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Abstract

Background

The administration of a third (booster) dose of COVID-19 vaccines in Peru initially employed
the BNT162b2 (Pfizer) mRNA vaccine. The national vaccination program started with
healthcare workers (HCW) who received BBIBP-CorV (Sinopharm) vaccine as primary regi-
men and elderly people previously immunized with BNT162b2. This study evaluated the
reactogenicity and immunogenicity of the “booster” dose in these two groups in Lima, Peru.

Methods

We conducted a prospective cohort study, recruiting participants from November to Decem-
ber of 2021 in Lima, Peru. We evaluated immunogenicity and reactogenicity in HCW and
elderly patients previously vaccinated with either two doses of BBIBP-CorV (heterologous
regimen) or BTN162b2 (homologous regimen). Immunogenicity was measured by anti-
SARS-CoV-2 IgG antibody levels immediately before boosting dose and 14 days later. IgG
geometric means (GM) and medians were obtained, and modeled using ANCOVA and
quantile regressions.

Results

The GM of IgG levels increased significantly after boosting: from 28.5+5.0 AU/mL up to
486.6+1.2 AU/mL (p<0.001) which corresponds to a 17-fold increase. The heterologous
vaccine regimen produced higher GM of post-booster anti-SARS-CoV-2 1gG levels, eliciting
a 13% increase in the geometric mean ratio (95%CI: 1.02—-1.27) and a median difference of
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92.3 AU/ml (95%Cl: 24.9-159.7). Both vaccine regimens were safe and well tolerated. Pre-
vious COVID-19 infection was also associated with higher pre and post-booster IgG GM
levels.

Conclusion

Although both boosting regimens were highly immunogenic, two doses of BBIBP-CorV
boosted with BTN162b2 produced a stronger IgG antibody response than the homologous
BNT162b2 regimen in the Peruvian population. Additionally, both regimens were mildly
reactogenic and well-tolerated.

Introduction

The first case of COVID-19 was confirmed in Peru on March 6, 2020 [1]. Since then, almost
3,5 million COVID-19 cases and more than 200,000 deaths have been reported [2], making
Peru one of the countries with the highest death toll due to COVID-19 in the world [3]. In Feb-
ruary 2021, in the midst of a very intense second wave of COVID-19, the healthcare workers
(HCW), police and military personnel received the BBIBP-CorV (Sinopharm) inactivated
SARS-CoV-2 vaccine [4]. In May 2021, vaccination started on people 60 years and older with
the BNT162b2 (Pfizer-BioNTech) mRNA vaccine, and subsequently the vaccination program
was extended to the younger population [5] according to vaccine availability, using mainly
BBIBP-CorV and ChAdOx1 nCoV-19 (Oxford-AstraZeneca) in under 40s. All regimens con-
sisted of two doses of vaccines, at least 21 days apart.

In October 2021, the Peruvian Ministry of Health (MINSA) approved the administration of
third vaccine “booster” doses [6] with BNT162b2. HCWs and people 60 years and older were
again prioritized to be vaccinated. With the arrival of the Omicron variant in December 2021,
all adults and children above 12 with comorbidities were eligible for the booster dose. Strate-
gies for vaccination against COVID-19 in Peru are permanently being reviewed and updated
according to the results of their evaluation. It is important to evaluate the safety and effective-
ness of all the vaccination regimens mandated by the MINSA. The aim of our study is to evalu-
ate the reactogenicity and immunogenicity of the third “booster” dose with BNT162b2 in
people primarily vaccinated with BBIBP-CorV or BNT16b2 in Lima, Peru.

Materials and methods
Design, setting and population

We performed a prospective cohort study in individuals who were administered a BNT162b2
booster dose according to Peruvian COVID-19 vaccination guidelines. The study population
included participants aged 18 years and older who had previously received two doses of
COVID-19 vaccines 5 to 12 months before. The population comprised two groups: People ini-
tially vaccinated with 2 doses of BNT162b2 (Pfizer-Biotech), mainly individuals aged 60 years
and older; and people vaccinated with 2 doses of BBIBP-CorV (Sinopharm), mostly HCWSs of
any profession.

