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In brief

Pascuale et al. provide data on antibody

response against SARS-CoV-2 after

heterologous vaccine schemes, including

non-replicating adenovirus, mRNA, and

inactivated vaccines. This study shows a

number of combinations that are

equivalent or superior to the homologous

schemes, supporting this strategy for

achieving wide coverage in regions with

limited vaccine supply.
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SUMMARY
Heterologous vaccination against coronavirus disease 2019 (COVID-19) provides a rational strategy to
rapidly increase vaccination coverage in many regions of the world. Although data regarding messenger
RNA (mRNA) and ChAdOx1 vaccine combinations are available, there is limited information about the com-
bination of these platforms with other vaccines widely used in developing countries, such as BBIBP-CorV
and Sputnik V. Here, we assess the immunogenicity and reactogenicity of 15 vaccine combinations in 1,314
participants. We evaluate immunoglobulin G (IgG) anti-spike response and virus neutralizing titers and
observe that a number of heterologous vaccine combinations are equivalent or superior to homologous
schemes. For all cohorts in this study, the highest antibody response is induced by mRNA-1273 as the sec-
ond dose. No serious adverse events are detected in any of the schedules analyzed. Our observations pro-
vide rational support for the use of different vaccine combinations to achieve wide vaccine coverage in the
shortest possible time.
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INTRODUCTION

The rapid development of highly effective vaccines against se-

vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

represents one of the greatest scientific achievements in the

contemporary world. However, the lack of universal and equi-

table access to coronavirus disease 2019 (COVID-19) vaccines

threatens the lives of millions while creating favorable conditions

for the emergence of new variants of concern (VOCs). In fact, the

new VOC Omicron, endowed with a huge capacity to evade the

neutralizing activity of serum from either vaccinated or convales-

cent individuals,1–3 was first characterized in South Africa,4 a

country where only 31% of the population have received the

complete initial vaccination protocol.

Because of concerns about very rare thrombotic events after

vaccination with ChAdOx1-S (Oxford-AstraZeneca), some Euro-

pean countries have recommended heterologous messenger

RNA (mRNA) boost strategies for young persons who have

received one dose of ChAdOx1-S. Different trials have analyzed

the reactogenicity, immunogenicity, and effectiveness of the

mRNA vaccines BNT162b2 and mRNA-1273 administered as

second doses in individuals primed with ChAdOx1-S. These

studies have consistently shown that the heterologous schemes

show a good reactogenicity profile and result in a higher immu-

nogenicity and effectiveness compared with the homologous

scheme ChAdOx1-S/ChAdOx1-S.5–8 These studies supported

the possibility of exploring heterologous vaccination as a suit-

able means of accelerating vaccination. However, limited infor-

mation is available about heterologous vaccination regimens

different from those based in the use of mRNA vaccines and

ChAdOx1-S.

Different anti-SARS-CoV-2 vaccines are currently used

in Argentina including the non-replicating adenovirus vac-

cines Sputnik V (Gamaleya Institute), ChAdOx1-S (Oxford

AstraZeneca), and Ad5-nCoV (CanSino), the mRNA vaccines

BNT162b2 (Pfizer) and mRNA-1273 (Moderna), and the inac-

tivated SARS-CoV-2 vaccine BBIBP-CorV (Sinopharm). To

date, more than 90% of Argentinians older than 50 have

been vaccinated with two doses, and starting in July 2021,

different heterologous vaccination schemes have been rec-

ommended. Here, we evaluated immunogenicity and reacto-

genicity comparing homologous vaccination programs using

either Sputnik V, ChAdOx1-S, or BBIBP-CorV with different

heterologous schemes to define strategies to accelerate

vaccination plans.

RESULTS

The study was performed at four sites across Argentina. A total

of 6,917 individuals expressed their intention to participate in

the study, and 1,314were finally enrolledwho had received a first

dose of Sputnik V C1 (n = 669), ChAdOx1-S (n = 448), or BBIBP-

CorV (n = 197) and met the inclusion and exclusion criteria. The

Sputnik V C1 cohort included 6 different arms, while the

ChAdOx1-S and the BBIBP-CorV cohorts included 5 and 4

arms, respectively (Figure 1). Baseline characteristics across

the different arms are shown in Table 1. Kruskal-Wallis one-

way ANOVA was performed to compare ages of participants,
2 Cell Reports Medicine 3, 100706, August 16, 2022
and no significant differences among the arms within each

cohort were observed.

