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SUMMARY

CombiVacS study has demonstrated a strong immune response of the heterologous ChAdOx1-S/
BNT162b2 vaccine combination. The primary outcomes of the study were to assess the humoral immune
response against SARS-CoV-2, 28 days after a third dose of a mRNA vaccine, in subjects that received a
previous prime-boost scheme with ChAdOx1-S/BNT162b2. Secondary outcomes extended the study to
3 and 6 months. The third vaccine dose of mRNA-1273 in naive participants previously vaccinated with
ChAdOx1-S/BNT162b2 regimen reached higher neutralizing antibodies titers against the variants of
concern Delta and BA.1 lineage of Omicron compared with those receiving a third dose of BNT162b2
at day 28. These differences between BNT162b2 and mRNA-1273 arms were observed against the ances-
tral variant G614 at day 90. Suboptimal neutralizing response was observed against BQ.1.1, XBB.1.5/
XBB.1.9, and JN.1 in a relevant proportion of individuals 180 days after the third dose, even after asymp-
tomatic Omicron breakthrough infections. EudraCT (2021-001978-37); ClinicalTrials.gov (NCT04860739).

INTRODUCTION

At the end of January 2021, the European Medicines Agency had only approved three vaccines, including two mRNA-based vaccines:
BNT162b2 (Comirnaty, Pfizer-BioNTech) and mRNA-1273 (SpikeVax, Moderna-NIAID), and the adenovirus-based ChAdOx1-S vaccine (Vax-
zevria, Oxford-AstraZeneca). Some cases of venous thrombosis with thrombocytopenia were firstly reported in Norway and Denmark within a
month after one dose of ChAdOx1-S." Further analysis found an increased risk of cerebral venous thrombosis and other thrombosis events
preferentially in women under 40 years olds after one dose of ChAdOx1-S, at very low rates of 16.1 and 36.3 per million doses, respectively.”
This fact, along with supply shortages, urged European countries, among others, to modify their national vaccination strategies and to explore
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heterologous regimens for people primed with ChAdOx1-S, being the combination with BNT162b2 the first heterologous scheme studied.’
A robust immune response was observed for the participants of this study after 14 and 28 days of BNT162b2 boost, detecting an antibody
waning from day 14 to day 180.* A 9.6-fold reduction in neutralizing antibody titers was observed from day 14 to day 180 against the D614G
SARS-CoV-2 variant, with a relevant proportion of participants (76%) still exhibiting high neutralizing activity.” However, this proportion drops
to 14.3% against the Omicron variant BA.1 at day 180 of the study.”

Since early 2022, Omicron variant has dominated the SARS-CoV-2 pandemic.” In the majority of the European countries, the initial Om-
icron BA.1 was later displaced by BA.2, which has further evolved to other sublineages that sequentially become dominant variants, including
BA.5, BQ.1.1, XBB.1.5, and JN.1. These newly emerged SARS-CoV-2 Omicron sublineages may affect vaccine effectiveness as demonstrates
its expansion in highly immunized populations.”® Different studies warning about the suboptimal neutralizing response generated by vacci-
nation and BA.1 or BA.2 breakthrough infection in individuals vaccinated three or four times with mRNA vaccines.”'® The loss of activity of
therapeutic monoclonal neutralizing antibodies against BQ.1.1 and XBB.1.5 reinforces the idea of antibody evasion of these rising Omicron
variants.'>"?

The use of vaccines adapted for BA.5 from September 2022 does not seem to have solved the problem of the relative resistance of Om-
icron to the humoral response elicited by vaccination, since, despite producing high neutralizing antibodies against BA.4/BA.5, the bivalent
vaccine do not produce a potent neutralizing response against the expanding variants BQ.1.1 and XBB.1 lineages.'” Interestingly, a recent
study found that non-Omicron breakthrough infections elicited a robust cross-neutralizing activity against Omicron variants, being the time
from vaccination to infection the most strongly determinant of BA.5 neutralizing capacity.

Regarding heterologous vaccine schemes, a recent study has compared the ChAdOx1-S/BNT162b2 and BNT162b2/BNT162b2 regimens
after a third BNT162b2 dose, showing neutralizing activity against BA.1in 11.3% and 38.5% of participants at 6 months after the third dose,
respectively. Both regimens were associated to a slower waning of SARS-CoV-2 specific IgG and neutralizing response after a third dose
compared with the decrease observed after the second dose, > which is in accordance with another work studying a BNT162b2 homologous
vaccine scheme.'® Sim et al. (2023) suggest that people following the heterologous regimen (ChAdOx1-S/BNT162b2/BNT162b2) may be
more susceptible to Omicron breakthrough infections but elicit a stronger cellular response than the people with three doses of
BNT162b2."> However, there is little information in the literature on the neutralization capacity of BQ.1.1, XBB.1.5, XBB.1.9, and BA.2.86-
derived lineages for heterologous vaccine regimens.