Participants were excluded if, at the time of enrollment, they had active COVID-19 symp-
toms, allergy to the BNT162b2 vaccine, or reported pregnancy. Participants who had received
more than two doses of any COVID-19 vaccine, or received the initial doses abroad were also
excluded, as well as participants who did not receive the booster dose within 24 hours after
enrollment. Sampling was carried out in a consecutive non-probabilistic manner in four
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vaccination centers in Lima that were specifically authorized to administer the booster dose.
Sample size was calculated to estimate the geometric mean of the difference between IgG levels
before and after the vaccine booster. Considering a difference of IgG levels of 1.09 AU/ml
+1.00 [7], a precision of one tenth of the mean, and a 95% confidence interval, the sample size
was 387 subjects. Half that sample size yielded >99% power to test if IgG ratios after boosting
were different from 1, including a Bonferroni correction for ten simultaneous comparisons.

Study procedures

Subjects meeting selection criteria were invited to participate in the study and signed an
informed consent form. Clinical and demographic data were registered in a written form, and
a 5 ml blood sample was drawn from each participant before receiving the booster dose. Partic-
ipants were invited for a second visit 14 days after the booster dose and the procedures were
repeated.

The main outcome was immunogenicity, assessed through SARS-CoV-2 anti-spike and
anti-nucleoprotein IgG antibodies levels. These were measured using the iFlash-SARS-CoV
IgG assay (Shenzen YHLO Biotech Co., Ltd, China), a paramagnetic particle chemilumines-
cent immunoassay (CLIA) using the Immunoassay Analyzer [8]. No lower or upper top values
were specified for this assay, although a 10 AU/ml cut-off for positivity point was provided.
Test details are provided in S1 Appendix. Sample analysis was performed at the Measles and
Rubella National Reference Laboratory of the Instituto Nacional de Salud-Peru.

Other variables analyzed were gender, age group (according to the World Health Organiza-
tion classification), presence and number of comorbidities (high blood pressure, diabetes mel-
litus, obesity, asthma, chronic obstructive pulmonary disease, cancer, cardiovascular diseases,
others), prior COVID-19 infection (defined as having a prior positive antigenic or molecular
test), time in months between the second vaccine dose and the booster dose, time in days
between first and second blood sample, and type of primary vaccine regimen (BNT162b2 or
BBIBP-CorV).

Safety assessment included self-report of local and systemic adverse reactions (AR) includ-
ing pain in the injection site, malaise, headache, drowsiness, fever and other events after the
BNT162b2 booster dose in both groups. Those were inquired during the two-week follow-up
visit. Depending on AR intensity, these were classified as mild or severe according to the Com-
mon Terminology Criteria for Adverse Events (CTCAE) [9]. Hospitalizations or deaths until
second visit were also recorded.

Statistical analysis

Categorical variables were described using absolute and relative frequencies, while numerical
variables were reported using medians and interquartile ranges (IQR). IgG levels were addi-
tionally characterized by geometric means (GM) and geometric standard deviations (GSD).
Study variables were compared according to follow-up status, primary vaccine regimen, and
adverse reaction presence, using chi-squared and Fisher s exact test for categorical variables,
and Mann-Whitney U test for numerical variables. Only participants that returned for the sec-
ond visit were included in the reactogenicity and immunogenicity analysis. Crude and
Adjusted Poisson regression models with robust standard errors were constructed in order to
estimate relative risks (RR) for developing adverse reactions.

For the immunogenicity analysis, comparison between IgG levels before and after vaccine
boosting was performed using Wilcoxon Sign Rank test and paired T test for GMs with
unequal variances. Bivariate association between the study variables and IgG levels before/after
boosting was evaluated two ways: IgG medians were contrasted using Mann-Whitney or
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Kruskall Wallis tests, while GMs were compared using Student T or F test for geometric
means. In order to model IgG values after vaccine booster, two methods were employed: quan-
tile regression to the median in order to evaluate changes in absolute IgG values; and an
ANCOVA approach using IgG geometric means and exponentiated coefficients to evaluate
changes in terms of mean fold increase. Robust standard errors were used in both to handle
heteroskedasticity of residuals.

All multivariable models were adjusted per age, sex, comorbidity presence, prior COVID-
19 infection, time between second and booster dose, vaccine booster regimen, time between
first and second serum sample, and IgG levels before booster. The natural logarithm form of
the latter was used in an attempt to normalize its distribution. Only in the immunogenicity
analysis after booster, continuous numerical variables were modeled using restricted cubic
splines in order to handle non-linearity. Spline knots were set according to Harrell’s criteria
[10]. We demonstrated the adequacy of knots selection through the inspection of partial resid-
ual plots and comparing AIC between different spline’s parameterizations. All confidence
intervals were calculated at 95%, and significant p-values were set at 0.05. All the statistical
analyses were performed using Stata v.16 (College Station, TX: StataCorp LLC. 2019).

