 2021)). Further complicating this scenario is the recent availa-
bility of new vaccine formulations, which are accessible to both previously infected and
immunologically naive individuals. The kinetics of the humoral response in vaccinees,
both with and without prior SARS-CoV-2 exposure, is an area of active research with
many outstanding questions. Most of the public attention has been focused on the hu-
moral immune response and the discussion is centered in how effective the immune re-
sponse to natural infection is or to the vaccines depending on the presence or absence and
durability of the antibodies. However, the immune response to any infectious agent or
vaccine is more complex, and in addition to the antibodies, includes mainly the innate and
the cellular-mediated immune responses [1-3]. The cellular-mediated immune response,
in particular, is proven to be highly effective and durable against the SARS-CoV-2 natural
infection, including the variants, or COVID-19 vaccination [4-8].

To begin to address these questions, we followed a cohort of 59 individuals (volun-
teers or convalescent plasma donors) at different time points following natural infection
with SARS-CoV-2. In addition, we chose a set of seven of those individuals plus three
additional subjects (n = 10) which we then compared with 21 uninfected vaccinated sub-
jects (n = 21). Serum samples for both vaccinated groups were collected between 12 and
28 days after each of the two doses of mRNA vaccine and a third sample was collected
between 19 and 83 days after the second dose. Because the limited period of SARS-CoV-2
circulation, studies on the quantity, quality, and extent of long-term memory responses
are still underway. Recent works on the durability of the humoral immune response after
the natural infection with SARS-CoV-2 showed the presence of neutralizing antibodies for
several months [4,9-12] or the persistence of IgG responses over the first few months after
infection, which is strongly correlated with neutralizing antibody titer [11,13]. Since the
onset of the COVID-19 pandemic, functional neutralization assays using serum antibodies
has been severely limited due to the requirement for a biosafety level 3 (BSL-3) facility to
grow SARS-CoV-2. However, in a relatively short period of time, several surrogate neu-
tralization assays have become available with an excellent performance profile when com-
pared to the classical focus reduction neutralization test (FRNT) [11,14-18]. For these stud-
ies, we chose the cPass SARS-CoV-2 Surrogate Virus Neutralization Test Kit (GenScript,
USA) which measures the interaction of purified SARS-CoV-2 S protein receptor-binding
domain (RBD) with the extracellular domain of the human ACE2 receptor [18]. Other
groups reported that this assay showed the best sensitivity and the lower false negative
rate compared to five other assays [17]. Furthermore, this assay was granted an emergency
use authorization (EUA) by the Federal Drug Administration (FDA) for the detection of
SARS-CoV-2 neutralizing antibodies. Interestingly, we detected a small number of cases
(n = 6) where neutralization activity was still present, although S-specific IgG titers were
undetectable by our method (OD <0.312).

Recently, debate has centered around the efficacy of the natural immune response to
SARS-CoV-2 vs. mRNA vaccines. Our work—which examines patients in a
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predominantly Latino population—confirms that following a natural infection neutraliz-
ing antibody titers remained detectable at high levels for four to seven months. We also
demonstrate that the quantity and the quality of the antibody response induced by the
natural infection is significantly higher in titer of both binding and neutralizing antibodies
when compared to the response induced by mRNA vaccination. There is limited infor-
mation regarding the magnitude of the immune response to vaccines against SARS-CoV-
2 in naive vs. pre-exposed subjects with clinical trial reports being limited in scope when
addressing this issue [7,19-21]. Nevertheless, consistent with our findings presented here,
a few reports suggest that antibody titers in previously infected individuals tend to be or
are significantly higher than in SARS-CoV-2 naive vaccinated persons [22-25].

2. Material and Methods
2.1. Cohorts

The samples in this study were derived from two main sources:

(1) From adult volunteers (>21 years old) participating in the IRB approved clinical
protocol “Molecular Basis and Epidemiology of Viral infections circulating in Puerto
Rico”, Pro0004333. Protocol was submitted to, and ethical approval was given by Advarra
IRB on April 21, 2020. This is a running 5-year protocol which encompasses the collection
of blood samples from adults exposed or suspected to be exposed to viral infections. An
informed consent form and a study questionnaire also approved by the IRB were admin-
istered to the volunteers. From March 2020 to April 2021, we were able to follow up for
serial samples with at least 59 subjects. From those 59, five subjects received two doses of
Pfizer’s vaccine and two received Moderna’s formulation. We also added three vaccinated
subjects for a total of 10 (ID511, ID512, and ID297). From those three, two received the
Pfizer vaccine and one received the Moderna vaccine. All three subjects also consented to
this study. In addition, a subgroup of 21 vaccinated volunteers, from the 59 subjects, that
were never exposed to SARS-CoV-2 were followed for six to eight months (Supplemen-
tary Tables S1-S3). Of these 21 vaccinated volunteers, 18 received Pfizer’s vaccine and
three received Moderna’s formulation. Those 21 subjects are part of the 59 subjects fol-
lowed for months. During the follow-up period before vaccination, they never had symp-
toms or a positive serologic result. 2) De-identified blood samples were received from
local laboratories network and blood banks. These subjects were self-enrolled for the pur-
pose of donating plasma for the treatment of COVID-19 patients. Subjects were verbally
informed regarding the relevance of their participation in COVID-19 research and were
informed of the possibility that their deidentified samples may be used for research pur-
poses. Subjects were given the opportunity to ask questions of blood bank workers re-
garding their participation. Furthermore, collected samples were handled using the stand-
ard blood donors” protocols, and were accompanied by the blood bank’s signed consent
form, which also detailed the possibility that samples would be used for research pur-
poses. In addition, prior to receipt, samples were stripped of all identifiers so that the
information cannot be traced back to the individual.

In summary, 134 samples were collected from the 59 subjects prior vaccination, while
38 and 99 serial samples were collected from the naturally infected group (10) and healthy
cohort (21) receiving the vaccines, respectively.