The present study addresses humoral immune response dynamics in people primed and boosted with a ChAdOx1-S/BNT162b2 regimen
after a third dose with either BNT162b2 or mRNA-1273. The primary outcomes were to assess the humoral immune response against SARS-
CoV-2, 28 days after a third dose of a mRNA vaccine, in subjects that received a previous prime-boost scheme with ChAdOx1-S/BNT162b2.
The secondary outcomes include to assess the humoral immune response against SARS-CoV-2, 28 days, 3 and 6 months after a third dose of a
mRNA vaccine, in subjects that received a previous prime-boost scheme with ChAdOx1-S/BNT162b2. Neutralizing capacity against Delta,
BA.1 and the newly emerged Omicron variants BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, BA.2.86, and JN.1 is also studied at 6 months after
the third dose, providing valuable data on the implication of this heterologous vaccination regimens in the capacity to neutralize the Omicron
variants that have dominated the pandemic in 2023-2024.

RESULTS

Study participants

Between March 22 and April 18, 2022, 79 participants previously receiving a prime-boost with ChAdOx1-S/BNT162b2 were enrolled to receive
a third dose with either BNT162b2 or mRNA-1273. At the end of the study, 50 participants completed the planned visits at days 28, 90, and
180, 29in BNT162b2 arm and 21 in mRNA-1273 arm (Figure 1). A total of 13 (44.8%) participants were woman in BNT162b2 arm and 12 (57.1%)
in mMRNA-1273 arm. Half of participants were ages 18-49 years old and the mean age of participants was 48.8 (SD 7.9) (Table 1). Recent asymp-
tomatic SARS-CoV-2 infections were assayed throughout the study, detecting IgG to nucleocapsid (N+) in 62.1% of participants vaccinated
with BNT162b2, and in 52.4% of participants vaccinated with mRNA-1273 at day 180 (Table 2).

Total immunoglobulins to SARS-CoV-2 spike

Long-term immunogenicity of the heterologous ChAdOx1-S/BNT162b2 vaccine regimen was measured after 12 months from the second
dose. Geometric mean titers (GMTs) of total SARS-CoV-2 RBD-lg at baseline of the present study were 1382 BAU/mL (95% Cl 990-1929)
and 1155 BAU/mL (95% Cl 754-1768) for seronegative individuals to nucleocapsid (N-) vaccinated with BNT162b2 or mRNA-1273, respec-
tively, showing 82.1% and 85.1% decreases from the 7739 BAU/mL (95% ClI 7371-8161) observed 14 days after the second dose. The third
vaccine dose in BNT162b2 arm was measured in the present study for N- individuals and generated a 8.8-fold increase from 1382 BAU/
mL (95% Cl 990-1929) to 12221 BAU/mL (95% CI 11897-12553) at day 28, followed by a 25.1% decrease to 9158 BAU/mL (95% CI 7814—
10733) at day 90 and a final 45.9% decrease to 6613 BAU/mL (95% Cl 3687-11860) at day 180. On his part, the third vaccine dose of
mRNA-1273 in naive individuals produced a 10.6-fold increase from 1155 BAU/mL (95% CI 754-1768) to 12243 BAU/mL (95% Cl 11862—
12637) at day 28, followed by a 14.8% decrease to 10432 BAU/mL (95% ClI 9158-11882) at day 90 and a total decrease of 15.8%-10303
BAU/mL (95% CI 8157-13014) at day 180 (Figure 2A; Table S1). Regarding the waning of total Igs to SARS-CoV-2, statistically significant dif-
ferences were observed after comparing the RBD-Ig levels at day 28 with day 90 in both BNT162b2 and mRNA-1273 groups (p < 0.001), but
these differences disappeared by comparing days 90 and 180 (Figure 2A).
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Figure 1. Flow chart showing the distribution of the patients included in the study