Adverse effects reported by volunteers were analyzed. For all

vaccination schemes, pain at the injection site was the more

frequent local reaction after second dose (range: 25% to 83%)

(Figure 2). Homologous vaccination with BBIBP-CorV showed

the lowest frequency of local reactions, while combination with

mRNA-1273 induced the highest frequency of local reactions

among all combinations analyzed. Regarding systemic ESAVI,

headache and fever showed similar frequency traits between

5% and 50%, while diarrhea occurred at a very low frequency

(<5%). Within the Sputnik V C1 cohort, local but not systemic re-

actions were more frequent after combination with ChAdOx1-S

and mRNA-1273 compared with the original schedule group.

In the ChAdOx1-S cohort, combination with mRNA-1273 re-

sulted in higher frequencies of both local and systemic reactions

compared with the homologous schedules, while administration

of BBIBP-CorV increased the frequency of local but not systemic

reactions. Finally, within the BBIBP-CorV cohort, combination

with either Sputnik V C1, ChAdOx1-S, or mRNA-1273 increased

the frequency of local and systemic reactions compared with the

homologous schedule (Figure 2). No serious adverse events,

hospitalizations, or deaths occurred in any of the study arms dur-

ing follow up for 7 days after second dose.

The time intervals are according to the definition of the Stra-

tegic Plan in Argentina: at least 8 weeks for schemes initiated

with viral vector vaccines and 4 weeks for schemes initiated

with inactivated vaccines. The time elapsed between the first

and second vaccine doses was not significantly different among

the armswithin each cohort, with amedian of 80 days for Sputnik

V C1, 63 days for ChAdOx1-S, and 34 days for BBIBP-CorV co-

horts (Figure 1). At the time of the second dose, the level of

SARS-CoV-2 anti-spike immunoglobulin G (IgG) antibodies

and the titer of neutralizing antibodies were not significantly

different among all arms within each cohort. Vaccination with a

first dose of either Sputnik V C1 or ChAdOx1-S induced a higher

antibody response than one dose of BBIBP-CorV (p < 0.0001)

(Figures S1A and S1B).

The concentration of SARS-CoV-2 anti-spike IgG antibodies

and the titer of neutralizing antibodies for each arm of the

Sputnik V C1, ChAdOx1-S, and BBIBP-CorV cohorts were

evaluated at days 14 and 28 after the second dose. The non-

inferiority criterion was applied as described in the STAR

Methods, comparing the production of anti-spike IgG anti-

bodies and neutralizing antibody titers with the homologous

regimen. The IgG levels and the neutralizing titers at 14 days

for the three cohorts are shown in Figures 3A and 3B, respec-

tively. The geometric mean ratios (GMRs) for each arm

compared with the homologous schemes are shown in Fig-

ure 3C. For the Sputnik V C1 cohort, the combination with

either BBIBP-CorV or Sputnik V C1 was statistically inferior to

that of the original Sputnik V C1/Sputnik V C2 scheme. In

contrast, combination with mRNA-1273, ChAdOx1-S, or Ad5-

nCoV was shown to be equivalent or superior compared with

the homologous regimen. The ChAdOx1-S cohort showed

that heterologous schedule with BBIBP-CorV was significantly

inferior compared with the homologous scheme, while the

use of either Sputnik V C1, Ad5-nCoV, or mRNA-1273 resulted



Figure 1. Cohort description

For each scheme, the number of participants, the median time, and the range between doses are indicated.
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in equivalent or superior responses (Figures 3A and 3B). Finally,

