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SARS-CoV-2 reinfections have been frequent, even among those vaccinated. The aim of this study

is to know if hybrid immunity (infection + vaccination) is affected by the moment of vaccination

and number of doses received. We conducted a retrospective study in 746 patients with a history of
COVID-19 reinfection and recovered the dates of infection and reinfection and vaccination status
(date and number of doses). To assess differences in the time to reinfection(t,) between unvaccinated,
vaccinated before 6 months, and later; and comparing one, two or three doses (incomplete, complete
and booster regime) we performed the log-rank test of the cumulative incidence calculated as 1 minus
the Kaplan-Meier estimator. Also, an adjusted Cox-regression was performed to evaluate the risk

of reinfection in all groups. The tg, was significantly higher in those vaccinated vs. non-vaccinated
(p<0.001). However, an early incomplete regime protects similar time than not receiving a vaccine.
Vaccination before 6 months after infection showed a lower t,, compared to those vaccinated later
with the same regime (adj-p <0.001). Actually, early vaccination with complete and booster regimes
provided lower length of protection compared to vaccinating later with incomplete and complete
regime, respectively. Vaccination with complete and booster regimes significantly increases the t;,
(adj-p <0.001). Vaccination increases the time it takes for a person to become reinfected with SARS-
CoV-2. Increasing the time from infection to vaccination increases the time in which a person could

be reinfected and reduces the risk of reinfection, especially in complete and booster regimes. Those
results emphasize the role of vaccines and boosters during the pandemic and can guide strategies on
future vaccination policy.

Until mid-October 2023, the COVID-19 pandemic has been responsible for more than 770 million cases and
nearly 7 million deaths'. Different vaccine approaches against COVID-19 arrived and evolved along with the
virus through the pandemic?*. The fast vaccine development has made possible for developed countries to reach
a considerable vaccine coverage in an amazing short period of time®. However, concerns related to side effects
and changes in commercialization authorizations, have caused delays in the administration of second doses,
heterologous vaccination, and infections at the time of vaccination. In addition, the continuous raise of variants
of concern (VOC) and their spread across the world®, have led to a variable viral immunoescape to antibodies
elicited by vaccines. Thus, viral evolution has led to breakthrough with VOCs in vaccinated populations’™.
Those factors have caused for some individuals to present a different immune status that has been called hybrid
immunity.
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It has been postulated that a more robust immune response is obtained by vaccination before or after SARS-
CoV2 infection'®. As VOC keep emerging and vaccines evolving, more concerns about immune escape after
infection or vaccination with the original strain arise'’. Actually, vaccine breakthrough has been documented
since early stages of the pandemic and have surged, especially after the emergence of some variants'>'*, becom-
ing more often detected by the National Influenza Centers (NICs) as a part of the Global Influenza Surveillance
and Response System (GISRS) which integrates COVID-19 and Influenza surveillance among other roles'*.

Different circumstances influencing breakthrough after a first infection and subsequent vaccination, so called
hybrid immunity breakthrough infection (HIBI), have been explored, particularly those involving time of vac-
cination. The results obtained in this study show different protection patterns of hybrid immunization associated
to different vaccine schedules, boosters, and time of vaccination, and help guide future strategies on COVID-19
vaccination.