As expected, some of the exposed subjects had more symptoms than others, with
fever and loss of smell and taste being the most common symptoms. However, in this
cohort, subjects did not need hospitalization or additional medical support in an emer-
gency room setting.
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2.2. Detection of SARS-CoV-2 IgM Antibodies

CovlgM-Assay is an indirect ELISA for the determination of human IgM antibody
class, which was optimized via checkerboard titration. This assay is a laboratory-devel-
oped test (LDT) with an emergency use authorization (EUA) submitted to the U.S. Federal
Drug Administration (FDA) (EUA202043). In summary, microplates were coated over-
night at 4 °C with 2pg/mL of recombinant SARS-CoV-2 51-RBD/S2 protein (GenScript No.
Z03483-1) in carbonate-bicarbonate buffer. Plates were washed three times with phos-
phate buffered saline (PBS) containing 0.05% Tween-20 (PBST) and blocked for 30 minutes
(min) at 37 °C with 250 pL/well of 3% Bovine Serum Albumin (BSA) in PBST. Diluted
serum or plasma samples (1:100 in blocking buffer) were added in duplicates to the wells
and incubated at 37 °C for 30 min. The excess antibody was washed off with PBST. Horse-
radish peroxidase (HRP) labeled-mouse anti-human IgM-mu chain (Abcam) diluted
1:30,000 in PBST was added (100 uL/well) and incubated for 30 min at 37 °C. After another
washing step, TMB solution was added (100 pL/well) followed by a 15 min incubation.
The reaction was stopped by the addition of 50 uL/well 10% HCl and the absorbance was
measured at 450 nm (A450) using a Multiskan FC reader (Thermo Fisher Scientific). In
every CovIgM assay determination, four wells in which samples were replaced by 100
uL/well of PBST were included as background control. Moreover, two in-house controls,
a high positive control (HPC) and negative control (NC), were included. HPC and NC
were prepared by diluting an IgM anti-SARS-CoV-2 at a concentration of 80 pug/mL and
0.070 ug/mL, respectively, in PBST containing 10% glycerol. The IgM anti-SARS-CoV-2
was purified from the plasma of a convalescent patient using 5/5 HiTrap IgM columns
(GE Healthcare, USA). When the OD value of a serum or plasma sample at the working
dilution (1:100) was equal or less than the cut-point (OD450 = 0.229), the CovIgM assay in
the sample was assumed to be negative.

2.3. Detection of SARS-CoV-2 1gG Antibodies

IgG antibodies were detected and quantified using the CovIgG assay [26]. This assay
is a laboratory-developed test (LDT) with an emergency use authorization (EUA) submit-
ted to the U.S. Federal Drug Administration (FDA) (EUA201115). It is an indirect ELISA
for quantitative determination of human IgG antibody class, which was optimized by
checkerboard titration. In summary, disposable high bind flat-bottomed polystyrene 96-
wells microtiter plates (Costar, Corning MA No. 3361) were coated overnight at 4 °C with
2ug/mL of recombinant SARS-CoV-2 51-RBD/S2 protein (GenScript No. Z03483-1) in car-
bonate-bicarbonate buffer (Sigma Aldrich No. 08058). Plates were washed 3 times with
(PBST) and blocked for 30 min at 37 °C with 250 uL/well of 3% non-fat, skim milk in PBST.
Samples (serum or plasma) were diluted 1:100 in PBST; 100 pL/well was added in dupli-
cates and incubated at 37 °C for 30 min. The excess antibody was washed off with PBST.
Horseradish peroxidase (HRP) labeled-mouse anti-human IgG-Fc specific (GenScript No.
A01854) diluted 1:10,000 in PBST was added (100 puL/well) and incubated for 30 min at 37
°C. After another washing step, a substrate solution (Sigma Aldrich No. P4809) was added
(100 pL/well) followed by 15 min incubation. The reaction was stopped with 50 puL/well
10% HCl and the absorbance was measured at 492 nm (A492) using a Multiskan FC reader
(Thermo Fisher Scientific). In every CovIgG-Assay determination two in-house controls,
a HPC and NC were included. HPC and NC were prepared by diluting an IgG anti-SARS-
CoV-2 at a concentration of 30 pg/mL and 0.070 pg/mL, respectively, in PBST containing
10% glycerol. The IgG anti-SARS-CoV-2 was purified from plasma of a convalescent pa-
tient using a 5/5 HiTrap rProtein-A column (GE Healthcare, NJ, USA). When the OD value
of a serum or plasma sample at the working dilution (1:100) was equal or less than the
cutoff-point (OD492 = 0.312), the CovIgG-Assay in the sample was assumed to be nega-
tive. However only samples with OD above of 0.499 were reported as having a titer within
a range of 1:100 to > 1:12,800.
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For isotyping ELISAs, the conjugate was changed for the specific isotype as follows:
anti-IgA (alpha chain specific-HRP (Sigma); anti-IgGl, 2, 3, and 4; and Fc-specific-HRP
(Southern Biotech). All conjugates were used in a 1:3,000 dilution.

2.4. cPass SARS-CoV-2 Neutralization Antibody Detection Method

To determine the neutralizing activity of antibodies, we used a surrogate viral neu-
tralization test (C-Pass GenScript sVNT, Piscataway NJ, USA) [17,18]. Briefly, serum or
plasma samples were diluted according to manufacturer’s instructions and incubated
with soluble SARS-CoV-2 receptor-binding domain (RBD-HRP) antigen for 30 min, mim-
icking a neutralization reaction. Following incubation, samples were added to a 96-well
plate coated with human ACE-2 protein. RBD-HRP complexed with antibodies were re-
moved in a wash step. The reaction was developed with tetramethylbenzidine (TMB) fol-
lowed by a stop solution allowing the visualization of bound RBD-HRP to the ACE2. Since
this is an inhibition assay, color intensity was inversely proportional to the number of
neutralizing antibodies present in samples. Data were interpreted by calculating the per-
cent of inhibition of RBD-HRP binding. Samples with neutralization activity of > 30% in-
dicated the presence of SARS CoV-2 RBD-interacting antibodies capable of blocking the
RBD-ACE2 interaction, thus inhibiting viral entry into host cells. While this assay
measures the blocking activity of those antibodies, this activity is referred to throughout
the text as “percentage of neutralization” for consistency and clarity.

2.5. Focus Reduction Neutralization Test

A focus reduction neutralization test (FRNT) was used to quantify the titer of neu-
tralizing antibodies against SARS-CoV-2 isolate USA-WA1/2020. For this assay, we se-
lected 41 samples, pre-vaccination, out of the 134 from the cohort of 59 subjects.