in the BBIBP-CorV cohort, the combination with either Sputnik

V C1, ChAdOx1-S, or mRNA-1273 was shown to be superior

compared with the homologous scheme. Analysis at 28 days

after the second dose showed similar results as those

observed at 14 days for all the cohorts and arms evaluated

(Figure S2). Importantly, for all cohorts analyzed, the highest

antibody response was induced by mRNA-1273 as the second

dose. Interestingly, the levels of IgG anti-spike antibodies and

the serum neutralizing capacity of the heterologous combina-

tions with mRNA-1273 in all arms were similar to those ob-

tained with the homologous two-dose schedule with mRNA-

1273, which was used as reference (Figures 3A and 3B). In

addition, combining the virus inactivated vaccine BBIBP-CorV

with the Sputnik-V C1, ChAdOx1-S, or mRNA-1273 platform

resulted in a marked increase in the antibody response (up to

38-fold) compared with the homologous schemes (Figure 3C).

We also analyzed the neutralizing capacity of a subset of

serum samples from different arms of each cohort against

a locally isolated Omicron BA.1 variant (GISAID: EPI_ISL_

10633761). As expected, very low neutralizing titers against

Omicron were observed in all arms of the study. These titers

were markedly lower when compared with the those obtained

against the original B1 virus (Figure S3). In fact, a large proportion

of the samples in the Sputnik V C1, ChAdOx1-S, and BBIBP-

CorV cohorts were negative for the presence of neutralizing

antibodies against Omicron. Interestingly, in all three cohorts,

heterologous vaccination with mRNA-1273 resulted in a signifi-

cant (p < 0.01) increase in the serum neutralizing titers compared

with the homologous schemes.
DISCUSSION

Argentina and other developing countries face the challenge of

achieving wide vaccination coverage against COVID-19, using

different vaccines including BBIBP-CorV, ChAdOx1-S, Sputnik

V, Ad5-nCoV, and mRNA-1273. These vaccines have shown to

be safe, immunogenic, and highly effective to prevent severe

COVID-19.9–14 The use of heterologous vaccination schedules

in Argentina has been shown to be an adequate strategy in order

to accelerate the rate of vaccination. As of today, May 28, 2022,

82%of the total population has been fully vaccinated. In contrast

to the numerous studies directed to analyze the reactogenicity,

immunogenicity, and effectiveness of heterologous schemes us-

ing ChAdOx-1-S and mRNA vaccines,5–8 very little is known

about other heterologous schemes including some of the

most-used platforms in the world. In this study, we analyzed het-

erologous schedules in individuals primed by either Sputnik V

C1, ChAdOx1-S, or BBIBP-CorV. Homologous vaccination

with BBIBP-CorV showed the lowest frequency of local and sys-

temic reactions among the 15 arms of our study, and second

doses with either Sputnik V C1, ChAdOx1, or mRNA-1273 re-

sulted in the enhancement of both local and systemic reactions.

Regarding the ChAdOx1 cohort, an increase in local and sys-

temic reactions was observed using mRNA-1273 as a second

dose but not with Sputnik C1, Ad5-nCoV, or BBIBP-CorV.

Finally, within the Sputnik V C1 cohort, increased local reactions

were observed using either mRNA-1273 or ChAdOx1 but not

Sputnik C1, Ad5-nCoV, or BBIBP-CorV. Overall, analysis of re-

actogenicity during the first 7 days after the application of the

second vaccine dose showed an acceptable profile for all
Cell Reports Medicine 3, 100706, August 16, 2022 3



Table 1. Baseline characteristics by arms of the study

Sputnik V C1 cohort (n = 669)

Sputnik V C2 Sputnik V C1 Ad5-nCoV ChAdOx1-S BBIBP-CorV mRNA-1273

Participants, n 103 69 50 142 157 148

Age, years, mean (SD) 45 (11) 41 (10) 49 (12) 46 (12) 43 (11) 49 (12)

Gender, n (%)

Female 49 (48) 36 (52) 31 (66) 60 (42) 72 (46) 78 (53)

Male 54 (52) 33 (48) 16 (34) 82 (58) 85 (54) 70 (47)

Comorbidities, n (%)

Diabetes 4 (3.9) 3 (4.3) 0 (0) 5 (3.5) 12 (7.6) 7 (4.7)

Obesity 13 (12.6) 9 (13.0) 1 (2.6) 19 (13.4) 26 (1.6) 10 (6.8)