Methods
Study design and materials
A retrospective observational study was performed by the National Influenza Centre (NIC) in collaboration
with the Microbiology department at the Hospital Clinico Universitario of Valladolid, Spain. Data was extracted
from the laboratory database of 346,846 positive RT-PCR tests to confirm infections between March 2020 and
April 30th, 2022. Due to scarce availability of tests at the beginning of pandemic and other circumstances, dif-
ferent PCR tests were employed, namely Roche (Switzerland), Vircell (Spain), Vitro (Spain), Cepheid (USA)m,
Menarini (Italy), and Thermofisher (USA). All of them detected at least two genes and were considered positive
following manufacturer criteria. By looking for reinfection, a total of 2886 patients with history of COVID-19
reinfection were initially selected from 36,965 patients with positive tests. As initial exclusion criteria, patients
whose laboratory confirmed infections were less than three months apart were discarded and considered to be
the same infection episode’® (Fig. 1). Dates of first and second infection were collected, as well as vaccination
status and if such, date of vaccination of correspondent doses and vaccine used. Then, other exclusion criteria
were applied: patients with no vaccine details in their medical records, patients who had the infection at the time
of vaccination or patients with no prior history of COVID-19 infection before immunization. At the beginning of
2021, 4 different vaccines were authorized in all EU countries. Three vaccines in which two doses were required
for full immunization: Comirnaty (Pfizer®), Spikevax (Moderna®) and Vaxzevria (AstraZeneca®) with intervals
between doses of 3 weeks, 4 weeks, and 8-12 weeks, respectively. And one vaccine in which only one dose was
required: COVID-19 vaccine Janssen (Janssen®), therefore individuals receiving that vaccine were discarded.
A total of 746 cases with history of repeated COVID-19 infection were included and 560 of them had HIBI.
The 186 individuals who did not receive any vaccine but suffered reinfection were considered as controls. From
patients that presented HIBI, individuals were classified according to their vaccine status: 276 had received one
dose of vaccine (incomplete vaccine regime), 114 two doses (complete vaccine regime), and 170 three doses
(booster vaccine regime). Different vaccine regimes schedules were due to changes in vaccine guidelines as the
pandemic evolved'® (Fig. 1).
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Figure 1. Diagram of selection criteria for individuals in the study.
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Parameters and definitions
To evaluate HIBI, only patients who were first infected and then vaccinated were taken into consideration.
Three different parameters to assess reinfection and HIBI were considered. First, the time elapsed between first
COVID-19 infection and first dose of vaccination (t;) which was used to divide the different regime cohorts
in two: early when it was received in the first five months post-infection, and late when it was received after/
equal six months (Fig. 2). Then, t, represents the time elapsed between the last dose of vaccine received and the
second COVID-19 infection (HIBI). And finally, ty; or time of reinfection represents the time elapsed between
first infection and reinfection, independently of receiving a vaccine in the meantime. Time was measured in
months to help perform the analysis.

A timeline of the daily diagnosed cases and the variants that circulated in the Spanish region studied was
created in Supplementary Fig. 1 to represent the evolution of the pandemic during the study period.

Statistical analysis

Initially, t, and tp; were calculated as median (interquartile range, IQR). A Cox-regression adjusted by sex, age,
heart disease, lung disease, hypertension, immunosuppression, and diabetes mellitus, was performed in order
to evaluate the risk of reinfection in vaccinated groups. Differences in t, and ty; between vaccinated and non-
vaccinated were assessed using the two-tailed Mann-Whitney U-test. The Cumulative Incidence of Covid-19
reinfection of different cohorts was calculated as 1 minus the Kaplan-Meier estimator. Difference between
cumulative incidence was assessed by log-rank test. Additionally, individual comparisons between groups were
calculated with the same test correcting for multiple comparisons with the False Discovery rate. GraphPad Prism
Version 9 (GraphPad Software, San Diego, CA, USA) and R software, version 4.2.1(GNU- General Public License,
the R Core Team, R, 2022). p values < 0.05 were considered statistically significant.

Ethical statement

This research was performed according to the Declaration of Helsinki. The database was anonymized and the
clinical data for this observational study was performed under the strict fulfillment of the Spanish Organic Law
41/2002 for regulation of patient’s autonomy and his rights and obligations in matters of information and clinical
documentation (BOE n° 274, 15th November 2002). This research was approved by the Ethics Committee of East-
Valladolid health area under the code PI 22-2920. The informed consent was waived by the Ethics Committee of
East-Valladolid health area due to the retrospective nature of the study and the anonymous nature of the dataset.

Results

Profile of patients who suffered COVID-19 reinfection

Patients who suffered reinfections (746) were divided in four groups according to vaccine status: non-vaccinated
(used as controls) (n =186, 24.9%), reinfected after incomplete vaccine regime (n=276, 37.0%), reinfected after
a complete vaccine regime (n=114, 15.3%) and reinfected after a booster regime (n= 170, 22.8%). In addition,
vaccinated individuals with all regimes were then divided depending on when the vaccine was received: in
the first five months post-infection (early dose) or after/equal six months (late dose). The characteristics are
described in Table 1.