Ethical considerations

The study protocol was approved by the National Institute of Health’s Institutional ethics com-
mittee (approval code: OI-35-21) and all participants signed a voluntary Informed Consent
Form.

Results
Baseline characteristics

Between November 4 and December 17, 2021, 462 individuals were enrolled. Two participants
were excluded for having received their initial vaccine doses abroad (Moderna, mRNA-1273),
one for having severe immunosuppression, one who received the initial two doses more than
12 months ago, and one who did not receive the booster dose at all. Of the 457 participants
who fulfilled the selection criteria, 285 (62.4%) returned for the second blood sample collection
and were eligible for the immunogenicity/reactogenicity analysis (Fig 1). Baseline and demo-
graphics characteristics were similar between the group that completed two blood samples and
the group lost to follow up (S1 Table).

Patients included had a median age of 46 years (IQR: 36-60) and 190 (66.7%) were female;
214 (75.1%) reported at least one comorbidity and 84 (29.5%) had prior COVID-19 infection.
The time between the first two doses ranged between 20 and 71 days, with a median of 21
days. Regarding boosting, time between second and third dose ranged from 5 to 8 full months
with a median of 220 days. Median time between first and second blood draw was 15 days
(IQR: 14-15). Patients were grouped according to primary vaccine regimen, 56 (19.6%) were
primed with BNT162b2 and therefore received a homologous boosting, while 229 (80.4%)
were primed with BBIBP-CorV, resulting in a heterologous booster (Table 1). There were
some statistically significant differences between both groups. The group primed with
BNT162b2 has a median age of 67 compared with 43 in the BBIBP-CorV group (p<0.001);
this is the result of the national vaccination program that provided BNT162b2 to elderly popu-
lation, while BBIBP-CorV was destined to healthcare workers. The time between the first two
doses had a median time of 21 days (range:20-33) for the group primed with BNT162b2 and
21 days (range 20-71) for the BBIBP-CorV group. Other differences that arose from this vacci-
nation strategy were differences in sex, since there are more female healthcare workers; comor-
bidities, since they are more prevalent in elders; and time between the second dose and
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Fig 1. Participation flowchart.

https://doi.org/10.1371/journal.pone.0268419.g001

booster, since national vaccination started with BBIBP-CorV in healthcare workers, before
expanding to people age 60 and older. On the other hand, there were no statistically significant
differences by prior COVID-19 infection, or time between blood samples (Table 1).

Reactogenicity

Among the 285 participants, 251 (88.1%) reported an adverse reaction after booster adminis-
tration, all of them mild: 244 (85.3%) reported local pain at the injection site, 94 (32.9%) mal-
aise, 79 (27.6%) headache, 43 (15%) drowsiness, 41 (14.3%) fever, and 54 (18.9%) reported
other adverse reactions including diarrhea, nausea, vomiting, palpitations, neck/back pain,
and one participant reported menstrual cycle changes. In the bivariate analysis, younger age,
being female, and having received a heterologous booster were associated with a higher pro-
portion of adverse reactions (S2 Table). In the adjusted regression model, the only characteris-
tic that remained associated was sex: female participants were 13% more likely to develop
adverse reactions than male participants (RR 1.12; 95%CI 1.01-1.25) (Table 2).

Baseline and post-booster immunogenicity

When comparing IgG levels pre versus post booster in the whole group, a marked difference
was observed (Fig 2). The GM of IgG levels increased significantly after boosting: from 28.5
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Table 1. Participant characteristics according to primary vaccine regimen (N = 285).