This assay was performed as described by our group and our collaborators before [27,28].
In summary, Vero WHO cells were plated in a 96-well flat-bottom tissue culture-treated
plate. For determination of titer of a sample or virus stock, serial 10-fold dilutions of the
sample were made in a 96-well round-bottom plate containing 5% DMEM. Plates contain-
ing sample dilution incubated with 37 °C, 5% CO2 for 1 h. On the day of the assay, 2%
methylcellulose was diluted 1:1 in 5% DMEM (overlay) and placed on a rocker to mix.
After the one-hour infection period, the 96-well plates containing sample dilution and cell
monolayer were removed from incubator. Overlay was added to the plate by adding 125
uL of overlay media to each well and plates were incubated with 37 °C, 5% CO2 for 24 h.
Following the 24-h incubation, the 96-well plates were fixed in a solution of 5% paraform-
aldehyde (PFA) diluted in tissue culture grade 1 A~ PBS. Plates were removed from the
incubator and the media containing the overlay and sample were aspirated off. One wash
with 150 uL of 1 A~ PBS per well was performed and 50 uL per well of 5% PFA in PBS
was added for the fixing step. After 15 min in 5% formalin-buffered phosphate (Fisher:
SF100-4), the plates were removed from the formaldehyde bath and the 5% PFA was re-
moved from the monolayer. One wash with 100 uL of 1 A~ PBS (tissue culture grade) per
well was performed. The plates were submerged in a bath of 1 A~ PBS to rinse and remove
from BSL-3 containment. Foci were visualized by an immunostaining protocol. The 96-
well plates were first washed twice with 150 uL per well of FFA wash buffer (1 A~ PBS,
0.05% Triton X-100). The primary antibody consisted of polyclonal anti-SARS-CoV-2
guinea pig sera (BEI: NR-0361) and was diluted 1:15,000 with FFA Staining Buffer (1 A~
PBS, 1 mg/mL saponin (Sigma: 47036). Then, 50 uL per well of primary antibody was al-
lowed to incubate for 2 h at room temperature or 4 °C overnight. The 96-well plates were
then washed three times with 150 pL per well of FFA Wash Buffer. The secondary anti-
body consisted of goat anti-mouse conjugated horseradish peroxidase (Sigma: A-7289) di-
luted 1:5,000 in FFA Staining Buffer. Similarly, 50 pL per well of secondary antibody was
allowed to incubate for 2 h at room temperature or 4 °C overnight. The plates were washed
three times 497 with 150 uL per well of FFA wash buffer. Finally, 50 uL per well KPL
Trueblue HRP substrate was added to each well and allowed to develop in the dark for
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10-15 min, or until blue foci are visible. The reaction was then quenched by two washes
with Millipore water and imaged immediately thereafter with a CTL machine to quantify
foci.

2.6. Statistical Methods

Statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad
Software, San Diego, CA, USA). The statistical significance between or within groups eval-
uated at different time points was determined using two-way analysis of variance
(ANOVA), one-way ANOVA (Tukey’s, Sidak’s, or Dunnett’s multiple comparisons test
as post-hoc test), unpaired t-test, or Wilcoxon-Mann-Whitney, to compare the means. The
p values are expressed in relational terms with the alpha values. The significance thresh-
old for all analyses was set at 0.05; p values less than 0.01 are expressed as p < 0.01, while
p values less than 0.001 are expressed as p < 0.001. Similarly, values less than 0.005 are
expressed as p < 0.005. Cohen’s Kappa agreement follow Landis and Koch scale. The val-
ues (i) were considered as follows: poor agreement, k < 0.2; fair agreement, 1« = 0.21 to 0.4;
moderate agreement, k = 0.41 to 0.6; substantial agreement, k = 0.61 to 0.8; and very good
agreement, k = 0.81 to 1.0.

3. Results
3.1. Sample Collection

Subjects were enrolled and samples were collected as participants became willing
and available. However, the time between serial samples was very similar for all subjects.
The average time between the moment of the documented infection and the first collected
samples (n = 59) was 40.37 days (minimum 12 days, maximum 97 days and two extreme
cases with 127 and 176 days for a median of 38 days). Once the subjects entered in the
cohort, the average time between the first and the second samples (n =59) was 67.86 days
(minimum 7 days, maximum 111 days, median 67.5 days). The average time between the
second and the third samples (n = 12) was 99.5 days (minimum 63 days, maximum 159
days, median 95 days). The single fourth sample was collected 3 months after the third
samples (Supplementary Table S1).

From the two subgroups (exposed vaccinated and unexposed vaccinated individu-
als) serum samples were collected between 15 to 20 days after each dose. In addition, a
third sample from all 21 unexposed individuals and from eight out of the 10 pre-exposed
participants was collected between 19 and 83 days after the second dose (average of 40.1
and of 81.6 days for the unexposed and pre-exposed groups, respectively) or an average
of 60.3 and 100.5 days after the first vaccine dose for the unexposed and pre-exposed
groups, respectively (Supplementary Table S2). It is highly relevant for our findings that
the sample used as baseline in the pre-exposed individuals before vaccination was col-
lected in an average of 142 days after the confirmed infection (minimum 67 days, maxi-
mum 310 days, median 126.4 days) (Supplementary Table S3).

3.2. SARS-CoV-2 Specific IgG Titers Decline over Time

Overall, the IgG titers in the cohort of 59 subjects were significantly higher (geometric
mean 1072) in the first set of samples than the second set of samples (geometric mean 618)
(p < 0.0473) or the third set of samples (geometric mean 537) (p < 0.0474). We observed no
significant differences between titers measured in the second and third sets of samples (p
< 0.3085) (Figure 1A). The results are reported as OD450 in Supplementary Figure S1A
and agree with estimated titers (Supplementary Table 54).