Globally 84.15% of the doses were Comirnaty (Pfizer®), 12.35% were Spikevax (Moderna®), and 3.5% were
Vaxzevria (AstraZeneca®). Only, 69 patients received a heterologous schedule combining more than one vaccine
in any of the subsequent doses.

Regarding comorbidities, the Cox regression indicated that age could influence the risk of reinfection. Also,
patients with immunosuppression and diabetes mellitus had an increased risk of suffering a reinfection with
an adjusted Hazard Ratio (aHR) of 1.45 (p = 0.005) and 1.39 (p = 0.028), respectively. (Supplementary Table 1).

Vaccination provides longer-lasting protection against reinfection

We next analyzed the different times of reinfection between vaccinated population and non-vaccinated popu-
lation. The median time from infection to reinfection (tg;) in non-vaccinated population was 6 months (IQR:
4-10), being significantly lower compared to 14 months (IQR: 9-16) in individuals that received either one, two

L tRl ]

Infection 1 Infection 2
t
Early (0-5 months) i Late (> 6 months) . t,

vaccine doses

t, : time between infection and first dose
t, : time between last dose and reinfection
tg, - time between first and second COVID-19 infections

Figure 2. Diagram of the different time parameters analyzed in the study of reinfection.
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Incomplete regime Complete regime Booster regime

Total Non vaccinated | Early 1 dose | Late1dose | Early 2 doses | Late2doses | Early3 doses | Late 3 doses
No 746 186 65 211 57 57 105 65
Sex (male) (n, %) 305 (40.9) 88 (47.3) 28 (43.1) 90 (42.7) 16 (28.1) 26 (45.6) 31 (29.5) 26 (40.0)
Age (years) (median, IQR) ?22?00- 62.0) %19 550~ 50.0) ?27i00- 36.0) (327%00- 47.0) (533é00- 77.0) ?gioo 67.0) ?5?600- 89.0) (649600 87.0)
Time since first infection (months) (median, IQR) (13.'00; 16.0) ?4(.)0; 10.0) (6é(.)o; 9.0) Z ;1 é(.)o; 15.0) (191.6(); 14.0) (1 16 é(.)o; 17.0) (1 154(.)0; 17.0) (2216(.)0; 22.0)
Time after last dose 4.0 _ 3.0 5.0 7.0 5.0 4.0 4.0
(months) (median, IQR) (3.05 6.0) (3.0;5.0) (4.0 6.0) (4.0;9.0) (3.0; 8.0) (2.055.0) (1.0; 4.0)
Clinical characteristics (n, %)
Hypertension 151(202) | 25(13.4) 0(0.0) 20 (9.5) 15 (26.3) 8 (14.0) 61 (58.1) 22 (33.8)
Heart Disease 70 (9.4) 10 (5.4) 1(1.5) 6(2.8) 6(10.5) 4(7.0) 23 (21.9) 20 (30.8)
Immunosupression 74 (9.9) 20 (10.8) 3 (4.6) 16 (7.6) 6 (10.5) 6 (10.5) 13 (12.4) 10 (15.4)
Lung disease 81 (10.9) 21 (11.3) 4(6.2) 20 (9.5) 5(8.8) 5(8.8) 13 (12.4) 13 (20.0)
Diabetes mellitus 56 (7.5) 8 (4.3) 0(0.0) 8(3.8) 7(12.3) 5(8.8) 17 (16.2) 11 (16.9)

Table 1. Patient characteristics and time of reinfection (tg;) and time from the last dose (t,). No, number; IQR,
interquartile range.

or three doses of vaccine after their first infection (p <0.001) (Fig. 3). However, the risk of reinfection was higher
in those receiving one early vaccine dose (Table 2).

Vaccination from 6 months after infection could provide 6 more months of protection

Here the time of HIBI after the last vaccine dose (t,) and the total time between both first infection and the
reinfection (tg;) were analyzed. Based on t, being under or over/equal to six months, we considered those who
received an early or a late first dose. Significantly higher t, was found in those who received a late first those with
a median of 5 months (IQR:3-6) compared to 4 months (IQR: 2-6) in those vaccinated earlier (FDR adjusted
p=0.034). Again, higher t;; was found in those who waited with a median of 15 months (IQR: 13-17) com-
pared to 12 months (IQR: 8-15) in those vaccinated earlier (FDR adjusted <0.001). Then, based again on that

Time of reinfection
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Figure 3. Time of reinfection (tg;). The time elapsed between first and second COVID-19 infection and the
comparison between vaccinated (with either incomplete, complete or booster regime) and non-vaccinated is
represented. The two-tailed p-value was calculated by applying Mann-Whitney U-test; ***p <0.001.