Neutralization of SARS-CoV-2 variants

Waning of neutralizing antibodies was also studied after 12 months from the second vaccine dose. GMT of neutralizing antibodies against the
G614 ancestral variant at baseline of the present study was 114 NTsq (95% Cl 75-172) and 129 NTsq (95% Cl 73-229) for N- individuals vacci-
nated with BNT162b2 or mRNA-1273, respectively, evidencing 93.2% and 94.0% decreases from the peak of 1906 NTsq (95% Cl 1626-2234)
observed at day 14 after the second vaccine dose in the interventional group.” The third dose with BNT162b2 in N- individuals generated a
16.9-fold increase in the NTsg against the ancestral variant, from 114 (95% ClI 75-172) at baseline to 1929 (95% CI 1500-2481) at day 28, fol-
lowed by a 47.6% decrease to 1011 (95% Cl 707-1444) at day 90 and a final 49.2% decrease to 980 (95% Cl 406-2367) at day 180 (Figure 2B;
Table S2). The third dose with mRNA-1273 generated a 20.9-fold increase in the neutralizing titer against the ancestral variant, from 129 NTso
(95% Cl 73-229) at baseline to 2693 (95% ClI 2026-3581) at day 28, followed by a 33.3% decrease to 1795 (95% Cl 1224-2632) at day 90 and a
final 43.5% decrease to 1522 (95% ClI 772-3002) at day 180 (Figure 2B; Table S2). Higher neutralization potency of the ancestral variant was
observed in MRNA-1273 arm compared with BNT162b2 arm for N- individuals at days 28 (p = 0.08) and 90 (p < 0.05).

Regarding the neutralizing potency of Delta variant, after the second vaccine dose (first boost with BNT162b2) a 86.8% drop in NTsg values
were observed, from 717.1 (95% CI 587.3-876.1) at day 28-94.6 (95% CI 71.8-124.5) at day 180. After the third dose, NTsg values decreased
from 2027 (95% CI 1540-2669) at day 28-812 (95% Cl 292-2259) at day 180 for N- individuals vaccinated with BNT162b2 (59.9% decrease) and
from 2927 (95% CI 2196-3900) at day 28-1525 (95% Cl 615-3780) at day 180 for N- individuals from mRNA-1273 arm (47.9% decrease) (Fig-
ure 2C; Table S3). Higher NTsg values against Delta variant was observed in mRNA-1273 arm compared with BNT162b2 at day 28
(p < 0.05) and at day 90 (p = 0.07).

Concerning the neutralizing titers against BA.1T Omicron sublineage after the second dose, NTsg values drop from 144.8 (95% CI 116.7-
179.9) at day 28-34.5 (95% Cl 27.7-42.8) at day 180 (76.2% decrease). After the third dose, NTsg values decreased from 725 (95% Cl 493-
1065) at day 28-471 (95% Cl 150-1476) at day 180 for N- individuals vaccinated with BNT162b2 (35.0% decrease) and from 1368 (95% Cl
935-2003) at day 28-852 (95% CI 344-2110) at day 180 for N- individuals from mRNA-1273 arm (37.7% decrease) (Figure 2D; Table S4). Higher
NTsp values against BA.1 variant was observed in mRNA-1273 arm compared with BNT162b2 at day 28 (p < 0.01).

Effect of asymptomatic breakthrough infections on third dose immunogenicity

In the case of the participants with a recent history of SARS-CoV-2 asymptomatic infection (N+), no statistically significant differences were
found between BNT162b2 and mRNA-1273 arms at any time (Figure 2; Tables S5-S8). At baseline, 8 out of 41 (19.5%) and 6 out of 34
(17.6%) were positive to IgGs anti-N in BNT162b2 and mRNA-1273 arms, respectively. Within BNT162b2 arm, 5 participants become N+ dur-
ing the first three months of the study and other 5 during the following three months. Among participants vaccinated with mRNA-1273, 3 were
asymptomatically infected during the first three months and other 2 during the following three months, respectively. As expected, GMTs of
total SARS-CoV-2 RBD-lg and NTsg against ancestral, Delta, and Omicron BA.1 variants were higher in N+ group as compared with N- indi-
viduals at day O (Tables S9 and S10). Higher total anti-RBD Igs and neutralizing titers were found at day 180 in subjects with breakthrough
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Table 1. Age and sex of the participants included in the study according to the vaccine administered as third dose and SARS-CoV-2 nucleocapsid IgG
test results