Cardiovascular disease 13 (12.6) 3 (4.3) 0 (0) 13 (9.2) 10 (6.4) 10 (6.8)

Respiratory disease 10 (9.7) 5 (7.2) 0 (0) 7 (4.9) 12 (7.6) 6 (4.1)

ChAdOx1 cohort (n = 448)

ChAdOx1-S Sputnik V C1 Ad5-nCoV BBIBP-CorV mRNA-1273

Participants, n 120 113 39 109 67

Age, years, mean (SD) 43 (11) 41 (10) 34 (8) 40 (9) 36 (20)

Gender, n (%)

Female 52 (43) 52 (46) 23 (59) 52 (48) 30 (45)

Male 68 (57) 61 (54) 16 (41) 57 (52) 37 (55)

Comorbidities, n (%)

Diabetes 0 (0) 2 (1.8) 0 (0) 2 (1.8) 0 (0)

Obesity 4 (3.3) 6 (5.3) 1 (2.6) 8 (7.3) 1 (1.5)

Cardiovascular disease 3 (2.5) 0 (0) 0 (0) 4 (3.7) 0 (0)

Respiratory disease 3 (2.5) 6 (5.3) 0 (0) 6 (5.5) 1 (1.5)

BBIBP-CorV cohort (n = 197)

BBIBP-CorV Sputnik V C1 ChAdOx1-S mRNA-1273

Participants, n 41 77 37 42

Age, years, mean (SD) 36 (29) 30 (12) 25 (11) 26 (11)

Gender, n (%)

Female 23 (56) 40 (52) 21 (57) 21 (55)

Male 18 (44) 37 (48) 16 (43) 17 (45)

Comorbidities, n (%)

Diabetes 2 (4.9) 1 (1.3) 1 (2.7) 0 (0)

Obesity 0 (0) 1 (1.3) 0 (0) 0 (0)

Cardiovascular disease 2 (4.9) 0 (0) 3 (8.1) 0 (0)

Respiratory disease 0 (0) 1 (1.3) 0 (0) 1 (2.6)

Data are n (%) and mean (SD). n, number of volunteers; SD, standard deviation; C1, component 1; C2, component 2.

Please cite this article in press as: Pascuale et al., Immunogenicity and reactogenicity of heterologous immunization against SARS CoV-2 using Sputnik
V, ChAdOx1-S, BBIBP-CorV, Ad5-nCoV, and mRNA-1273, Cell Reports Medicine (2022), https://doi.org/10.1016/j.xcrm.2022.100706

Article
ll

OPEN ACCESS
combinations assessed. No serious adverse events, hospitaliza-

tions, or deaths were observed in any of the study arms.

Regarding immunogenicity, outcomes were different with

different platform combinations. In the three cohorts analyzed,

the highest antibody response was induced by using mRNA-

1273 as a heterologous second dose. It induced an increase in

the GM of serum IgG anti-spike antibodies higher than 63,

103, and 383 in the Sputnik C1, ChAdOx1, and BBIBP-CorV co-

horts, respectively, compared with the homologous schemes

(Figure 3A). Similar findings were observed by analyzing the

levels of serum neutralizing activity against the ancestral B1

variant. Regarding the virus inactivated BBIBP-CorV vaccine,
4 Cell Reports Medicine 3, 100706, August 16, 2022
the homologous scheme showed low levels of IgG and neutral-

izing antibodies, in agreement with previous studies.15 In this

arm, a heterologous second dose with Sputnik C1 or

ChAdox1-S induced an increase in the GM of IgG anti-spike an-

tibodies higher than 103 and 93, respectively, compared with

the homologous schedule, and when the titers of neutralizing an-

tibodies were analyzed, they showed an increase higher than 63

and 53, respectively (Figures 3A and 3B). Our observations are

consistent with previous studies using CoronaVac, another virus

inactivated vaccine, which showed that all heterologous regi-

mens had anti-spike IgG levels and neutralizing titers that were

superior to homologous responses.16



Figure 2. Adverse events of solicited local and systemic reactions in days 0–7 following the application of the second vaccine dose by study

arm via telephone contacting

Adverse events included either local reactions (A) (pain, erythema, and swelling) or systemic reactions (B) (headache, fever, and diarrhea). The proportion of

participants with local or systemic adverse event was reported by vaccine schedule, and statistical analysis was performed using the c2 test. Statistical sig-

nificance is shown with the following notations: *p < 0.05, ns, not significant. Sputnik V C1 vaccine (rAd26, Gamaleya), Sputnik V C2 vaccine (rAd5, Gamaleya),