T

Groups aHR (CI95%) p-value
Early 1 dose | 2.11 (1.56-2.84) | <0.001
Late 1 dose 0.35(0.28-0.43) | <0.001
Early 2 doses | 0.73 (0.53-1.01) | 0.057
Late 2 doses 0.17 (0.12-0.24) | <0.001
Early 3 doses | 0.20 (0.15-0.27) | <0.001
Late 3 doses 0.05 (0.04-0.07) | <0.001

Incomplete regime

Complete regime

Booster regime

Table 2. Adjusted Hazard ratio (aHR) calculated for the time of reinfection (tg,) of different vaccine groups.
p-values were calculated by a Cox regression.
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Cumulative incidence (%)
8

t;, incomplete, complete and booster regime cohorts were divided into early one dose, late one dose, early two
doses, late two doses, early three doses, and late three doses. Then, to explore the differences between incom-
plete, complete and booster regimes and their schedules, cumulative incidences were calculated, and differences
between cohorts were computed as well (Fig. 4 and Table 2).

First, the highest t;; was found in individuals who received a booster regime after the initial two doses, the first
one of them received at or after six months from COVID-19 infection (FDR adjusted p <0.001). The lowest value
was found in individuals that received an early incomplete regime which was similar to that of non-vaccinated
individuals, with a median tp; of 6 months (FDR adjusted p=0.849). In fact, the Cox regression showed a doubled
risk of reinfection in this group compared to non-vaccinated group (aHR=2.11, p<0.001) (Table 2). The rest
of the cohorts showed significantly higher ty; compared to non-vaccinated individuals (FDR adjusted p <0.001)
(Fig. 4a) as well as lower risk of reinfection (Table 2).

Then, the comparison regarding t, in each regime (incomplete, complete and booster) showed that receiving
the first dose at a minimum of 6 months post-infection provided a significantly higher tg; (median time 14, 16
and 21 months) compared to receiving it earlier (median time 6, 11 and 15 months) (FDR adjusted p <0.001 for
all three comparisons) (Fig. 4A). Interestingly, the time from last dose of vaccine until the HIBI event (t,) was
not significantly different when comparing schedules of the same regime (Fig. 4b).

Better late than ever, even with an incomplete vaccine regime

Next, we decided to compare the differences in the time parameters analyzed between the people vaccinated
with different regimes. In those who have received the vaccine earlier after infection, higher ty; was found in
the booster regime with a median time of 15 months (IQR: 14-17) compared to the other two (FDR adjusted
p<0.001). Additionally, tg; in the early complete regime group (11 months, IQR: 9-14) was higher than the early
incomplete one (6 months, IQR: 5-9) (FDR adjusted p <0.001). Similar results were found in those who receive a
late dose post-infection. The highest tg; was found in the booster regime (21 months, IQR 20-22) which was sig-
nificantly higher than complete (16 months, IQR 15-17) and incomplete (14 months, IQR 13-15) regimes (FDR
adjusted p <0.001). Also, complete regime showed higher ty; than incomplete regime (FDR adjusted p <0.001).
Remarkably, tg; in individuals receiving a late 1 dose (late incomplete) and late 2 doses (late complete) were sig-
nificantly higher when compared to early 2 doses (early complete) and early 3 doses (early booster), respectively
(Fig. 4). The Cox-regression showed higher risks of reinfection in early compared to late vaccination with the
same number of doses, remasrking the importance of taking an appropriate time for vaccination after infec-
tion. Additionally, the lowest risks of reinfection with a reduction of at least 80% compared to non-vaccinated
individuals was found in those with a complete late regime or any booster regime (Table 2).

Regarding t,, a higher value was found in early 2 doses group when compared to early doses of the incomplete
regime and the booster regime groups (FDR adjusted p <0.001). Additionally, when comparing late doses, t, was
lower in the booster regime compared to both, the complete and incomplete regime (FDR adjusted p <0.001).
Although median times were similar, in the case of the late incomplete regime, the cumulative incidence is much
higher than in the complete one, from the fifth month on (FDR adjusted p=0.014).