Total (BNT162b2 x 2) + BNT162b2 (BBIBP-CorV x 2) + BNT162b2 p-value*
N =285 N =56 N =229
n (%) | Median [IQR] n (%) | Median [IQR] n (%) | Median [IQR]
Age (years) 46 [36; 60] 67 [62; 73] 43 [34; 53] <0.001%
Age Group
18-29 years old 23 (8.1) 0 (0.0) 23 (10.0) <0.0011t
30-59 years old 189 (66.3) 6(10.7) 183 (79.9)
60 plus years old 73 (25.6) 50 (89.3) 23 (10.0)
Gender
Female 190 (66.7) 28 (50.0) 162 (70.7) 0.0031
Male 95 (33.3) 28 (50.0) 67 (29.3)
Comorbidity
No Comorbidities 214 (75.1) 28 (50.0) 186 (81.2) <0.001%
Presence of Comorbidities 71 (24.9) 28 (50.0) 43 (18.8)
Number of Comorbidities
No Comorbidities 214 (75.1) 28 (50.0) 186 (81.2) <0.001%
One Comorbidity 61 (21.4) 22 (39.3) 39 (17.0)
Two or more Comorbidities 10 (3.5) 6 (10.7) 4(1.8)
List of Comorbidities
High Blood pressure 29 (10.2) 15 (26.8) 14 (6.1) <0.001%
Diabetes Mellitus 17 (6.0) 8(14.3) 9(3.9) 0.0031
Obesity 7 (2.5) 0 (0.0) 7 (3.1) 0.352%t
Asthma/COPD 12 (4.2) 2(3.6) 10 (4.4) 1.0001+
Cancer (any type) 5(1.8) 3 (5.4) 2(0.9) 0.0547%t
Cardiovascular Disease 2(0.7) 0 (0.0) 2(0.9) 1.000++
Others 12 (4.2) 7 (12.5) 5(2.2) 0.0011
Prior COVID-19 Infection
No 201 (70.5) 45 (80.4) 156 (68.1) 0.072%
Yes 84 (29.5) 11 (19.6) 73 (31.9)
Time until booster dose (months)
5 33 (11.6) 33 (58.9) 0(0.0) <0.0011t
6 78 (27.4) 20 (35.7) 58 (25.3)
7 159 (55.8) 3(5.4) 156 (68.1)
8 15 (5.3) 0 (0.0) 15 (6.6)
Adverse Reactions after booster
No 34 (11.9) 13 (23.2) 21(9.2) 0.0041
Yes 251 (88.1) 43 (76.8) 208 (90.8)
Number of Adverse Reactions
None 34 (11.9) 13 (23.2) 21(9.2) <0.001t
One 104 (36.5) 26 (46.4) 78 (34.1)
Two or more 147 (51.6) 17 (30.4) 130 (56.8)
Adverse Reaction occurred
Local pain 242 (84.9) 43 (76.8) 199 (86.9) 0.058%
Malaise 93 (32.6) 11 (19.6) 82 (35.8) 0.0211
Headache 79 (27.7) 6(10.7) 73 (31.9) 0.002F
Drowsiness 43 (15.1) 3(5.4) 40 (17.5) 0.0221t
Fever 41 (14.4) 6(10.7) 35 (15.3) 0.382F
Others 54 (19.0) 1(1.8) 53 (23.1) <0.0011t
(Continued)
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Table 1. (Continued)

Time between 1st and 2nd sample (days)

Total (BNT162b2 x 2) + BNT162b2 (BBIBP-CorV x 2) + BNT162b2 p-value*
N =285 N =56 N =229
n (%) | Median [IQR] n (%) | Median [IQR] n (%) | Median [IQR]
15 [14; 15] 14 [14; 17] 15 [14; 15] 0.686%

IQR: Interquartile range. IgG: Immunoglobulin G. AU/ml: Arbitrary units per ml.

TChi Square test.
TFisher s Exact test.
*Mann-Whitney U test.

*Comparison between BNT162b2 x 2 + BNT162b2 vs BBIBP-CorV x 2 + BNT162b2.

https://doi.org/10.1371/journal.pone.0268419.t001

+5.0 AU/mL up to 486.6+1.2 AU/mL (paired T test: p<0.001) which corresponds to a 17-fold
increase. This was also observed for the median: from 29.1 AU/mL (8.4; 93.1) up to 501.9 AU/
mL (446.8; 545.4) (Wilcoxon signed rank test: p<0.001).

Regarding COVID-19 baseline humoral status, people aged 60 and older had a higher GM
(64.0+/-4.9 AU/ml) than people 18-29 years old (22.9+/-5.4 AU/ml) and 30-59 years old (21.5
+/-4.5 AU/ml). A possible explanation was that elderly were immunized with the BNT162b2
vaccine which has demonstrated to be more immunogenic than BBIBP-CorV according to
some studies [11]. However, this trend was reversed for IgG levels after boosting: people 18-29

Table 2. Regression models using presence of adverse reactions to the vaccine booster as outcome (N = 285).

