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Abstract

Background: The city of Manaus, north Brazil, was stricken by a second epidemic wave of SARS-CoV-2 despite high
seroprevalence estimates, coinciding with the emergence of the Gamma (P1) variant. Reinfections were postulated as
a partial explanation for the second surge. However, accurate calculation of reinfection rates is difficult when stringent
criteria as two time-separated RT-PCR tests and/or genome sequencing are required. To estimate the proportion of
reinfections caused by Gamma during the second wave in Manaus and the protection conferred by previous infec-
tion, we identified anti-SARS-CoV-2 antibody boosting in repeat blood donors as a mean to infer reinfection.

Methods: We tested serial blood samples from unvaccinated repeat blood donors in Manaus for the presence of
anti-SARS-CoV-2 IgG antibodies using two assays that display waning in early convalescence, enabling the detection
of reinfection-induced boosting. Donors were required to have three or more donations, being at least one during
each epidemic wave. We propose a strict serological definition of reinfection (reactivity boosting following wan-

ing like a V-shaped curve in both assays or three spaced boostings), probable (two separate boosting events) and
possible (reinfection detected by only one assay) reinfections. The serial samples were used to divide donors into six
groups defined based on the inferred sequence of infection and reinfection with non-Gamma and Gamma variants.

Results: From 3655 repeat blood donors, 238 met all inclusion criteria, and 223 had enough residual sample volume
to perform both serological assays. We found 13.6% (95% Cl 7.0-24.5%) of all presumed Gamma infections that were
observed in 2021 were reinfections. If we also include cases of probable or possible reinfections, these percentages
increase respectively to 22.7% (95% Cl 14.3-34.2%) and 39.3% (95% Cl 29.5-50.0%). Previous infection conferred a
protection against reinfection of 85.3% (95% Cl 71.3-92.7%), decreasing to respectively 72.5% (95% Cl 54.7-83.6%)
and 39.5% (95% Cl 14.1-57.8%) if probable and possible reinfections are included.

Conclusions: Reinfection by Gamma is common and may play a significant role in epidemics where Gamma is
prevalent, highlighting the continued threat variants of concern pose even to settings previously hit by substantial
epidemics.
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the emergence of a new SARS-CoV-2 variant of concern
(VOC) in November 2020 first denoted P.1, and recently
classified as the Gamma variant of concern by WHO [2].
This variant corresponded to 87% of all infections in Jan-
uary 2021 [3].

Both increased transmissibility and the ability to par-
tially evade protective immunity have been postulated to
explain the Gamma-driven resurgence of COVID-19 in
Manaus [3, 4]. Whilst a significant body of work supports
increases to transmissibility of both Gamma and other
variants of concern [5-7], comparatively little work has
explored the potential for reinfection by these lineages,
despite significant in vitro evidence supporting partial
immune-escape [8]. It is therefore essential to understand
the rate of reinfection in order to predict how this variant
(and others with immune-escape potential) will spread
through Brazil and other regions of the globe that have
experienced significant previous outbreaks and are at risk
for reinfections.

Individual cases of reinfection by the Gamma variant
have been widely reported in the literature [9-11], but
the frequency of these cases at a population-level has not
been established. Detecting reinfections directly by test-
ing of swabs from recurrent symptomatic infections is
difficult because most SARS-CoV-2 infections are undi-
agnosed asymptomatic or mild cases [12], leading to a
small number of patients with two confirmed infections.
Instead, we assess the reinfection rate using samples of
repeat blood donors, allowing the detection of asympto-
matic infections.

Methods

We retrieved and tested serial samples from unvaccinated
repeat donors from Manaus with three or more dona-
tions, which included at least one during the first epi-
demic wave (between April 1st and June 30th, 2020) and
at least one after January 1st, 2021. These criteria select
donors solely based on the donation date, thus selected
donors and the set of all repeat blood donors have a simi-
lar proportion of infection. We excluded donors that had
their first anti-N positive result in November and Decem-
ber 2020, when it was not possible to determine whether
the infection was caused by Gamma due to its low preva-
lence at that time. Given this exclusion, no infections
observed in selected donors in 2020 are due to Gamma
because this VOC had an insignificant prevalence before
November 2020 [3].