Non vaccinated

Late 1 dose

Late 2 doses

Late 3 doses
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Months since first infection (tRI) Months since last dose (t2)
Number at risk (number of events) Number at risk (number of events)
186 (0) 132 (78) 54 (142) 20 (172) 2 (184) 1(186) Non vaccinated - 186 (0) 132 (78) 54 (142) 20(172) 2(184) 1(186) i
65(0) 62 (28) 15 (52) 1(65) 0(65) 0(65) 65 (0) 62 (28) 15 (52) 1(65) 0(65) 0(65) ‘
211(0) 211(0) 197 (26) 96 (164) 9(207) 0(211) Late 1 dose 1 211 (0) 211(0) 197 (26) 96 (164) 9(207) 0(211) ‘
57(0) 54 (5) 41 (19) 7 (56) 0(57) 0(57) 57(0) 54 (5) 41(19) 7(56) 0(57) 0(57) ‘
57(0) 57(0) 57(1) 43 (24) 10 (55) 0(57) Late 2 doses | 57 (0) 57(0) 57(1) 43 (24) 10 (5) 0(57) ‘
105 (0) 105 (0) 104 (2) 68 (54) 0(105) 0(105) 105 (0) 105 (0) 104 (2) 68 (54) 0(105) 0(105) ‘
65 (0) 65(0) 65 (0) 62 (6) 49 (20) 1(65) Late 3 doses | 65 (0) 65 (0) 65 (0) 62(6) 49 (20) 1669) |
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Figure 4. (a) The Cumulative Incidence of time between both Covid-19 infections (t;) of different cohorts was
represented as 1 minus the Kaplan-Meier estimator. Difference between cumulative incidence was assessed by
log-rank test. (b) The Cumulative Incidence of time between last dose and reinfection (t,) of different cohorts
was represented as 1 minus the Kaplan-Meier estimator. Difference between cumulative incidence was assessed
by log-rank test.
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Discussion

As far as we know, this is the first study to analyze deeply HIBI in Spain, and although there are several COVID-
19 reinfection publications'’"*°, none of them have yet described HIBI based on immunization regimes and
schedules. This study integrates laboratory testing and immunization registry and reinfection data since the
beginning of the COVID-19 pandemic along different variants emerged in Spain and so in Europe.

Three important points arise from the results of this study. First, vaccination after infection offers more pro-
tection than not getting vaccinated after infection, except for an early incomplete regime, in patients who got
reinfected. Our results show that natural infection prevents significatively reinfection during a median period
of 6 months. Secondly, complete and booster vaccine regimes in individuals that have previously been infected
indeed confers a significant benefit by prolonging the time of reinfection compared to individuals with an incom-
plete regime. Third, data showed that vaccination too close after infection (minor than six months), despite the
regime used, decreases significatively the time of reinfection.

Pre-existing immunity against SARS-CoV-2 through vaccination or infection is characterized by robust
immune responses that had previously been associated with protection against infection or severe disease. How-
ever, as countries have reached significant vaccine coverage among their populations, infections in vaccinated
individuals have been observed, leading to the concept of hybrid immunity?*-*2. A kind of immune response
characterized by vaccination plus natural infection of virus variants. This is a very important aspect when a new
virus of wide diffusion emerges into a naive population and imprints their immune system, driving the future
evolution of the virus in populations according to their vaccine coverage rates. The results showed that reinfec-
tion takes place earlier in non-vaccinated individuals compared to vaccinated, and vaccination itself increases
protection against reinfection up to 14 months compare to a median of 6-month protection provided by the first
infection. Our results are aligned with previous studies indicating that hybrid immunity seems to protect against
reinfection longer than just natural acquired immunity'®**?%, In respiratory transmitted infections by variable
viruses, this global effect of hybrid immunity has not been previously considered and could change future vac-
cination schedules based on natural exposure.