Age Group
18-29 years old
30-59 years old
60 plus years old
Gender
Female
Male
Comorbidity
No Comorbidities
Presence of Comorbidities
Prior COVID-19 Infection
No
Yes
Time until booster dose (months)
For each month
IgG Titers before booster
For each natural logarithm
Vaccine Booster Regimen
(BNT162b2 x 2) + BNT162b2
(BBIBP-CorV x 2) + BNT162b2

Crude Models Adjusted Model
RR (95% CI) | p-value* RR (95% CI) | p-value**

1.26 (1.12; 1.41) <0.001 1.16 (0.97; 1.38) 0.102

1.13 (1.00; 1.28) 0.054 1.04 (0.88; 1.23) 0.662
Reference Reference

1.15 (1.03; 1.28) 0.011 1.12 (1.01; 1.25) 0.036
Reference Reference
Reference Reference

0.93 (0.83; 1.04) 0.189 0.97 (0.85; 1.11) 0.654
Reference Reference

1.08 (0.99; 1.17) 0.068 1.03 (0.94; 1.13) 0.541

1.03 (0.97; 1.08) 0.338 0.92 (0.85; 1.00) 0.059

1.01 (0.95; 1.08) 0.684 1.05 (0.97; 1.13) 0.203
Reference Reference

1.18 (1.02; 1.37) 0.028 1.26 (0.97; 1.63) 0.079

RR: Risk ratio. 95%CI: 95% Confidence Interval. IgG: Immunoglobulin G.

* Poisson regression with robust variance, crude models.

** Poisson regression with robust variance, adjusted per all listed variables.

https://doi.org/10.1371/journal.pone.0268419.t002
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https://doi.org/10.1371/journal.pone.0268419.9002

years old, and 30-59 years old had the higher GMs (518.9+/-1.1 AU/mL and 505.3+/-1.1 AU/
mL respectively) compared with people aged 60 years and older (432.3+/-1.2 AU/mL). This
trend was also observed when aged was analyzed as a continuous variable (Table 3, Fig 3).

Baseline levels were not different by presence of comorbidities, but after booster levels were
lower in people presenting them: 453.8 £1.2 AU/mL versus 497.9+1.1 AU/mL (p<0.001). A
prior COVID-19 infection was associated with a higher GM of baseline levels: 66.0+3.9 AU/
mL versus 20.1+4.9 AU/mL (p<0.001), and also with higher post-booster levels: 519.2+1.1
AU/mL versus 473.5+1.2 AU/mL (p<0.001). There were no differences in pre o post booster
IgG levels by gender (Table 3, Fig 2). Baseline IgG levels showed a trend towards higher values
at shorter periods of time between the second dose and boosting. On the contrary, post-
booster IgG levels tend to increase with longer periods of time, except for the 8™ month, when
IgG levels started to decrease. Regarding time between first and second blood sample, post-
booster IgG antibody levels increased sharply until day 15", then progressively decreased until
reaching a steady state (p = 0.003) (Table 3, Fig 3).

The homologous vaccine group had the highest GM of IgG baseline antibody levels when
compared to the heterologous vaccine group: 99.5+3.1 AU/mL versus 21.0+4.8 AU/mL
(p<0.001). However, this relationship was reversed for post-booster IgG levels: the heterolo-
gous vaccine group presented the highest GM when compared to the homologous vaccine
group: 505.6+1.1 AU/mL versus 416.0+1.2 AU/mL (p<0.001) (Table 3, Fig 2). Similar
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Table 3. IgG geometric mean titers (AU/ml) before (baseline) and after receiving the COVID-19 vaccine booster dose (N = 285).