The samples were first tested using an anti-N SARS-
CoV-2 IgG chemiluminescence microparticle assay
(CIMA, Abbott Park, IL, USA), and then the samples
with enough volume were retested using the Abbott anti-
S SARS-CoV-2 IgG CIMA. These are high specificity
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assays whose reactivity consistently wanes during con-
valescence [1, 13, 14] and presents small measurement
error (see Additional file 1: Appendix). Furthermore,
because the anti-S assay shows smaller reactivity waning
than the anti-N assay, it may be able to detect infections
that remained undetected by the anti-N assay.

In order to detect reinfections, we hypothesized that
reinfection would induce anamnestic “boosting” of
plasma anti-N and anti-S IgG antibody levels, yielding
a V-shaped time series of antibody reactivity levels. We
also assumed that a V-shaped antibody curve can only
be caused by reinfection, since exposure should only lead
to an increase of the antibody level if there is significant
viral replication, hence an infection. This strict serologi-
cal definition of reinfection is only valid for assays that
show consistent reactivity waning over time, since rein-
fections may not produce a V-shaped curve in assays
with no reactivity waning.

Repeat donors were partitioned into six groups that
reflect the inferred sequence of infection and reinfec-
tion with non-Gamma and Gamma variant. To define
these groups, we classified donors based on the serial
anti-N samples obtaining an assay-specific classification,
and repeated the procedure for the serial anti-S samples.
As such, each donor was assigned to two assay-specific
groups (one for each assay), which were then combined
according to Table 1 to obtain the final classifications.
Donors with insufficient sample volume for testing with
the anti-S assay were classified as “unknown” Reinfec-
tions detected by only one assay were classified as “pos-
sible reinfections”, and only cases of reinfections detected
by both assays had their final classification assigned as
“reinfection”. Therefore, the rules for obtaining the final
groups are conservative.

To design the inclusion rules for each group, we
assumed that all positive cases in 2021 are due to Gamma
because of its high prevalence (87% of sequenced sam-
ples) in early January, which likely increased in the
following months due to the higher transmissibility com-
pared to non-Gamma variants circulating in Manaus[3].
Additional file 1: Fig. S1 shows a flowchart illustrating the
classification rules, and Additional file 1: Fig. S2 describes
an illustration of the procedure used to classify donors.
The groups and their corresponding definitions are listed
below, and are also summarized in Table 2.

(A) Persistently seronegative

Donors that never had a positive test result. It is
not possible to say that all persistently seronegative
donors were not infected, since some infected donors
may have had already seroreverted at the date of
sample collection, or not seroconverted at all.
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Table 1 Final classification for each donor based on the assay-specific classifications obtained with the anti-N and anti-S assays, and
the number of donors assigned to each group

Assay-specific classification of donors
(anti-S assay)

Persistently
seronegative

Infection by non-
Gamma variant

Infection by
Gamma

Reinfection by
Gamma

Probable
reinfection by
Gamma

Unknown

Persistently
seronegative

Infection by non-
Gamma variant

Infection by
Gamma

Reinfection by
Gamma

Probable reinfec-
tion by Gamma

Assay-specific classification of donors
(anti-N assay)

Persistently seron-
egative (60)

Infected by Gamma
Q)

Possible reinfection
by Gamma (1)

Infected by non-
Gamma variant (4)

Infected by non-
Gamma variant (77)

Infected by Gamma
©)

Infected by Gamma
(43)

Possible reinfection
by Gamma (1)

Possible reinfection
by Gamma (1)

Possible reinfection
by Gamma (14)
Possible reinfection
by Gamma (1)
Reinfection by
Gamma (8)

Infected by non-
Gamma variant (2)

Probable reinfec-
tion by Gamma (7)

Persistently seron-
egative (4)

Infected by non-
Gamma variant (7)

Infected by Gamma
()

Empty cells represent groups with no donors. Text within the cells denotes the final classification assigned to each case