Of the 59 subjects naturally exposed to the virus, 40 (67.8%) experienced a decrease
in IgG titers (Figure 1B) while 19 (32.2%) showed an increase in the IgG titers from the
first to the second set of samples (Figure 1C). We found no relationship between the
elapsed time from initial diagnosis to first sample collection and the change (e.g., increase
or decrease) in IgG titers between sample collections (Supplementary Figure S2). From
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these results, we concluded that the differences in the IgG titers in those groups from the
first to the second set of samples were not attributable to the time between collection. We
also found no relationship between the elapsed time between the first and second sample

collection for both groups (Supplementary Figure S2).
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Figure 1. SARS-CoV-2 specific antibody titers decline over time, while neutralization ability is retained. Panel A shows
the anti-Spike IgG titers, from all 59 samples, measured by enzyme-linked immunosorbent assay and expressed as titers.
In panels (B,C), subset of samples with a pattern of decreased (n=41) or increased titers (n=18) in the second sample are
presented. Panel (D) shows the blocking activity of serum antibodies expressed as percentage of neutralization by using
a surrogate viral neutralization test (sVNT). In panels (E,F), subset of samples with a pattern of decreased (n=36) or in-
creased titers (n=23) in the second sample are presented. The threshold for the total antibodies was 0.312. The threshold
for IgG titers was 1:100 and for the blocking activity was 30%. The average time between the time of the documented
infection and the first samples (n = 59) was 40.37 days, the average time between the first and the second samples (n = 59)
was 67.86 days and the average time between the second and the third samples (n =12) was 99.5 days. The single fourth
sample was collected three months after the third sample. Statistical significance was determined by unpaired t-test or by
one-way ANOVA multiple comparisons tests and were used to test for increase or decrease among samples. Tukey’s
multiple comparisons test was performed as post-hoc test. p < 0.05 was considered significant. Samples 1 and 2 include
the 59 subjects in the initial cohort before vaccination. Sample 3 encompass the 15 subjects from whom a collection of a
third sample was completed.

3.3. SARS-CoV-2 Specific IgM Titers Decline over Time

Among the 59 subjects in our cohort, 37 (62.71%) had detectable IgM titers in the first
set of samples, while 18 (30.50%) had detectable IgM titers in the second set of samples
(Supplementary Figure S1H). In five subjects out of the 12 where a third sample was col-
lected, IgM titers were still detectable. In some cases, subjects developed an IgM response
for first time (in volunteer ID313 IgM was detected as early as 12 days after the presump-
tive diagnosis and persisted up to 192 days, or roughly 6.4 months). Overall, IgM titers
showed a consistent pattern of decline in the second sample for most individuals (86.44%).
Only one subject (ID265) showed no appreciable change in IgM titers between the first
and second sample collection (68 days elapsed). One subject (ID313) displayed no meas-
urable IgM titer at the time of the first and second sampling (106 days elapsed) but ap-
peared positive for IgM titers in the third sample (146 days elapsed). We also found that,
in the second set of samples, three subjects out of 59 (5.08%) displayed detectable IgM
titers which were absent detectable IgG titers. Subject ID312 showed detectable IgM titers,
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but borderline IgG titers results in the third sample collected 57 and 69 days after the first
and second dose, respectively (86 and 98 days after the presumptive diagnosis). Subject
ID105 still had detectable IgM titers 192 days after the presumptive diagnosis was made.
The earliest time point with detectable IgM titers was 12 days after the presumptive infec-
tion (ID166), followed by 13 days (ID180) and 14 days (ID179) after diagnosis. In general,
IgM was detected in 37 subjects (77.97%) in the first set of samples (43 days post presump-
tive infection). In 18 subjects (57.63%), IgM was detected in the first and second set of
samples (104 days post presumptive infection). In four subjects (6.77%), no IgM was de-
tected in any of the serial samples collected.

3.4. 1gG Titers—But Not IgM or IgA Titers— Correlate with Neutralizing Activity

We first aimed to compare the performance of the surrogate assay cPass SARS-CoV-
2 neutralization antibody detection method selected for this work with the classical FRNT.
Our results indicate that the capacity of two different assays to detect positive samples
was of 95.12% (Cohen’s Kappa value of 0.474 for a moderate agreement) (Supplementary
Figure S3A). Then, we performed the same analysis by examining the correlation between
IgG titers and their functional neutralization capacity. By applying a Kappa analysis, we
first aimed to determine if both techniques agree when classifying positive and negative
samples using a titer <100 and >30% as a cutoff for the IgG titers and a percentage of neu-
tralization, respectively. We found moderate agreement between IgG titer and neutrali-
zation capacity, with a Cohen’s Kappa value of 0.4304 (Supplementary Figure S3B). We
then aimed to determine whether both techniques agree when classifying samples with
high IgG and neutralizing antibody titers. Similarly, we found moderate agreement be-
tween IgG titer and neutralization capacity, with a Cohen’s Kappa value of 0.5402 (Sup-
plementary Figure S3B). We completed the same analysis for IgM and IgA titers to explore
the contribution of those antibody subclasses to total neutralization capacity. We found
that both techniques (IgM titer and cPass) have a fair agreement when classifying positive
and negative samples (Cohen’s Kappa = 0.2391), while the IgA titer and the neutralization
assay showed only a slight agreement (Cohen’s Kappa = 0.0618) (Supplementary Figure
S3C,D).

3.5. Neutralizing Activity Remains Constant over Time

To determine the durability of the neutralizing antibody response, we examined the
neutralization capacity in our longitudinally collected samples. Our results showed con-
sistent neutralizing antibody titers over time, with no change in the neutralization poten-
tial from the first (geometric mean 68.08%) to the second (geometric mean 63.89%) sample.
Similarly, we saw no appreciable decline in neutralization potential from the second (ge-
ometric mean 63.89%) to the third (geometric mean 60.36%) sample (Figure 1D and Sup-
plementary Table S4). We did, however, identify two distinct trends in the kinetics of se-
rum neutralization potential over time. Similar to our findings with total IgG titers, in the
first collected sample, we found a decrease in the neutralizing activity relative to the sec-
ond sample in 61.01% (36 out of 59) of the subjects. Conversely, 38.98% of subjects (23 out
of 59) showed a decrease in neutralization activity (Figure 1EF) during the same
timeframe. While the percentage of subjects experiencing an increase or a decrease in neu-
tralization capacity and IgG titers between samples was similar, the change in neutraliza-
tion capacity was less pronounced and not significant compared with significant changes
in the IgG titers (Figure 1B). From these findings, we concluded that the neutralizing ca-
pacity remains relatively constant during the time we followed this cohort.

Similarly, we compared the neutralization potential of sera from subjects in the sec-
ond and the third samples for the few subjects (n = 3) for which we were able to obtain a
third sample. We identified one subject (ID313) showing a different pattern, with a 3.34-
fold (68%) increase in neutralizing activity from the second to the third sample. Another
two subjects showed an increase in IgG titers but displayed a very limited increase in
neutralizing activity of 1.2-fold (ID135) and 0-fold (ID195). Despite the variability in IgG
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titers, neutralizing activity remained over 50% in a majority (90%) of all three samples.
The distinctive serological and neutralization pattern for subject ID313 appears to be
strongly related to the clinical evolution (Supplementary Figure S3).