Initially, studies showed that population previously infected by SARS-CoV-2 tend to mount intense immune
responses with a single shot reaching levels equal or greater than naive individuals with two doses?*~>’. Based on
that, vaccine recommendations on these patients were to have only one dose in the urge to have more doses to
vaccinate and reach herd immunity*®. Our results show that having an incomplete vaccine regime does not pro-
vide longer protection against reinfection. Interestingly, despite the current debate about boosters, in previously
infected individuals, claiming they could be unnecessary?®, our results prove the protection benefit acquired after
a complete and a third-booster regime even after natural infection. Returning to the herd immunity concept we
must consider that, similarly to other non-viremic respiratory infections that do confer low or no long protec-
tion against reinfection®, a different epidemiological concept view of herd immunity is applied. This is reaching
the level of immunity in a population where no additional prophylactic measures add significant protection.
However, with the spread of omicron subvariants the debate still goes on*’. In Spain as well as in other European
countries a third dose or booster regime was initially recommended for patients at higher risk, starting with
institutionalized patients in September 2021, followed by the elderly and sanitary workers through autumn that
year. There has an ongoing debate whether age is a factor affecting vaccine efficacy, but it has been shown that
actually frailty in aged population is what leads to weaker immune responses® which relates with age being a
factor in the risk of reinfection.

When Omicron variant was introduced in Spain in December 2021, its circulation was predominant by the
end of the month and later through January 2022, with an exponential increase of cases*’. Our results show
individuals infected after three doses, despite having a longer time to reinfection, have lower times from the
last protecting event. Many factors affected this. First, many individuals did not have the right amount of time
to mount appropriate responses. Second, omicron variants are known to evade the immune system to a certain
extent. Although booster regimes have shown to increase protection, it wanes faster compared to previous
variants®. In fact, that time has been estimated to be three months, similar to our results®*. Finally, booster doses
were based on the initial wild-type SARS-CoV-2 variant that emerged in Wuhan, which would mount antibod-
ies with a reduced neutralizing capacity to omicron variants*’. Actually, it has been suggested that an original
antigenic sin effect, similar to that found in influenza virus®*, might shape humoral immune responses to new
variants by eliciting greater responses to those first variants encountered in life**. Hence, vaccine updates might
be periodically needed to improve responses to mutated variants rising.

Other factor influencing HIBI is the time interval between infection and vaccination, regardless of the number
of doses received. Initial vaccination guidelines moved from disregarding time to vaccine after infection, to rec-
ommending waiting a minimum of five to six months'®. Previous studies of vaccines against different pathogens
revealed spacing between doses positively influence vaccine responses. Actually, schedules with longer intervals
tend to lead to increased immune responses than accelerated schedules®. In this way, our work confirms that
vaccination too close to the infection negatively affect the immune response by shortening the time of reinfection.
Thus, the protection time provided by vaccination after a minimum of six months infection was significantly
higher than vaccination in the first five months after infection. This occurred independently of receiving an
incomplete, complete or booster vaccination regime. Furthermore, late doses in incomplete and complete regimes
provided longer protection compared to early doses in complete and booster regimes, respectively. Negative
interference and reaching a “ceiling effect” could explain the above observation®. If a vaccine antigen antigeni-
cally close is introduced in an experienced individual, the higher level of pre-existing immunity against it, would
rapidly clear the antigen instead of mounting new specific immune responses®. On the other hand, heterologous
vaccination in a minimum number of individuals does not allow this work to detect differences between them.
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Our study has some limitations. This is an observational retrospective study based on RT-PCR testing to
confirm infection and reinfection, but no a cohorts’ study. We do not study risk factors or reinfection itself and
we only address HIBI and time observed in those who get reinfected. We do not have information about the
variants causing the infection or reinfection or the severity of the infection. For that reason, it is unknown to
what extent viral variability and immune escape could acts as a factor related to time of reinfection.

In summary, vaccination against COVID-19 after infection increases the time of protection against reinfection
in those who eventually will have a reinfection, highlighting the importance of vaccination, even in individuals
previously infected. In those cases, time of reinfection relies upon two factors. First, number of doses received
after infection, and. second, spacing out doses disregarding number of them, increases the time of reinfection.

The importance of this study lies in two main circumstances. First, this virus is here to stay circulating, prob-
ably for a while. Second, fully protective immune responses against infection tend to wane over time. Different
and complex patterns of immunity are taking place in individuals and population; therefore, the results of this
work can help design future vaccine strategies.

Data availability

The dataset can be made available upon reasonable request to the corresponding author.
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