Table 2 Summarized definition and size of the groups used to classify donors for each assay

Infection group Definition Number of donors
Assay-specific Assay-specific Final
classification classification classification
(anti-N) (anti-S)
Persistently seronegative No positive results 72 62 64
Infection by non-Gamma variant A positive result before Nov 1st 2020 and decaying anti- 100 81 90
body levels in 2021
Infection by Gamma No positive results in 2020 and a positive result in 2021 49 47 51
Reinfection by Gamma A positive resultin 2021 and before Nov 1st 2020 and an 9 22 8
intermediate result with value below these two readings
(V-shaped S/C time series)
A positive result in 2021 succeeding two consecutive 1 2 0
rising positive results in 2020. Donors in this group have
an observed seroconversion period much longer than
expected
Probable reinfection by Gamma  One positive result in 2020 and a higher positive result in 7 9 7
2021 separated by an interval of at least Aty (serocon-
version period longer than expected)
Possible reinfection by Gamma  Classification as “Reinfection by Gamma”by only one assay 18
(reinfection detected by one assay but not both)
Unknown (anti-S assay only) Not enough volume to retest the sample with the anti-S 15
assay
Total 238 238 238

The final classification was obtained by combining the groups assigned by both assays according to Table 1. The definitions of probable reinfections depend on the
parameter Atmin = 141days for the anti-N assay and 126 days for the anti-S assay

ber and December 2020 were excluded, this require-
ment is equivalent to requiring a positive donation
in 2020 and a negative donation in 2021. Donors
must also fill one of the following rules:

(B) Infection by non-Gamma variant

Two requirements are needed for a donor to be
included in this group. First, the donor must have a
positive test result before November 1%, 2020. Since
donors that had their first positive result in Novem-
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a. All sample test results in 2021 are negative.

b. There are positive donations in 2021, but none of
them have a rising result.

(C) Infection by Gamma

Donors that did not have any positive test result in
2020 and some positive result in 2021. Some of these
cases may be unobserved reinfections by Gamma in
the case of an undetected infection in 2020.

(D) Reinfection by Gamma

A donor is classified as a case of reinfection by
Gamma when filling some of the following condi-
tions:

a. Donors with a positive donation in 2020 and
another positive donation in 2021 with a
V-shaped curve ending in 2021. In other words,
these are donors that have a positive donation
in 2020, a second donation with lower S/C value
(that could be positive or negative), followed by a
positive donation in 2021 with an increase in S/C
value. These donors were seroreverting and then
seroconverted again due to the reinfection.

b. Donors with three consecutive rising positive
results, the last being in 2021. Since the mini-
mum interval between successive donations is
60 days for men and 90 days for women in Bra-
zil, donors with three consecutive rising positive
results would apparently be seroconverting for
more than 120 days. Since this long seroconver-
sion period is unlikely, donors following this rule
have likely had an unobserved S/C decay after the
second rising result, seroconverting again after
being reinfected.

(E) Probable reinfection by Gamma
Donors with two consecutive rising positive test
results, the last being in 2021, separated by an inter-
val At > Atmin, where Atmin is a predefined param-
eter equal to 141 days and 126 days for the anti-N
and anti-S assays, respectively (see Additional file 1:
Appendix for an explanation on how Afmin was
obtained). We hypothesize that donors following
this rule have had an unobserved antibody decline
after the first positive sample, and seroconverted
again after being reinfected. A minimum interval
between donations is required to avoid misclas-
sifying donors sampled during the seroconversion
period as probable reinfections.
These rules imply that a truly reinfected individual may
be misclassified as “Infection by Gamma” or “Infection by
non-Gamma variant” if samples are not collected shortly
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after the first infection, underestimating the proportion
of reinfections. To partially account for this problem, we
define probable reinfections (two consecutive reactivity
boostings that are spaced by a minimum interval Azmin
larger than the expected seroconversion period, that is,
a reinfection not sampled frequently enough to yield a
V-shaped curve) and possible reinfections (reinfections
detected by only one assay). The effect of misclassifica-
tion due to sparse sampling is illustrated in Fig. 1, which
shows the idealized signal-to-cutoff curve of a reinfected
individual and the corresponding classification based on
different possibilities for the sequence of dates of sample
collection.