Age Sex
18-49 50-59 p value® Female Male p value®
NC-
BNT162b2 6 (54.5%) 5 (45.5%) 6 (54.5%) 5 (45.5%)
mRNA-1273 3 (30%) 7 (70%) 0.387 4 (40%) 6 (60%) 0.670
NC+
BNT162b2 8 (44.4%) 10 (55.6%) 7 (38.9%) 11 (61.1%)
mRNA-1273 8 (72.7%) 3(27.3%) 0.249 8 (72.7%) 3(27.3%) 0.128

?According to Fisher's exact test and comparing BNT162b2 and mRNA-1273 arms.

infections compared with participants that remained N- throughout the experiment (p < 0.05) but also against some variants compared with
people asymptomatically infected before the third dose. In the case of Omicron sublineages, these differences were especially important
comparing NTsg values against the most evolved Omicron variants, BQ.1.1 (p < 0.01), XBB.1.5 (p < 0.01), BA.2.86 (p = 0.069), and JN.1
(p = 0.063) as opposed to the differences found against the ancestral Omicron variants BA.1 and BA.5 (p > 0.1) (Figure 3).

Effect of age and sex on third dose immunogenicity

Potential age and sex differences in the immunogenicity of the third dose were also analyzed. Statistically significant differences were found in
the neutralizing antibodies against all variants at day 180 after the third dose when comparing subjects under 50 years old with 50-59 years old
participants and regardless of the vaccine administered (Figure S1). Regarding sex, statistically significant differences were found when
comparing NTsg values against BA.5 and BQ.1.1 (Figure S2).

Long-term neutralization capacity against recent Omicron lineages

In order to assay the neutralization capacity of more evolved Omicron sublineages, NTsg titers against BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9,
BA.2.86, and JN.1 were assayed for both arms at day 180 after the third vaccine dose. Lower neutralizing antibody titers compared with pre-
vious variants were observed at day 180 for BA.4/BA.5 sublineages with NTsg values of 318 (95% Cl 118-856), and especially for BQ.1.1,
XBB.1.5/XBB.1.9, and JN.1 with NTsq values of 77 (95% ClI 33-181), 37 (95% CI 18-74), and 47 (95% Cl 25-89), respectively, in those N- partic-
ipants who received a third vaccine dose of BNT162b2 (Figure 4A). Similar titers were reached in N- participants receiving mRNA-1273 as the
third vaccine dose, with NTsg values against BA.4/BA.5, BQ.1.1. XBB.1.5/XBB.1.9, and JN.1 of 648 (95% Cl| 257-1636), 167 (95% CI 72-383), 67
(95% CI 35-127), and 91 (95% Cl 31-269), respectively (Figure 4A). These values represent an increase of 2.0-, 2.2-, 1.8-, and 1.9-fold in the
neutralizing capacity of BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, and JN.1, respectively, in mRNA-1273 arm compared with BNT162b2 arm,
but differences were not statistically significant (Table S11).

Comparing N- and N+ participants vaccinated with BNT162b2 at day 180, a 4.2-, 3.4-, 4.1-, and 2.6-fold increases were observed in the
NTso titers against BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, and JN.1, respectively in N+ individuals. On mRNA-1273 arm, the increases observed
in asymptomatic participants with a recent SARS-CoV-2 infection in the neutralization capacity against BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9,
and JN.1 were slightly lower, with rises of 1.6-, 1.3, 1.7-, and 1.4-fold compared with N- individuals (Figure 4; Table 512).

The proportion of N- participants exhibiting suboptimal neutralizing titers (NTso < 100) at day 180 after the third dose with BNT162b2 was
9.1% for the ancestral G614, Delta and BA.1 Omicron variants, 18.2% for BA4/BA.5, 54.5% for BQ.1.1 and BA.2.86, and 72.7% for XBB.1.5/
XBB.1.9 and UN.1 (Table S13). These proportions are lower for people who received mRNA-1273 vaccine as the third dose, with all the par-
ticipants fully protected against G614, and Delta variants, and a suboptimal neutralizing response in 10% for BA.1 and BA.4/BA.5 Omicron
sublineages, 20% for BQ.1.1 and BA.2.86, 40% for JN.1, and 50% for XBB.1.5/XBB.1.9 (Table S14). In the case of N+ participants with a recent
history of SARS-CoV-2 infection, all the individuals reached NTsg values over 100 against G614, Delta, and BA.1 Omicron variants regardless of

Table 2. Positivity rate of IgG to nucleocapsid in both arms throughout the study

BNT162b2 mRNA-1273 p value
Baseline 8 (19.5%) 6 (17.6%) 1.0
Day 28 10 (25.0%) 7 (21.2%) 0.918
Day 90 13 (35.1%) 9 (29.0%) 0.783
Day 180 18 (62.1%) 11 (52.4%) 0.693
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Figure 2. Humoral immune response against SARS-CoV-2 spike after a third vaccine dose