We also identified 11 subjects without detectable SARS-CoV-2-specific IgG titers
which showed some degree of neutralization ranging from 36% to 76%. Six out of those
11 subjects had no detectable total IgG. On the other hand, there were three subjects with
detectable IgG titers capable of binding SARS-CoV-2 S protein, but with very limited or
absent neutralization capacity (Supplementary Table 54).

3.6. Natural Infection Induces High Quality Antibodies Than One Vaccine Dose

Next, we wanted to compare the magnitude of the humoral immune response to nat-
urally acquired SARS-CoV-2 infection to the mRNA-based COVID-19 vaccinations in un-
exposed subjects. For this purpose, we chose samples from 25 participants out of the 59
with the first sample collected between 12 and 38 days after the confirmed infection with
SARS-CoV- (average 25.72 days, min 12, max 38) and from 21 unexposed participants that
received two doses of the Pfizer-BioNTech vaccine (average 17.35, min 12, max 26). Sam-
ples for the unexposed subjects were collected over an average of 17.1 and 14.1 days after
the first and the second dose, respectively. As shown in Figure 2A, the mean time elapsed
between the first sample collection after infection was significantly higher than the time
elapsed between the first sample collected after the vaccination in the unexposed cohort
(p <0.0001). Despite this delay, we found that the total anti-S antibodies and the total IgG
titers were comparable after the infection or the first vaccine dose in the unexposed par-
ticipants (Figure 2B,D). However, the quality of the antibodies measured by the surrogate
neutralization assay showed a neutralizing activity significantly higher in the naturally
infected group compared with the unexposed vaccinated group (p < 0.0003). This indi-
cated a better quality of the antibodies induced by naturally acquired infection when com-
pared to vaccine-induced neutralizing antibody activity (Figure 2D). As shown in Figure
2B,C, two vaccine doses in unexposed individuals were necessary to significantly increase
the total antibody titers and IgG titers compared to individuals in the pre-exposed group
(p < 0.0001). The magnitude of neutralization was also significantly increased in pre-ex-
posed individuals (p < 0.0001) (Figure 2D).
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Figure 2. Naturally acquired SARS-CoV-2 infection primes an immune response superior to a single
COVID-19 vaccine dose. Panel (A) shows the mean time of sample collection following natural in-
fection (n = 25) or after the first vaccine dose (n = 20). In panel (B,C), results from the total anti-S
protein and the IgG titer measured by enzyme-linked immunosorbent assay and expressed as OD
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or titers, respectively, are presented. The threshold for the total antibodies was 0.312 and the thresh-
old for IgG titers was 1:100. All participants with previous exposure to SARS-CoV-2 except one
showed detectable antibodies and measurable titers at baseline. Because the threshold 1:100 of our
titration assay, the IgG titers at baseline in the unexposed subjects —which had no detectable S-spe-
cific antibodies —were set arbitrarily to 50. Panel (D) shows the blocking activity of serum antibodies
expressed as percentage of neutralization by using a surrogate viral neutralization test (sVNT). The
cutoff for this assay was 30%. As is shown, only one sample in the pre-exposed group contained
antibodies below the threshold reported as more than 30% of neutralization. Furthermore, while the
distribution of antibodies and titers covers the full Y axis, values in both panel B and C, and in panel
D same samples are grouped on the top values area. Statistical significance was determined by one-
way ANOVA multiple comparisons test, unpaired t-test or Wilcoxon-Mann-Whitney test, to com-
pare the means and used to test for increases or decreases among samples. p < 0.05 was considered
significant. Naturally infected participants (n = 25) out of the 59 with the first sample collected be-
tween 12 and 39 days after confirmed infection with SARS-CoV-2 were selected for comparison with
the 21 unexposed vaccinated subgroup (healthy vaccinated).

3.7. Neutralization Is Sustained in Naive and Pre-Exposed-Vaccinated Subjects

Samples were collected between 12 to 28 days after each dose with a mean of 19 days
and of 14 days for the pre-exposed group and of 12 days and 26 days for the unexposed
groups after the first and second dose, respectively. An additional third sample from all
21 unexposed individuals and from 8 out of the 10 pre-exposed individuals was collected
between 19 and 83 days after the second dose, respectively (Supplementary Table S2). For
the first sample collected following the first dose, there were no significant differences in
the time elapsed between sample collections for the pre-exposed and unexposed subjects.
However, there was a significant difference (p <0.0001) in the time elapsed between sam-
ple collections following the second dose (third sample) between the pre-exposed and un-
exposed groups (Supplementary Figure S4). The geometric mean baseline IgG titers in the
pre-exposed population was 726 (range: 125 to 7191) and increased to a geometric mean
of 5239 (range: 3408 to 6586) after the first dose (Figure 3B and supplementary Tables S5
and S6). After the second dose, the geometric mean decreased to 3980 (range: 2273 to 5847),
and we observed no significant difference in IgG titers after the first dose. On the other
hand, the 21 vaccinated, unexposed subjects were negative for S-specific IgG at baseline.
After the first dose, the IgG titers significantly increased to a geometric mean of 832 (range:
196 to 9365, p < 0.0001) and, after the second dose, those values significantly increased (p
<0.0001) to a geometric mean of 5446 (range: 3346 to 10,239) (Figure 3B).

In the second sample, which was collected after the second dose (third sample) in the
unexposed group, the geometric mean of the titers was 1518 (range: 409 to 3278). In the
pre-exposed group, the geometric mean of the titers was 1323 (range: 568 to 3536). In both
groups, we observed a significant decrease from the IgG titers detected in the first samples
relative to titers after the second dose (p < 0.0001 and p = 0.0192 for the unexposed and
pre-exposed groups, respectively).

In our cohort, the total IgG values were consistent with reported IgG titers (Figure
3A). We looked first at the IgG1 isotype, the main contributor to the total IgG in the cohort
of 59 individuals. The first dose induced a significant increase in this isotype for both
groups (p < 0.0018 and p < 0.0001 for the unexposed and pre-exposed vaccinated groups,
respectively). However, the effect of the boost was significantly higher in the pre-exposed
group (p < 0.0001), suggesting a role for natural infection in this significant difference.
Remarkably, the second dose appeared to provide a benefit in boosting IgGl titers in the
unexposed vaccinated group only (p < 0.0001). IgG1 values after the second dose in the
unexposed vaccinated group reached values comparable to that of the pre-exposed vac-
cinated group after just one dose. We observed no significant differences in the levels of
IgG1 between groups following the second dose (Supplementary Figure S5).