ChAdOx1-S vaccine (AstraZeneca), BBIBP-CorV vaccine (Sinopharm), Ad5-nCoV vaccine (CanSino), mRNA-1273 vaccine (Moderna).
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Interestingly, although homologous vaccination with either

Sputnik V, ChAdOx1, or BBIBP-CorV induced a lower anti-

body response compared with that induced by two doses of

mRNA-1273, heterologous vaccination using a second dose

of mRNA-1273 in our three cohorts resulted in the induction

of an equivalent response compared with the homologous

vaccination with mRNA-1273 (Figure 3). This observation is

particularly relevant for vaccine platforms that use inactivated

virus, which show a lower immunogenicity profile compared

with other platforms based on either vector inactivated or

mRNA vaccines. Moreover, when assessed against Omicron,

neutralization titers induced by heterologous vaccination with

mRNA-1273 in all three cohorts were higher compared with

the other combinations evaluated (Figure S3). However, even

when mRNA-1273 was used as a second dose, an overall

low neutralizing response against Omicron was observed,

suggesting the need to apply booster doses in order to induce

a better response to Omicron lineages, a currently accepted

strategy.17,18 Increased availability of mRNA vaccines against

COVID-19 has been observed in recent months in different
countries, including Argentina. Our observations, together

with the previous studies mentioned above, suggest the con-

venience of incorporating these vaccine platforms in heterolo-

gous schedules.

In conclusion, our study shows that different heterologous

vaccination schemes induce antibody responses that are higher

than those induced by homologous schemes. Faced with the

rapid advance of the Omicron variant around the world19,20

and the emergence of Omicron lineages with an increased ability

to evade antibodies induced by vaccines,17,21–23 a booster third

dose is being incorporated in vaccination schedules.24,25 The

booster strategy is on its way in most high-income countries

and has been demonstrated to be safe and effective in prevent-

ing severe disease induced by SARS-CoV-2.26,27 However,

many low- and middle-income countries in Africa, parts of

Asia, Eastern Europe, and Latin America are still unable to imple-

ment this strategy. Our observations could provide valuable in-

formation to decide the best combination of vaccines to apply

in heterologous systems for prime vaccination as well as for

incorporation of booster schedules.
Cell Reports Medicine 3, 100706, August 16, 2022 5



Figure 3. Antibody response in participants with homologous and heterologous vaccine combinations evaluated at day 14 after second dose

administration

(A) IgG anti-spike antibody levels quantified according to the WHO International Antibody Standard. The geometric means with 95% confidence intervals are

shown. As reference, the level of IgG anti-spike antibodies for convalescents and a group that was vaccinated with a two-dose scheme of mRNA-1273 are shown

on the right.

(legend continued on next page)
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Limitations of the study
This study has a number of limitations. As an immunogenicity

and reactogenicity study, we did not evaluate the efficacy of

the different heterologous schemes. Although the antibody

response induced by vaccination has shown to correlate with

protection,28,29 it has not been possible to define a serum level

of antibodies capable of preventing symptomatic or severe

infection. An additional limitation is given by the lack of data

regarding the persistence of the antibody response over time.