(A-D) Total anti-RBD immunoglobulins (A) and pseudotyped neutralization assay against the ancestral SARS-CoV-2 variant G614 (B), and variants of concern
Delta (C) and BA.1 sublineage of Omicron (D). Left panels in A, B, C, and D show the results for N- subjects whereas right panels show the results for N+
participants. Levels of immunoglobulins are reported in BAU/ml and neutralizing activity in neutralizing titer 50 (NTso). All measures were summarized as
geometric mean and 95% confidence interval. Ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Tables S1-S10.

the mRNA vaccine received (Tables S15 and S16). A suboptimal neutralizing response was observed in BNT162b2 arm in a 5.5% for BA.4/BA.5,
11.1% for BQ.1.1 and BA.2.86, 27.8% for XBB.1.5/XBB.1.9, and 44.4% for JN.1 (Table S15) whereas these values in mRNA-1273 arm were 0% for
BA.4/BA.5, 27.3% for BQ.1.1, BA.2.86, and JN.1, and 45.5% for XBB.1.5/XBB.1.9 (Table S16).

DISCUSSION

Although COVID-19 vaccine effectiveness in preventing SARS-CoV-2 infection and severe disease has been demonstrated for both adenoviral
and mRNA-based vaccines,'”'® the capacity of mRNA vaccines to generate higher neutralizing responses is stronger compared with adeno-
viral-based vaccines.'? Interestingly, heterologous regimens based on the combination of both types of vaccines generates higher T cell re-
sponses,'? which are key for the clearance of the virus infection and control disease severity.”” A recent study associates heterologous sched-
ules to a higher susceptibility to Omicron breakthrough infection, and also to stronger cellular responses than people with three doses of
BNT162b2."° This fact is especially relevant in the scenario observed in 2023 where several Omicron sublineages have become dominant
and have replaced the previous ones by accumulating different mutations in different proteins of the virus. These mutations observed in
emerging variants such as XBB sublineages and BA.2.86-derived variants (XBB.1.5, XBB.1.9, or XBB.1.16) could compromise the neutralizing
response against the virus, but seem to have a limited effect on altering the T cell response.”’ However, both humoral and cellular immune
responses wane from natural SARS-CoV-2 infection and after vaccination, suggesting the need of studies about booster vaccinations
following different schedules.”>**

In the present study, the third mRNA vaccine dose with either BNT162b2 or mRNA-1273 produces higher absolute values of SARS-CoV-2-
specific anti-RBD total Igs at days 28, 90, and 180, compared with the immunogenicity reached any time after completing the ChAdOx1-S/
BNT162b2 regimen, suggesting an optimal boost effect following the third dose. Other studies point that the immunogenicity of heterolo-
gous schedules based on two doses of ChAdOx1-S and one dose of BNT162b2 vaccines is slightly lower compared with three doses of
BNT162b2, with drops of SARS-CoV-2 anti-spike IgGs of 8.3%—-11.1%.""** Lower binding and neutralizing antibody titers were also observed
in individuals vaccinated with ChAdOx1-S/BNT162b2/BNT162b2 regimen in comparison with three doses of BNT162b2."° Heterologous
schedules using one dose of BNT162b2 and one dose of NVXCoV2373 also provide diminished immunogenicity than the homologous
BNT162b2 regimen in 50-to-70-year-olds participants of Com-COV?2 trial, but these results were reverted in adolescents aged 12 to 16, since
NVXCoV2373/BNT162b2 schedule elicited the highest humoral and peak cellular immune responses in Com-COV3 trial.”**> N- individuals
vaccinated with mRNA-1273 reached higher values of total Igs to SARS-CoV-2 RBD at day 28 compared with those receiving BNT162b2 and
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Figure 3. Effect of breakthrough infections in the immunogenicity of the third vaccine dose

(Group Arepresent the results of participants with asymptomatic breakthrough infection (defined as any positive sample to SARS-CoV-2 nucleocapsid IgG during
the study along with a negative sample at day 0).