The geometric mean baseline of neutralization activity in the pre-exposed population
was 69.46% (range: 39 to 97%) and increased significantly (p <0.0001) to a geometric mean
of 97.99% (range: 97 to 98%) after the first dose (Figure 3C and Supplementary Table S5).
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However, following the second dose, the values remained similar in range, with a mean
of 97.19%. On the other hand, the 21 naive vaccinated persons were negative for neutrali-
zation at baseline (geometric mean: 15%). After the first dose, neutralization significantly
increased (p < 0.0001) to a geometric mean of 57.34% (range: 28% to 76%, with one outlier
of 96%). The second dose produced an additional significant boost (p < 0.0001) to a geo-
metric mean of 96.85% (in a range from 95% to 98%) (Figure 3C). Contrary to the trend we
observed in total antibody titers and IgG titers (Figures 3A,B), the neutralizing activity
was retained at very similar level in both groups in the third sample collected. The geo-
metric mean for the unexposed group was 94.5% (in a range from 86% to 98%), while the
pre-exposed group had a geometric mean of 96.62% (in a range from 96% to 98%). Though
there was no significant difference in neutralization capacity between groups, nine (9)
subjects in the unexposed group showed values lower than 5% neutralization. This re-
sulted in a 1.02-fold decrease in the value of neutralization capacity in the unexposed
group, while there were no changes in neutralization capacity the pre-exposed cohort.

Among the previously exposed subjects we examined, 5 out of 10 (50%) retained de-
tectable IgM at baseline (i.e., the time of the first sampling). IgM titers did not appear to
be boosted by the first vaccine dose, and titers decreased after the second dose. On the
other hand, the first dose did appear to induce a significant increase (p < 0.0001) in the
IgM values in the unexposed subjects. Those values were boosted only in two subjects,
but as expected, were not modified in any of the other 19 subjects (Supplementary Figure
S5). Eight (8) out of the 21 unexposed patients (38.09%) had no detectable IgM after the
first dose. Only one patient failed to develop measurable IgM antibodies after the two
vaccine doses.

Finally, we looked at the contribution of the IgA isotype to the immune response after
vaccination. Interestingly, we found that this isotype was significantly boosted in both
groups, pre-exposed (p < 0.0187) and unexposed groups (p < 0.0010) after the first vaccine
dose. In addition, the increase in IgA titers was significantly higher in the pre-exposed (p
< 0.0176) vaccinated group compared to the unexposed vaccinated group. The second
boost resulted in an additional significant increase in IgA titers in the unexposed vac-
cinated population but not in the pre-exposed vaccinated group (Supplementary Figure
S5).
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Figure 3. Functional neutralization assays are better predictors of the humoral immune response to
COVID-19 mRNA-based vaccinations. Samples are described as the 1st or 2nd samples after 1st or
2nd vaccine dose (1 5-P1 st-vd, 1 S-P2 nd-vd or 2 5-P2 nd-vd) and the mean time of samples collec-
tion is shown. Panels (A,B) show the total antibody and IgG titers, respectively, after full vaccination
with two vaccine doses. Antibody levels and titers significantly decline in both groups in a second
sample collected after the second vaccine (average of 60.3 and 100.5 days after the first vaccine dose
for the unexposed and pre-exposed groups, respectively). Despite the difference in sampling time
between the two groups, there were no significant differences in the levels of antibodies or titers
between groups in the 2 5-P2 nd-vd. Panel (C) shows antibody-blocking capabilities measured by a
surrogate viral neutralization assay (sVNT). Highly relevant is the finding that the blocking baseline
activity of the pre-exposed individuals is significantly higher than the basely blocking activity
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induced by the first vaccine dose in unexposed individuals. In addition, two vaccine doses were
necessary in the unexposed cohort to induce same percentage of neutralization achieved by just the
first dose in the pre-exposed group. The magnitude of neutralization remained at similar levels until
the last time point evaluated in both groups, confirming that the surrogate neutralization test is
more suitable to determine the efficacy of the humoral immune response to the vaccine. The thresh-
old for the total antibodies was 0.312. The threshold for IgG titers was 1:100 and for the blocking
activity was 30%. Statistical significance was determined by one-way ANOVA multiple compari-
sons test or unpaired t-test to test for an increase or decrease among samples. p <0.05 was considered
significant. The black arrows indicate the moment of vaccine administration related to the timing of
sample collection. Healthy vaccinated (n = 21); pre-exposed vaccinated (n = 10).

4. Discussion

Our study followed a cohort of 59 subjects with prior exposure to SARS-CoV-2 with
the goal of describing the kinetics of the humoral immune response to natural infection
over time. This study uniquely examined a population of Hispanic/Latino persons dispro-
portionately impacted by the COVID-19 pandemic. We compared the kinetics of this an-
tibody response in the context of individuals with naturally acquired infection (pre-ex-
posed) and unexposed individuals following vaccination. None of the exposed subjects in
our cohorts required hospitalization and only had mild to moderate symptoms. Because
of that, we found no differences in the serological response according to symptoms sever-
ity. Consistent with other reports, we found that antibody titers tended to wane over time
and added to a growing body of evidence suggesting that functional neutralization assays
should serve as the gold standard for evaluating vaccine efficacy in lieu of antibody bind-
ing quantification. Furthermore, we found that pre-exposed individuals were able to
mount an antibody response after just one vaccination dose that was equivalent to a two-
vaccine dose regiment in unexposed individuals. These findings have important implica-
tions for defining the correlates of protection for SARS-CoV-2, as well as recommenda-
tions for future public health guidelines and vaccine distribution efforts on a global scale.

One limitation of our work is the number of subjects sampled following natural in-
fection or vaccination. However, we were able to draw statistically significant conclusions
from our studies using 59 individuals. Additionally, our findings in this limited dataset
are consistent with previous reports, which have made great contributions to our under-
standing of the immunological response to SARS-CoV-2 with a similar number of subjects
[5,22,24,25].

We also acknowledge that setting up a longitudinal cohort study is always a chal-
lenge. Particularly for COVID-19, it imposed additional difficulties due to the lockdowns,
social distancing measures, stigma associated with positive testing and other significant
barriers. However, we assert that the limitations regarding the sampling sequence do not
detract from the significance of our findings.