Age Group
18-29 years old
30-59 years old
60 plus years old
Gender
Female
Male
Comorbidity
No Comorbidities
Presence of Comorbidities
Number of Comorbidities
No comorbidities
One comorbidity
Two or more comorbidities
Prior COVID-19 infection
No Infection
Prior Infection
Time until booster dose (months)
5
6
7
8
Vaccine Booster Regimen
(BN'T162b2 x 2) + BNT162b2
(BBIBP-CorV x 2) + BNT162b2

22.9 (5.4)
21.5 (4.5)
64.0 (4.9)

26.1 (4.8)
34.1 (5.3)

27.7 (4.8)
31.1 (5.9)

27.7 (4.8)
28.5 (5.6)
53.5(8.2)

20.1 (4.9)
66.0 (3.9)

112.6 (2.9)
29.7 (4.7)
19.8 (4.7)
55.2 (6.5)

99.5 (3.1)
21.0 (4.8)

Baseline Geometric Mean (GSD) | p-value*

<0.001

0.200

0.629

0.455

<0.001

<0.001

<0.001

IgG: Immunoglobulin G. AU/ml: Arbitrary units per ml. GSD: geometric standard deviation.

* Student T or F test for geometric means.

https://doi.org/10.1371/journal.pone.0268419.1003

518.9 (1.1)
505.3 (1.1)
432.3(1.2)

488.8 (1.2)
4822 (1.2)

497.9 (1.1)
453.8 (1.2)

497.9 (1.1)
456.7 (1.2)
4362 (1.2)

473.5(1.2)
519.2 (1.1)

4243 (1.2)
463.4(1.2)
511.4 (1.1)
499.7 (1.1)
416.0 (1.2)
505.6 (1.1)

After the booster Geometric Mean (GSD) | p-value*

<0.001

0.511

<0.001

<0.001

<0.001

<0.001

<0.001

associations were observed when comparisons were stratified by booster regimen (S3 Table),

or when performed using medians and IQRs (S4 Table).

Based on these results, two multivariable models were constructed. Both, the ANCOVA

and the quantile regression models showed that prior COVID-19 infection was associated

with higher post booster levels with a 6% increase in the geometric mean ratio (95%CI: 1.02-
1.10) and a median difference of 29.1 AU/ml (95%CI: 11.5-46.7). BBIBP-CorV priming was
also associated with higher post booster IgG levels, eliciting a 13% increase in the geometric
mean ratio (95%CI: 1.02-1.27) and a median difference of 92.3 AU/ml (95%CI: 24.9-159.7)
(Table 4). Regarding the non-linear terms of both regression models, the only significant cor-
relation was between higher IgG levels before booster with higher levels post-booster, as seen
in Fig 4. Associations with age, gender, comorbidities, time until booster, and time until sec-
ond sample disappeared after adjustment. Individual coefficients for each spline of the non-
linear terms are shown in the S5 Table for the quantile regression model, and in the S6 Table
for the linear regression model.

Discussion

In this prospective cohort study, we report the humoral immunogenicity of a BNT162b2 vac-

cine booster in persons having been primarily vaccinated with either two doses of
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Fig 3. Bivariate scatter plots plus linear fit lines with 95% confidence intervals. IgG levels (AU/ml) after vaccine booster (logarithm scale) are shown on the y-axis of
all graphics. Numeric variables in the x-axis are displayed using restricted cubic B-splines functions with the spline knots set according to Harrell’s criteria. The x-axis
displays: IgG levels before booster in a logarithm scale (A), age in years (B), time between second the third vaccine dose in months (C), and time between first and
second blood sample in days (D).

https://doi.org/10.1371/journal.pone.0268419.9003

BBIBP-CorV or BNT162b, as well as the reactogenicity produced. To our knowledge, this is
the first study comparing immunogenicity of these regimens in Latin America. Noteworthy,
baseline antibody levels were not uniformly distributed, and participants with prior COVID-
19 had significantly higher levels before boosting. Interestingly, baseline levels were higher for
people primed with the BNT162b2 vaccine, although people who received BBIBP-CorV as
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Table 4. Adjusted regression models using IgG levels (AU/ml) after vaccine booster as outcome (N = 285).

Multivariable Linear Regression Multivariable Quantile Regression
GMR (95% CI) | p-value® MD (95% CI) | p-value®

Age (years)

(Non-linear term)® * 0.585°¢ * 0.080
Gender

Female Reference Reference

Male 1.01 (0.97; 1.04) 0.650 5.39 (-7.68; 18.46) 0.417
Comorbidity

No Comorbidities Reference Reference

Presence of Comorbidities 0.98 (0.94; 1.03) 0.460 1.88 (-14.24; 17.99) 0.819
Prior COVID-19 Infection

No Reference Reference

Yes 1.06 (1.02; 1.10) 0.004 29.11 (11.49; 46.73) 0.001
Time until booster dose (days)