Group B represent participants asymptomatically infected before the third dose (defined as subjects with a positive sample to anti-nucleocapsid IgG at day 0).
Group C represent participants who remained Nc- throughput the study period. Levels of immunoglobulins are reported in BAU/ml and neutralizing activity in
neutralizing titer 50 (NTsg). Data are represented as median and interquartile range. Ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

higher decreases of SARS-CoV-2 RBD total Igs were observed in N- individuals vaccinated with BNT162b2 compared with the mRNA-1273
arm, with drops of 45.9% and 15.8% at day 180, respectively. Similar results were observed for the titers of neutralizing antibodies, with higher
levels in participants vaccinated with mRNA-1273 compared with BNT162b2 arm at day 28 and against VOCs Delta and BA.1 sublineage of
Omicron. These results suggest that individuals following the triple-heterologous vaccine schedule (ChAdOx1-S/BNT162b2/mRNA-1273)
reached an improved humoral response compared with double-heterologous regimens (ChAdOx1-S/BNT162b2/BNT162b2). Other studies
have shown that heterologous schedules with three doses are less effective to reach a long-lasting neutralizing response against Omicron
compared with three mRNA-1273 doses, evidencing the recommendation of a third dose, especially with mRNA-1273, for people vaccinated
with any dose of ChAdOx1-S.7°

XBB sublineages of Omicron have caused new waves of infections and severe cases and deaths in populations with high vaccination rates
and high proportions of individuals with hybrid immunity after SARS-CoV-2 infections.”® One explanation to this situation described in coun-
tries such as South Africa, Denmark, or Singapore in late 2022 is the immune escape of XBB.1.5 along with faster waning of antibody titers. A
recent study has observed low titers of neutralizing capacity of XBB.1.5 in individuals with three mRNA vaccine doses and BA.4/BA.5 break-
through infections,”’ so it was presumable stronger escape for individuals primed with ChAdOx1-S. In the present study, almost half of par-
ticipants with a recent history of SARS-CoV-2 infection (pre-XBB sublineages) showed suboptimal titers of neutralizing antibodies against
XBB.1.5/XBB.1.9 in mRNA-1273 arm or against JN.1 in BNT162b2 arm after three vaccine doses. As expected, these proportions were higher
in participants without a recent history of SARS-CoV-2 infection, with values between 50.0% and 72.7% depending on the third vaccine dose
administered. Although BA.5 bivalent mRNA vaccines could counteract this effect by boosting neutralizing antibodies against some Omicron
sublineages,” the response against JN.1, XBB.1.5, XBB.1.5-F456L variants such as EG.5.1 and other BA.2.75-derived variants carrying L452R
mutation such as CH.1.1 or CA.3.1 is weak or absent for a significant proportion of individuals.”’"*” This information is consistent with a recent
report based on a deep learning model indicating that XBB.1.5 and JN.1 have the highest predicted immune escape potential according to
their structural and biophysical properties.”® These results reinforce the past WHO recommendation of new booster doses ideally by mono-
valent vaccines targeting XBB-sublineages and the new EMA recommendation to use newer candidate vaccines in 2024 against variants
belonging to the BA.2.86/JN.1 family, especially in susceptible populations such as the elderly or immunosuppressed individuals.

Limitations of the study

The main limitation of this tertiary analysis of the CombiVacs study is inherited from the original study where the control group received a
second dose one month later than the intervention group. In this third study, participants from those two original groups were combined
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Figure 4. Neutralizing capacity to different SARS-CoV-2 variants at day 180 after the third dose

(A and B) NTsg in pseudovirus neutralization assay against SARS-CoV-2 variants G614, Delta, and BA.1, BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, BA.2.86, and JN.1
Omicron sublineages in N- (A) and N+ (B) participants. NTsq were summarized as geometric mean and 95% confidence interval. Ns: p > 0.05; *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

See also Tables S11-516.

prior to the second randomization and before the administration of the third dose. However, we believe that possible existing differences in
immunogenicity generated by the second dose have little or no effect on the responses measured after the third dose. This study also fails to
explore other components of the adaptive immune response against SARS-CoV-2, such as the virus-specific CD4* and IFN-y-producing CD8*
T cells or the SARS-CoV-2 spike-specific memory B cells. Another obvious limitation is the number of vaccinees for each arm of the clinical trial,
especially after the inclusion of the anti-nucleocapsid IgG to identify asymptomatic infections. However, as a counterpart we think that this
information is useful and allowed the study of the dynamics of humoral immune response in subjects asymptomatically infected.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Blood from the 79 subjects included in the study La Paz University Hospital N/A
from four time points (Days 0, 28, 90 and (Madrid), San Carlos Hospital
180 post-vaccination) (Madrid), Cruces University