We only measured antibody levels on days 14 and 28 after

completing the vaccination schedule. Moreover, we only evalu-

ated the antibody response induced by vaccination, not the

response mediated by T cells.
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SARS-CoV-2 strain 2019 Gift from Dr. Sandra Gallegos GISAID accession ID EPI_ISL_499083

SARS-CoV-2 strain Omicron Isolated from an Argentinean

patient sample (INBIRS)

GISAID accession ID EPI_ISL_10633761

Biological samples

Patient serum set This study https://data.mendeley.com/datasets/kbr33hs2m8/2

Chemicals, peptides, and recombinant proteins

DMEM high glucose Thermo Fisher 12100046

DPBS powder, no calcium, no

magnesium, 10x1L

Thermo Fisher 21600010

Trypsin, 0.05% (1X) with EDTA 4Na,

liquid

Thermo Fisher 25300120

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher 15140122

Paraformaldehyde Sigma Aldrich 158127

Critical commercial assays

SARS-CoV-2 antibody ELISA (IgG) Kit Laboratorio LEMOS COVIDAR IgG

Deposited data

Dataset uploaded to Medeley This study https://data.mendeley.com/datasets/kbr33hs2m8/2

Experimental models: Cell lines

Vero E6 ATCC Cat# CRL-1586, RRID: CVCL_0574

Software and algorithms

GraphPad Prism V8.0 GraphPad https://www.graphpad.com

R software R V 4.1.1
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrea V.

Gamarnik (agamarnik@leloir.org.ar).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d This study did not generate new unique reagents.

d Datasets generated in this study have been uploaded to Mendeley (https://data.mendeley.com/datasets/kbr33hs2m8/2).

d This study did not report original code.

d Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and human samples
The Collaborative Study to Evaluate Heterologous Vaccination Against Covid-19 in Argentina (ECEHeVac) is an open, multicenter,

adaptive, non-inferiority study to evaluate the reactogenicity and immunogenicity of heterologous vaccination schedules made up

of the combination of vaccines available in Argentina (Sputnik V, ChAdOx1-S, Ad5-nCoV, mRNA-1273, and BBIBP-CorV), in com-

parison with homologous vaccination schedules. The Sputnik V original scheme is a combined vector vaccine based on recombinant

adenovirus (rAd) type 26 and rAd5, referred to here as Component 1 (C1) and Component 2 (C2), respectively. The study was per-

formed in accordancewith the principles of the Declaration of Helsinki, GoodClinical Practice guidelines, and applicable government
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regulations such as Law n� 27.473 on Vaccines Intended to Generate Acquired Immunity Against Covid-19. The study was approved

by the central committee of the National Health Ministry and all participants provided written informed consent. Study enrollment

started in July 2021. Recruitment was carried out in 4 different provinces of Argentina: Buenos Aires, Córdoba, La Rioja, and San

Luis. Adult individuals with no or well controlled mild/moderate comorbidities (obesity, chronic cardiovascular disease, chronic kid-

ney disease, chronic respiratory disease, cirrhosis, HIV infection) ages 18 to 85 years who had received a first dose of Sputnik V C1,

ChAdOx1-S, mRNA-1273, or BBIBP-CorV were recruited. Exclusion criteria included previous laboratory-confirmed SARS-CoV-2

infection or having a positive result in the anti-Nucleocapsid IgG ELISA on ‘‘day 0’’ (baseline) for those who received Sputnik V

C1, ChAdOx1-S or mRNA-1273 as first dose. Patients with immune compromise, pregnant and lactating women, as well as individ-

uals with a history of severe allergic reactions to any vaccine were also excluded. Other exclusion criteria include bleeding disorders,

thrombocytopenia, neurological disorders, and known current alcohol or drug dependency. Participants were recruited into one of

the 15 arms, as shown in Figure 1, which includes the number for each group. Description of the genders, ages and comorbidity of the

subjects by arm is shown in Table 1. For comparison, a cohort of volunteers who received a standard homologous schedule of two

doses of mRNA-1273 was also included in the study, as well as samples of 30 early convalescent volunteers (within 1–2 months after

diagnosis) who sufferedmild symptomatic infection during the first wave of COVID19 in Argentina (prior to the start of vaccination and

the initial detection of SARS-CoV-2 VOCs and VOIs in Argentina).

Cell lines
Vero E6 cells (ATCC) and 293T ACE2/TMPRSS2 cells, kindly provided by Dr. Benhur Lee, were cultured at 37�C in 5% CO2 in Dul-

becco’s Modified Eagle’s high glucose medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Gibco).