Information on symptom severity or hospitalization of
infected donors was not available. However, the cohort
of selected repeat blood donors is likely biased towards
non-hospitalized individuals with mild or asympto-
matic infection because symptomatic donors are unable
to donate for 30 days after the end of symptoms. Also,
few selected donors were hospitalized in the first wave
because they returned to donate multiple times over the
course of the year.

Results

During the study period, we identified 3655 repeat blood
donors, of which 782 donated three or more times, and
240 met all our inclusion criteria (see Additional file 1:
Fig. S1). Two donors were excluded for having their
first anti-N positive result in November or December
2020 (when it is not possible to identify if infection was
caused by Gamma), resulting in 238 donors selected for
this study. The median (IQR) age was 36.5 (28.0-44.0)
and 12.8% were female. 85.4% of donors self-declared as
pardo (mixed ethnic ancestries), 11.1% as white and 3.0%
as black, compared with 75.7%, 20.7% and 2.9% for the
estimated population in Manaus self-declared as pardo,
white and black individuals (see Additional file 1: Fig. S5).
There were 18 samples tested only with the anti-N assay
because they did not have enough volume to be tested
for the second assay. For this reason, only 223 donors
were classified based on the anti-S assay patterns over
time, and the remaining 15 donors were classified based
solely on the anti-N assay. Figure 2 presents the serial
results of all 238 selected donors, and Table 1 shows the
number of donors assigned to each assay-specific group
and their corresponding final classification. The assays
showed a high concordance, with 87.4% of donors receiv-
ing the same classification on both assays. Table 2 sum-
marizes the definition of groups and contains the sizes of
the assay-specific and final groups, and the serial results
of each assay-specific group for both assays are shown in
Additional file 1: Figs. S3, S4.
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Fig. 1 lllustration of an idealized signal-to-cutoff (S/C) curve of a reinfected individual that is assigned to different groups depending on the
sequence of dates of sample collection. The black curve represents the unobserved trajectory of S/C over time, and circles represent sample
collections. This figure shows five sets of serial samples that were collected in different dates. The patterns that can be confidently attributed to
reinfection are shown in red: sampled points that reveal the underlying V-shaped curve, or three consecutive rising values that can only be obtained
by sampling the underlying V-shaped curve. If the dates of sample collection are too sparse, this reinfection individual may be misclassified as

There were 59 presumed Gamma infections in 2021, of
which 8 (13.6%, 95% CI 7.0-24.5%) had a V-shaped curve
indicating reinfection by both anti-N and anti-S assays.
The anti-S assay detected 16 cases of reinfection that
were undetected by the anti-N assay; these were given
a final classification of possible reinfection. If probable
and possible reinfections are included, these percentages
increase to 22.7% (95% CI 14.3-34.2%), or 39.3% (95% CI
29.5-50.0%), respectively. These eight Gamma reinfec-
tions also represent 6.5% (95% CI 3.3-12.3%) of the 123
individuals that had a primary infection in the first wave,

increasing to 12.2% (95% CI 7.5-19.1%) and 26.8% (95%
CI 19.8-35.3%) if probable and possible reinfections are
considered.

Of 115 previously negative individuals, 51 (44.3%, 95% CI
35.6—-53.5%) were infected by Gamma over the time-period
considered. As such, the protection against reinfection
conferred by previous infection (defined as 100 x [1 — rela-
tive risk of reinfection]) is 85.3% (95% CI 71.3—92.7%), or
72.5% (95% CI 54.7-83.6%) and 39.5% (95% CI 14.1-57.8%)
if probable or possible reinfections are included.
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Fig. 2 Classification of the repeat blood donors according to their antibody profile. Each facet shows the serial results obtained with the anti-N or
anti-S IgG assays for donors in the corresponding group. Blue and red dots represent respectively positive and negative results, and donations from
the same donor are connected by a line. Because 18 samples could not be retested with the anti-S assay, less than three anti-S results are shown for
some donors, which were classified based solely on the serial anti-N results