(Non-linear term)® * 0.084¢ * 0.281
Vaccine Booster Regimen

(BNT162b2 x 2) + BNT162b2 Reference Reference

(BBIBP-CorV x 2) + BNT162b2 1.13 (1.01; 1.27) 0.041 92.3 (24.90; 159.7) 0.007
Time between 1st and 2nd sample

(Non-linear term)" : 0.055° * 0.305
Natural Log of IgG titers before Booster

(Non-linear term)® * <0.001° * 0.003

IgG: Immunoglobulin G. AU/ml: Arbitrary units per ml. GMR: Adjusted Geometric Mean Ratio. MD: Adjusted Median Difference. 95%CI: 95% Confidence Interval.
® All p-values were obtained using a robust standard error estimator to address heteroskedasticity.

® The non-linear effect of age, time until booster dose, time between 1st and 2nd sample and natural log of IgG titers before booster in multivariable linear regression
are shown in Fig 4.

< p-values for multiple coefficients of B-splines basis functions were tested using a heteroskedasticity version of F-Statistic for a joint hypothesis testing.

* Details about coefficients for B-splines are show in S2 and S3 Tables.

https://doi.org/10.1371/journal.pone.0268419.t004

primary regimen have been vaccinated for a longer period of time, and it was expected that
their IgG levels will be lower at the moment of boosting. In addition, the lower antibody levels
could also be expected because of the overall lower antibody immunogenicity of the BBIBP--
CorV vaccine compared to BNT162b2 [11].

Our results show that the administration of a BNT162b2 booster significantly elicited
robust humoral responses measured by IgG titers in all the different groups studied, regardless
of their baseline levels or primary regimen received. This phenomenon has been well-
described, even for people primed with inactivated vaccines such as BBIBP-CorV. For
instance, a Peruvian one-arm study reported a strong humoral response after a heterologous
BNT162b2 booster in HCWs primed with the inactivated BBIBP-CorV vaccine [12], even
higher than the 17-fold increase found in our study. In Lebanon, a prospective cohort study
comparing a BNT162b2 booster versus no booster in BBIBP-CorV vaccinated people, found
that boosting elicited higher anti-spike IgG geometric mean titers: 8040 BAU/mL (95%CI:
4612-14016) versus 1384 BAU/mL (95%CI: 1063-1801) p<0.001 [13]. However, none of these
studies included more than one vaccine regime.

In our study, we found that the heterologous combination was more immunogenic than
the homologous one, after adjustment by age, gender, comorbidities, prior COVID-19
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Fig 4. Predicted IgG levels (AU/ml) after vaccine booster (logarithm scale) with 95% confidence intervals obtained from a multivariate linear
model using geometric means and robust standard errors (y-axis). Numeric variables in the x-axis were treated as restricted cubic B-splines functions
with the spline knots set according to Harrell’s criteria. The x-axis displays IgG levels before booster in a logarithm scale (A), age in years (B), time
between second the third vaccine dose in months (C), and time between first and second blood sample in days (D).

https://doi.org/10.1371/journal.pone.0268419.9g004

infection, time until booster, time between samples, and baseline IgG levels. The phenomenon
of higher humoral response after a heterologous booster has been described in previous studies
assessing different COVID-19 vaccines [14-17]. It has also been reported in combinations
containing other inactivated virus vaccines. In Chile, Vargas et al. found that, in people primed
with CoronaVac (Sinovac), a heterologous booster with BNT162b2 or ChAdOx1 increased
anti-spike IgG antibody titers more strongly than the corresponding homologous booster [14].
The use of heterologous vaccine regimens for the second dose or as booster has been inves-
tigated before the SARS-CoV-2 pandemic for infectious diseases such as HIV, HPV, influenza,
malaria and Ebola [18, 19]. In the COVID-19 pandemic context, both animal and human stud-
ies that mixed adenovirus and mRNA vaccines, in general showed higher antibody and T-cell
responses when compared to 2 doses of the same vaccine platform [20-22]. The possible
mechanism for the higher immune responses when using different vaccine platforms could be
explained by evoking different immune pathways which produces stronger and longer-lasting
T-cell and B-cell (both IgG and neutralizing antibodies) responses [18]. In the particular case
of inactivated COVID-19 vaccines such as BBIBP-CorV, as these contain additional SARS--
CoV-2 proteins such as the nucleoprotein, could produce a wider immunological response
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than produced by the spike protein. This mechanism could also reduce the immune escape of
SARS-CoV-2 variants [15]. This potential advantage could be potentiated by combining an
inactivated virus vaccine with an mRNA vaccine, since this last one was the most immuno-
genic in the COV-BOOST clinical trial when used as part of a heterologous booster regimen
[23].