SARS-CoV-2 strains
SARS-CoV-2 strain 2019 (GISAID accession ID EPI_ISL_499083) was obtained from Dr. Sandra Gallegos (InViV working group). Om-

icron variant was isolated from an Argentinean patient sample (INBIRS). Its genome was completely sequenced and it belongs to the

BA.1 PANGO lineage (GISAID accession ID EPI_ISL_10633761). Viruses were amplified in Vero E6 cells, and stock identity was

confirmed by whole-genome sequencing in an Illumina sequencer. Nucleic acid sequence for each viral stock was uploaded to

GISAID and completely matched to reference sequences for each variant, discarding acquisition of mutations during isolation

and amplification processes. Work with SARS-CoV-2 was approved by the INBIRS Institutional Biosafety Committee at biosafety

level 3 with negative pressure.

METHOD DETAILS

SARS-CoV-2 antibody ELISA
Antibodies against SARS-CoV-2 spike protein were detected using an established, commercially available, two-step ELISA

(COVIDAR).30 Briefly, the assay uses plates coated with a mixture of spike and the receptor binding domain (RBD). The conjugated

monoclonal antibody used for human IgG detection in the COVIDAR ELISA is G18-145, which specifically binds to the heavy chain of

all four human immunoglobulin G subclasses: IgG1, IgG2, IgG3, and IgG4. The IgG concentration of each sample, expressed in Bind-

ing Antibody Units/mL (BAU/mL) was calculated by extrapolation of the optical density at 450 nm (OD450) on a calibration curve built

using serial dilutions of the WHO International Standard for anti-SARS-CoV-2 immunoglobulin.

SARS-CoV 2 neutralization assay
Neutralization assays were performed using live SARS CoV-2 virus isolates. Serum samples were heat inactivated at 56�C for 30 min

and serial dilutions from 1/4 to 1/8192 were incubated for 1 h at 37�C in the presence of ancestral (B.1) or Omicron variants in DMEM,

2%FBS. Then, 50mL of themixture were deposited over Vero cell monolayers for an hour at 37�C (MOI, 0.01). Infectious mediumwas

removed and replaced for DMEM, 2% FBS. After 72 h, cells were fixed with 4% paraformaldehyde (4�C, 20 min) and stained with

crystal violet solution in methanol. The cytopathic effect (CPE) on the cell monolayer was assessed visually. If damage to the mono-

layer was observed in the well, it was considered as manifestation of CPE and the neutralization titer was defined as the highest

serum dilution that prevent any cytopathic effect.

Outcomes
The primary outcome was non-inferiority of both, serum concentrations of IgG antibodies directed to the spike protein of SARS-CoV-

2 and serum neutralizing capacity (geometric mean ratio-GMR), evaluated 14 days after heterologous second dose in comparison

with homologous schemes. As primary outcome, the reactogenicity was included, evaluated through local and systemic adverse

events for 7 days after the second dose. Secondary outcomes included the antibody response evaluated 28 days after second dose.

QUANTIFICATION AND STATISTICAL ANALYSIS

The analysis of SARS-CoV-2 anti-spike IgG and neutralizing antibodies were performed in participants at day 14 and 28 after second

dose. All relevant statistical information is detailed in each figure legend and/or figure. The time elapsed between the first and second
Cell Reports Medicine 3, 100706, August 16, 2022 e2



Please cite this article in press as: Pascuale et al., Immunogenicity and reactogenicity of heterologous immunization against SARS CoV-2 using Sputnik
V, ChAdOx1-S, BBIBP-CorV, Ad5-nCoV, and mRNA-1273, Cell Reports Medicine (2022), https://doi.org/10.1016/j.xcrm.2022.100706

Article
ll

OPEN ACCESS
vaccine dose among the different arms within each cohort was compared by Kruskal-Wallis One-Way ANOVA. The proportion of

participants with local or systemic adverse event was reported by vaccine schedule and statistical analysis was performed using

the c2 test. The geometric mean ratio (GMR) was calculated as previously described7 as the antilogarithm of the difference between

the geometric mean of the log10 transformed SARS-CoV-2 anti-spike IgG or neutralizing antibodies titer in the heterologous arms

and the corresponding homologous arm. The criterion for non-inferiority of a heterologous arm was concluded if the lower limit of

the one-sided 97.5% CI of a GMR lay above the margin of 0$63 respect to its corresponding homologous arm, as previously

described.7 The heterologous group was considered superior to the homologous group if the lower limit of the one-sided 97.5%