Hospital (Vizcaya), Vall d’Hebron

University Hospital (Barcelona)

and Clinic Hospital (Barcelona)
Chemicals, peptides, and recombinant proteins
Codon-optimized spike DNA sequences for GeneArt Gene Synthesis N/A
D614G, B.1.617.2, BA.1, BA.4/BA.5, BQ.1.1, (ThermoFisher)
XBB.1.5/XBB.1.9, BA.2.86, and JN.1
SARS-CoV-2 variants
Critical commercial assays
Elecsys® Anti-SARS-CoV-2 S Roche Diagnostics Cat#09203079190
BioPlex 2200 SARS-CoV-2 IgG Bio-Rad Laboratories Cat# 12014192
Renilla Luciferase Assay Promega Cat#E2820
Experimental models: Cell lines
Vero E6 Laboratory of Dr. Antonio Alcami N/A
HEK-293T NIBSC N/A
Recombinant DNA
pcDNA3.1D/V5-His-TOPO Invitrogen™ Cat#K490001
pcDNA-VSV-G Laboratory of Dr. Arenzana Seisdedos N/A
pNL4-3AenvRen Garcia-Pérez et al., 2007°" N/A
pcDNA3.1-S-CoV2A19-G614 This paper N/A
pcDNA3.1-S-CoV2A19-Delta This paper N/A
pcDNA3.1-S-CoV2A19-BA.1 This paper N/A
pcDNA3.1-S-CoV2A19-BA.4-BA.5 This paper N/A
pcDNA3.1-S-CoV2A19-BQ.1.1 This paper N/A
pcDNA3.1-S-CoV2A19-XBB.1.5 This paper N/A
pcDNA3.1-S-CoV2A19-BA.2.86 This paper N/A
pcDNA3.1-S-CoV2A19-JN.1 This paper N/A
Software and algorithms
GraphPad Prism version 9.0.1 GraphPad Software, Inc. N/A
R 4.3.2 and ggplot2 package Free software N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Data from the 24-month, phase 2, open-label, randomized, controlled CombiVacs study are included in this tertiary analysis. Full descriptions
of the methods, safety and initial immunogenicity analyses as well as the durability of the immune response have been previously published in

detail **

All participants provided written informed consent before enrolment. The trial complies with the principles of the Declaration of Helsinki
and Good Clinical Practice. This study was approved by the Ethics Committee at University Hospital La Paz and by the Spanish Agency of
Medicines and Healthcare Products (AEMPS) on April 19, 2021 (protocol version 1.1 15Apr2021). The first substantial amendment for the sec-
ond part of third vaccine dose was approved by Ethics Committee and AEMPS on December 30, 2021 (protocol version 2.0 12Dec2021). A
total of 13 (44.8%) participants were woman in BNT162b2 arm and 12 (57.1%) in mRNA-1273 arm. In BNT162b2 arm, 14 participants (48.3%)
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were ages 18-49 years old and 15 participants (51.7%) were ages 50-59 years old. In mRNA-1273 arm, 11 participants (52.4%) were ages 18-49
years old and 10 (47.6%) were ages 50-59 (Table 1).

The Vero Eé (African green monkey kidney) cell line was kindly provided by Dr. A. Alcami (CBM Severo Ochoa, Madrid). Vero Eé6 cells were
cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine and 100 units/ml penicillin and streptomycin (Lonza).

HEK-293T were obtained from the National Institute for Biological Standards and Control (NIBSC). HEK-293T cells were cultured in DMEM
supplemented with 10% FCS, 2 mM L-glutamine and 100 units/ml penicillin and streptomycin (Lonza).

METHOD DETAILS

Study design and population

A total of 676 participants primed with ChAdOx1-S were enrolled and randomized in the CombiVacS clinical trial. Among them, 450 partic-
ipants were assigned to receive a BNT162b2 boost and 418 completed the visits at days 14, 28, 90, and 180 post-vaccination. Subjects that
have completed all the previous visits (6 months after the first prime-boost vaccination with ChAdOx1-S/BNT162b2) enrolled for the second
part of third vaccine dose.

Randomization and masking
Subjects that have completed visit 6 (six months after randomization in Part 1), and that have completed a prime-boost vaccination with
ChAdOx1-S/BNT162b2 were randomized to receive a third dose of a mRNA vaccine (BNT162b2 or mRNA-1273). Subjects were randomized
in a proportion of 1:1 and stratified by study site and age. Subjects that have received a third dose before randomization, will be able to make
follow-up visits within the study. No blinding was planned in this open-label trial.