Notably, our results contrast with reports describing a short persistence of neutraliz-
ing antibodies in plasma donors [29], but are in agreement with recent work indicating
that neutralizing antibodies may persist longer [4,9,30]. Another work showed a long-
term stabilization of anti-S IgG values and nAbs which were lower than in early days post
symptoms onset in a hospitalized cohort [31]. The effect we are seeing in the samples with
a decrease in the total antibodies and titers in the second sample may be also a stabiliza-
tion at a plateau. We have followed up samples from 8 out of the 10 pre-exposed vac-
cinated subjects but, unfortunately, alterations in the humoral response due to vaccination
of these subjects limit our interpretation of these results. Interestingly, the same group
reported that nAbs are a correlate of survival and that nAbs and anti-S IgG persist in the
vast majority of recovered patients regardless of disease severity, age, and co-morbidities
for up to eight months from symptoms onset [31]. A longer follow-up period would fur-
ther our understanding of the antibody kinetics in a long-term period

We were able to show a similar trend in our cohort, with sustained neutralizing ac-
tivity during the frame time of this study. The sustained neutralization capacity we ob-
served remains highly relevant, despite the significant decline in IgG titers that we
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observed in this cohort. In addition, we found that some subjects with undetectable IgG
(n=6) and IgG titers (n = 11) retain measurable neutralization activity, ranging from 32 to
76%, as measured by a surrogate virus neutralization assay. This finding is consistent with
previous reports, suggesting that SARS-CoV-2 serological assays may be poorly suited for
prediction of serum neutralization potency, a metric necessary to facilitate the establish-
ment of the appropriate serologic correlates of protection against SARS-CoV-2 [32]. Our
results suggest that functional assays measuring neutralization potential should be imple-
mented in studies of vaccine efficacy at the population level.

From a technical point of view, the discrepancies between samples without detecta-
ble antibodies but with neutralizing capabilities may be explained by differences in the
assays’ sensitivity. In our case, we use the same source of recombinant proteins for the
antibodies and surrogate neutralization assays. However, the serological assays include
the full 51 and S2 regions of the S protein, which includes the RBD, to coat the plate. The
neutralization assay, on the other hand, includes only the S1/RBD in suspension. It has
been well documented that the binding of the protein to the plate results in altered antigen
accessibility with a consequent presentation of different antigenic sites compared to native
proteins [18,33-35]. Nevertheless, we showed a 93.7% correlation between IgG titers and
neutralization measured with a cPass SARS-CoV-2 Neutralizing Antibody Detection kit.

There are a limited number of publications on the contribution of different antibody
isotypes to the immune response to this novel coronavirus. Early studies reported that S-
and RBD-specific IgM, IgG1, and IgA antibodies were detected in most subjects early after
infection, with all samples displaying neutralizing activity and IgM and IgG1 contributing
most to neutralization [30]. A recent work reported that, in a hospitalized cohort, the early
presence of anti-RBD anti-S IgA positively correlated with reduced persistence of SARS-
CoV-2 RNA in naso-pharyngeal swabs [31]. Other work reported that early SARS-CoV-2-
specific humoral responses were dominated by IgA antibodies and that virus-specific an-
tibody responses included IgG, IgM, and IgA. Furthermore, some studies have found that
the IgA isotype contributes to virus neutralization to a greater extent compared with IgG
[36]. In agreement with our results, recent work from India, a heavily impacted country
by the pandemic, found that RBD-specific IgG, but not IgA or IgM titers, correlated with
neutralizing antibody titers and RBD-specific memory B cell frequencies [37]. In our work,
we found that IgG1 was the predominant isotype, while the IgA response was more lim-
ited. However, considering the non-significant changes in the IgA levels from the first to
the second sample, a role for IgA in sustained neutralization activity cannot be ruled out.
On the other hand, in most of the subjects in this cohort, an expected trend of IgM decline
was observed in the second collected sample. Two out of four subjects (ID265 and ID382),
which were IgG-/IgM+, also had detectable neutralizing activity with detectable IgM both
two and four months after the first samples were collected. These cases suggest that, in
some individuals, IgM may contribute to sustained neutralization capacity, as has been
described before [30]. This result also corresponds with a Kappa analysis suggesting a fair
Cohen’s Kappa agreement between IgM titers and neutralization capacity. Additional iso-
type-specific depletion experiments are needed to determine the role of these antibodies
in SARS-CoV-2 neutralization. Using previous experience from our group [28,38], those
experiments are underway using a larger number of well characterized individuals.

While the number of subjects in our vaccinated cohort (both unexposed and previ-
ously exposed subjects) is limited, we show that vaccination induces a higher boost in the
magnitude of the humoral immune response, both at the level of S-specific IgG and neu-
tralization ability in the pre-exposed individuals compared to the naive group. Our find-
ings also indicate that the second vaccine dose did not expand the S-specific antibodies,
the total IgG titers, or the neutralization capacity of blocking antibodies beyond the peak
reached after the first dose in the case of the pre-exposed cohort. One subject (ID112) who
received the Moderna formulation (ID112) was identified as unexposed and without any
known exposure to the SARS-CoV-2, reaching values in all three determinations compa-
rable to that of the pre-exposed subjects. Notably, however, for volunteers who worked
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in a high-risk environment during the first months of the pandemic, asymptomatic infec-
tion cannot be ruled out despite the absence of measurable S-specific and neutralizing
antibody titers at baseline.

Our study revealed two significant findings regarding vaccination. First is the rapid
decline in anti-S antibodies just 40 to 80 days (for unexposed or pre-exposed cohorts, re-
spectively) after a boost with the mRNA vaccine formulations. Second is the sustained
level of neutralization ability in the same period that anti-S antibodies are declining. This
pattern is the same as the one observed following naturally acquired SARS-CoV-2 infec-
tion in 59 subjects. In addition, we observed that—while in both groups the decline in the
total anti-S antibodies and IgG titers was significant—the decline in titers was more pre-
cipitous in the unexposed group relative to the pre-exposed group. Furthermore, highly
significant is the observation that the baseline neutralizing activity —but not the total an-
tibody titers—was significantly higher among pre-exposed individuals than the neutrali-
zation capacity induced by the first vaccine dose in the unexposed group. This finding is
reinforced by the fact that the time after natural infection and the sample used as baseline
before vaccination was more than 4.7 months in average for all 10 pre-exposed subjects.
Our results also confirm that antibodies generated after the natural infection, while similar
in quantity, are significantly better in their function when natural infection preceded vac-
cination. These results suggest that natural infection with SARS-CoV-2 may contribute to
the expansion of memory B cells, enabling the production of more S-specific antibodies
following vaccination. Together, these findings highlight the value of measuring both the
function and quantity of S-specific antibodies to follow up humoral immune responses to
the vaccination. Our results agree with recent work wherein a predictive model of im-
mune protection from COVID-19 found that the level of neutralizing antibodies is highly
predictive of immune protection from symptomatic SARS-CoV-2 infection [23] and asso-
ciated to recovery [31].