CI was greater than 1. Comparisons of heterologous with the homologous schedules within each cohort were evaluated by linear

regression models. The concentration of SARS-CoV-2 anti-spike IgG antibodies and neutralizing activity for the group with the

two-dose mRNA-1273 vaccine, used as reference, were compared using the Mann-Withney U test with the heterologous arms

including Sputnik V C1, ChAdOx1-S, and BBIBP-CorV as first dose and themRNA-1273 vaccine as second dose. The Kruskal-Wallis

One-Way ANOVAwas performed to compare antibody response of participants in the 15 arms of the study andMann-WhitneyU test

was used to compered different cohorts before second dose administration in Figure S1. Analysis was carried out using GraphPad

Prism (V8.0.2) and R (V 4.1.1) software.
e3 Cell Reports Medicine 3, 100706, August 16, 2022
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Figure S1. Antibody response of participants in the 15 arms of the study beforesecond dose 
administration. Related to Figure 3. A) IgG anti-spike antibody levels quantified according to the WHO 
International Antibody Standard. The geometric means with 95% confidence intervals are shown. B) 
Neutralizing titers of serum antibodies against the ancestral SARS-CoV-2 variant. The geometric means with 
95% confidence intervals are shown. Kruskal-Wallis One-Way ANOVA was performed to compare antibody 
response of participants in the 15 arms of the study before second dose administration. Mann-Whitney U test 
was used to compered different cohorts. Sputnik V C1 vaccine (rAd26, Gamaleya), Sputnik V C2 vaccine 
(rAd5, Gamaleya), ChAdOx1-S vaccine (AstraZeneca), BBIBP-CorV vaccine (Sinopharm), Ad5-nCoV 
vaccine (CanSino), mRNA-1273 vaccine (Moderna). 
 



 
Figure S2. Antibody response in participants with homologous and heterologous vaccine combinations 
evaluated at day 28 after second dose administration. Related to Figure 3. A) IgG anti-spike antibody 
levels quantified according to the WHO International Antibody Standard. The geometric means with 95% 
confidence intervals are shown. B) Neutralizing titers of serum antibodies against the ancestral SARS-CoV-2 
variant. The geometric mean with 95% confidence intervals is shown. C) Non-inferiority analysis for the 
antibody response of heterologous schedules compared with homologous schedules at day 28 after the 
administration of the second dose. The heterologous group was considered inferior or superior to the 
homologous group if the lower limit of the one-sided 97.5% CI was lower than 0.63 or greater than 1, 
respectively. GMR (Geometric Mean Ratio) and two-sided 95% CIs are presented. Sputnik V C1 vaccine 
(rAd26, Gamaleya), Sputnik V C2 vaccine (rAd5, Gamaleya), ChAdOx1-S vaccine (AstraZeneca), BBIBP-
CorV vaccine (Sinopharm), Ad5-nCoV vaccine (CanSino), mRNA-1273 vaccine (Moderna). 
 



 
 
Figure S3. Neutralizing activity against Omicron in participants with homologous and heterologous 
vaccine combinations evaluated at day 14 after second dose administration. Related to Figure 3. A) 
Neutralizing titers against a locally isolated Omicron BA.1 variant. The geometric mean with 95% confidence 
intervals is shown. B) Fold change neutralization reduction titers against Omicron BA.1 variant with respect 
to that against Original B1 virus at 14 days after vaccination were calculated as the ratio of geometric mean 
titer of Original B1/ Omicron BA.1 in paired samples. Sputnik V C1 vaccine (rAd26, Gamaleya), Sputnik V 
C2 vaccine (rAd5, Gamaleya), ChAdOx1-S vaccine (AstraZeneca), BBIBP-CorV vaccine (Sinopharm), Ad5-
nCoV vaccine (CanSino), mRNA-1273 vaccine (Moderna). 
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