Discussion
The high proportion of Gamma reinfections suggests that
reinfection with this variant is common and may play a
significant role in Gamma-prevalent regions. The esti-
mated relative risk of reinfection shows that even though
a previous infection decreases the chance of reinfection,
the protection is not close to 100%. Hence, immunity
against non-Gamma variants achieved by natural infec-
tion may not prevent new outbreaks caused by Gamma.
This conclusion may also extend to other variants where
in vitro results support immune-escape potential equal
or larger than Gamma.

Our proportion of reinfections by Gamma is com-
patible with a previous estimate of 28% obtained from

a compartmental model [15] in which Manaus had an
estimated prevalence of 78% in November 2020. On the
other hand, the obtained relative risk of reinfection is
higher than reported in the literature for non-Gamma
variants [16—18], especially if we assume that part of the
donors classified as probable and possible reinfections
were reinfected. The protection conferred by previous
infection estimated from a cohort of healthcare workers
in United Kingdom [17] that were submitted to regular
PCR tests was 84%, similar to the protection of 80.5%
obtained from a cohort of confirmed COVID-19 cases
in Denmark [16]. In a cohort of confirmed cases in Italy
[18], only 0.31% of the previously positive individuals
were reinfected, compared to 3.9% of primary infections
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for the negative cohort. However, confirmed cases are
biased towards symptomatic individuals, which are likely
to have a smaller reinfection risk than asymptomatic or
oligosymptomatic individuals. Also, because the sensitiv-
ity of serological assays depends on the disease severity
[19], traditional methods may not detect reinfections fol-
lowing a mild infection.

The main limitation of this study is that donors were
not sampled frequently enough to robustly detect cases
of reinfection, leading to the possible existence of unde-
tected reinfections. We attempted to resolve this issue by
classifying the degree of evidence and identifying prob-
able and possible reinfections. Further, repeat negative
donors may not represent truly unexposed individu-
als, since not all PCR+ individuals produce antibodies
to nucleocapsid proteins [20] and because sparse sam-
pling may have resulted in missing the positive interval.
Another limitation is that a small proportion of infec-
tions in 2021 were not caused by Gamma, thus our
results may be slightly affected by the reinfection rate of
the non-Gamma variants.

The clinical relevance of COVID-19 reinfection could
not be determined because we did not have access to
previous signs and symptom information. Since blood
donors are biased towards asymptomatic and mild infec-
tions, our reinfection rates cannot be extrapolated to
persons with more severe primary disease. Because this
work uses a serological definition of infection, the pro-
tection against symptomatic or severe infection given
by symptomatic or severe primary infection is likely
higher than our estimates. For the same reason, this work
does not assess the protection given by previous infec-
tion against symptomatic reinfection, hospitalization or
death, nor the protection conferred by symptomatic or
severe infection. Finally, even though our results indicate
that immunity acquired by natural infection has a limited
duration, we do not assess the transmissibility of reinfec-
tions. Reinfections may drive a new surge in regions with
high seroprevalence even if previous infection reduces
transmissibility, but in this case a larger incidence of rein-
fections is necessary to produce a new outbreak.

Conclusions

Our data suggest that reinfection by Gamma is com-
mon and more frequent than has been detected by tra-
ditional approaches. The estimated reinfection rates
suggest that the Gamma variant may induce a higher
reinfection risk than previous non-Gamma variants,
even though the clinical relevance and transmissibility
of reinfections was not assessed. Because most blood
donors had oligosymptomatic or asymptomatic infec-
tions, the obtained protection against reinfection does
not extend to cohorts containing only hospitalized or
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symptomatic individuals. Overall, our results reinforce
concerns over the risk of reinfection particularly as var-
iants continue to evolve, and demonstrate that repeat
blood donor serosurveillance is valuable for document-
ing rates and correlates of reinfection that complement
surveillance for reinfections or vaccine breakthrough
infections based on serial swab-based surveillance
programs.
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