Our results on neutralization are built on using the RBD sequence from the authentic
SARS-CoV-2 virus. Some works demonstrated the presence of non-RBD targeting anti-
bodies possessing neutralizing capacity [39,40] that may not be detected by the surrogate
assay we implemented. We may be missing the contribution of some non-RBD neutraliz-
ing antibodies, however, the RBD domain continues to be the key target for SARS-CoV-2
neutralization [41-45]. Any other additional neutralizing activity we may be missing
would result in an increase in the antibodies function, reinforcing the effect we are report-
ing here, where function is more reliable than the presence or not of antibodies to follow
up the immune response to this novel coronavirus and to the COVID-19 vaccines. On the
other hand, there are disperse reports showing the detection of non-neutralizing antibod-
ies by sVNTs. We cannot rule out the contribution of those non-neutralizing/non-binding
antibodies to our results. However, from 41 samples tested with both assays, we found
only 3 samples with FRNT+/sVNT-, suggesting the presence of some non-RBD neutraliz-
ing antibodies. However, we did not identify any sample with the opposed profile FRNT-
/sVNT+. The effectiveness of this assay is continuously reported in the literature, confirm-
ing its high specificity [46-51]. As a result, we consider that, under our experimental con-
ditions, the contribution of non-neutralizing antibodies to our results can be considered
very limited.

Any variants infecting the subjects remain undetermined. However, all 59 subjects in
the serial samples’ cohort were exposed to the SARS-CoV-2 from March to December
2020. Only the three additional subjects in the pre-exposed and vaccinated cohorts were
confirmed as positive during the first two weeks of January 2021. During that period, in-
formation about the circulating variants in Puerto Rico was very limited. The first variant
identified in Puerto Rico was the Alpha variant (first identified in the UK, B.1.1.7) and was
reported on 28 January 2021. In addition, from March 2020 to December 2020, the govern-
ment of Puerto Rico imposed a strict lockdown, limiting the travels to the island and en-
forcing mandatory testing upon arrival. By 21 July 2021, reports from the surveillance sys-
tem from the PR Department of Health and other private institutions reported about 950
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cases, with patients infected with at least nine (9) different variants as follows: UK Alpha
(B.1.1.7), New York (B.1.526), Brazil Gamma (p.1), California Epsilon (B.1.429) and
(B.1.427), California Eta (B.1.525), India Delta (B.1.617), Brazil Zeta (P.2), South Africa Beta
(B.1,351), and India Kappa (B.1.617). It is important to highlight that the pattern of neu-
tralizing antibodies is very dynamic and can only be interpreted at the individual level
[52]. We acknowledge that the neutralizing properties of our samples may be modified
when tested against the RBD from the variant of interest and variant of concerns. How-
ever, a work testing four variants representing the original SARS-CoV-2 strain and emerg-
ing variants with mutations in the S protein suggested that infection- and vaccine-induced
immunity may be retained against the B.1.1.7 variant [53].

Of interest is the role of previous natural infection in driving antibody isotype switch-
ing. Particularly in the case of IgA, our results showed that previous exposure led to a
faster increase in IgA titers after the first dose of vaccination, while unexposed subjects
required a second dose of vaccine to reach same levels of IgA titer of those pre-exposed to
the novel coronavirus.

Another critical aspect to be considered is the timing between the natural infection
and a potential vaccination against COVID-19. In accordance with the findings of other
groups, we highlighted the relevance of the time elapsed between infections or immun-
izations to induce an optimal immune response [38,54,55]. Taking into account the results
presented here and those from previous works [22,25,56], and considering the limited vac-
cine availability worldwide, our findings suggest that immunity conferred by a single
dose may be sufficient to provide immune protection from severe disease in previously
exposed individuals. With this in mind, second doses in previously exposed immunocom-
petent individuals may be deferred until the final phases of vaccination campaigns and/or
to be executed not before than 6 months after the documented infection. In fact, recent
results from Israel using a larger cohort reinforce our results [57].

Because of the limited number of samples, we were unable to identify any significant
differences between the Pfizer-BioNTech or Moderna vaccine formulations.

We are aware of the limitations of this work owing to the limited number of partici-
pants and associated clinical data. We also understand that this work would benefit from
an examination of the T-cell compartment in unexposed and pre-exposed vaccinees, par-
ticularly in light of recent evidence that simple serological tests for SARS-CoV-2 antibod-
ies do not reflect the richness and durability of immune memory to SARS-CoV-2 [4]. With
this in mind, experiments characterizing the T-cell response in our cohorts are underway.

Nevertheless, this work provides new and additional insight to the limited available
data on COVID-19 immune phenomena. Furthermore, this work also advances our un-
derstanding of immune responses to the mRNA vaccine formulations in unexposed and
pre-exposed individuals, outside of the data provided by the vaccine manufactures. From
our results, as well as others [22-25], the usefulness of a second vaccine dose in pre-ex-
posed subjects remains inconclusive. Furthermore, the immune response elicited by these
vaccine formulations needs to be further evaluated to include the T cell compartment,
which serves as a critical component in the response to SARS-CoV-2 [4,6,8,25]. Undoubt-
ably, natural infection confers a strong and high-quality humoral and cellular immune
response [4,6,57]. This fact has recently been underscored by work showing that variants
of concern partially escape humoral—but not T-cell-mediated —immune responses in
COVID-19 convalescent donors and vaccinees [5]. As the CDC’s guidelines and the impact
of vaccination on our lifestyles (travel quarantine and testing, mask-less outside and in-
doors) continue to change and evolve, it remains unclear why immunity conferred by
natural infection is not taken into account to support those guidelines, nor it is considered
in the progress towards attaining herd-immunity that may enable us to return to the new
social normality. In this context, our results are also highly relevant to consider standard-
izing methods that both serve as a tool to follow up the immune response to the vaccina-
tion, but also to provide a correlate of protection.
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