Due to the expected waning effectiveness over time of COVID-19 vaccines, a third dose has
demonstrated to increase protection against SARS-CoV-2 infection, severe disease and death
[24] which is extremely important in a context of very transmissible variants such as Omicron
(B.1.1.529) and its descendant lineages BA.1 and BA.2.

We also observed that participants with prior COVID-19 infection had higher IgG antibody
titers post booster, a finding that has been described in studies assessing immunogenicity in
vaccinated people with and without previous COVID-19 infection [11]. This is explained by
hybrid immunity to SARS-CoV-2 (when vaccine-generated immunity is combined with natu-
ral immunity), which induces a potent immune response that can result in 25 to 100 times
higher antibody levels due to CD4"T and memory B cells [25].

Regarding reactogenicity, our findings showed that despite most participants reporting at
least one adverse event, all of these were mild, and without significant differences between the
homologous and heterologous vaccine regimens. In addition, we found that more female par-
ticipants developed adverse reactions than males, which has been previously described and
may be explained by the fact that women are known to elicit stronger innate and adaptive
immune responses to foreign antigens than men [26].

Some limitations in our study ought to be acknowledged. In the first place, all the partici-
pants were enrolled in vaccination centers from Lima through a non-probabilistic sampling,
which could affect the representativeness of the general boosted population in Peru. Secondly,
there was an important percentage of loss of follow-up, with almost a third of the enrolled par-
ticipants not returning on time for their second blood sample. However, the sample size was
still enough for a multivariate comparison of IgG levels pre/post booster, and there were no
statistically significant differences between the people who completed the second visit and
those who did not. An additional problem was the varying time between first and second IgG
measurements; although the indication was to return 14 days +/-48 hours after boosting, a sig-
nificant number came later, up to 28 days after boosting. A further limitation is the under-
reporting of prior SARS-CoV-2 due to presence of asymptomatic infections with no testing.
Another limitation is the use of a dual-reactive assay (reactivity against the spike and the nucle-
oprotein) to measure IgG levels in our study, given that the BBIBP-CorV inactivated whole
virus vaccine could have induced antibodies against both proteins while BNT162b2, while
mRNA vaccines exclusively induce antibodies against the spike. Another important limitation
is that due to the vaccine program rolled up in Peru, there were pronounced differences
between participants characteristics vaccinated with the homologous and the heterologous
regimen, particularly the median age, however, we used robust adjustment strategies for obser-
vational studies. Finally, although we measured humoral response by the overall binding reac-
tivity, we did not include neutralizing antibodies or cellular immunity response, although
binding antibody titers have been found to correlate with protective efficacy [27].

On the other hand, one of the main strengths of our study is that we included a relatively
large number of participants with different ages that were closely followed over time and thus
the data obtained regarding immunogenicity and reactogenicity is reliable. We also had a relat-
able form of measuring prior COVID-19 infection and time of initial vaccines using the Peru-
vian Ministry of health datasets. Finally, we were extremely careful modeling the IgG levels
after boosting using geometric means ratios for the outcome, and applying restricted splines
for non-linear numeric exposures. The relevance of this study is mainly related to the
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information it offers about the BBIBP-CorV vaccine and combinations of it, for which there is
scarcity of evaluation studies. For Peru, the availability of this vaccine for prioritized popula-
tion such as HCW was very important in moments when other platforms, such as mRNA vac-
cines, were only available in few countries. Confirming that people receiving it as a primary
regime are probably very well protected against subsequent infections with subsequent vaccine
doses of other vaccines, now widely available, is reassuring.

In conclusion, two doses of BBIBP-CorV boosted with one BNT162b2 dose elicited very
high IgG antibody responses, and three BNT162b2 doses induced a similar response. Both reg-
imens were safe and well tolerated. In addition, the antibody titers rising trend after the third
vaccine dose in our study indicates that subsequent boosters could be spaced and prioritized
in certain populations such as elderly and immunosuppressed. This reaffirms the importance
of mix-and-match strategies that also include inactivated vaccines in order to overcome vac-
cine availability obstacles.
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