All subjects included in the first randomization will be included in the second part, therefore no sample size calculation is needed for the
present study.

Procedures

All participants included in this tertiary analysis received a third vaccine dose with a mRNA-based vaccine, either a BNT162b2 dose admin-
istered at the approved dose of 30 pgor a half dose (50 pg) of MRNA-1273, both as a single intramuscular injection at day 0 of the present study
(which coincide with 12 months after the second vaccine dose). Follow-up visits were scheduled on days 28, 90, and 180 after the third dose to
record medical and medication history and to collect blood samples for immune response evaluation.

SARS-CoV-2 specific humoral immune response

19G to SARS-CoV-2 nucleocapsid was quantified using the BioPlex 2200 SARS-CoV-2 IgG assay (Bio-Rad Laboratories) according to the man-
ufacturer’s instructions coupled with BioPlex 2200 SARS-CoV-2 IgG Calibrators diluted in BioPlex 2200 Wash Buffer (Bio-Rad) using a 1:8 ratio.
A result of < 23 BAU/mL and > 24 BAU/mL was interpreted as negative and positive, respectively.

SARS-CoV-2-specific humoral immune response was measured with the commercial Elecsys Anti-SARS-CoV-2 electrochemiluminiscent
immunoassay (Roche Diagnostic) to test for total immunoglobulins to SARS-CoV-2 RBD spike on the Cobas €411 module (Roche Diagnostic).
Measuring ranged from 0.4 U/mL to 250.0 U/mL (up to 2500 U/mL with onboard 1:10 dilution, and up to 12 500 U/mL with onboard 1:50 dilu-
tion). Values higher than 0.8 BAU/mL were considered positive (the correlation between U/mL and BAU/mL was 1 U/ml = 0.972 BAU/ml).

SARS-CoV-2 pseudovirus neutralization assay

SARS-CoV-2 pseudovirus neutralization assay was used to quantify neutralizing antibody titers specific for Delta and different Omicron line-
ages (BA.1, BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, BA.2.86, and JN.1). The codon-optimized sequence was modified by synthesis (GeneArt
Gene Synthesis, ThermoFisher Scientific) to generate the different spikes of SARS-CoV-2 virus: D614G (as the reference variant), Delta (lineage
B.1.617.2), and the Omicron lineages BA.1, BA.4/BA.5, BQ.1.1, XBB.1.5/XBB.1.9, BA.2.86, and JN.1 by including the mutations showed in Fig-
ure 5$3.* All these sequences were synthesized removing the last 19 amino acids and were inserted in pcDNA3.1D/V5-His-TOPO between
BamHI and Xbal sites. The pcDNA-VSV-G plasmid contains the cDNA encoding the vesicular stomatitis virus G protein and was obtained
from Dr. Arenzana-Seisdedos (Institute Pasteur, Paris, France). VSV-G pseudoviruses were used as a control of specificity in neutralization
testing.

NL4.3 pseudotypes were generated with the plasmid pNL4-3AenvRen. Briefly, Renilla luciferase reporter pseudovirus were prepared by
co-transfecting HEK-293T cells with pNL4-3AenvRen backbone and viral envelope protein expression plasmid pcDNA3.1-S-CoV2A19 or
pcDNA-VSV-G using the calcium phosphate method. The medium was changed 18 hours after transfection, and 48 hours post-transfection
cell culture supernatants were harvested, clarified by centrifugation at 500 x g for 5 min, and frozen at -80°C. The amount of HIV p24 antigen in
the supernatants was quantified by electrochemiluminescence Immunoassay (Roche Diagnostic) on the Cobas €411 module (Roche
Diagnostic).

To measure neutralizing activity of plasma from donors, four-fold serial dilutions of heat-inactivated sera (1:32-1:131072) were preincu-
bated with titrated pseudoviruses (10 ng of p24 Gag/well) for 1 hour at 37°C. Thereafter, 100 ul of the mixture was added to Vero Eé cells
plated the previous day at 5 x 10° cells/well in 100 ul medium in 96-well plates. The culture medium was refreshed after 16 hours. At 48 h
post-infection, cells were lysed, and viral infectivity was assessed by measuring luciferase activity (Renilla Luciferase Assay, Promega, Madison,
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WI, USA) using a 96-well plate luminometer LB 960 Centro XS3 (Berthold Technologies, Oak Ridge, TN, USA). The detection threshold for the
assay is 1:32 serum dilution. Samples below this threshold received a value of 1:16. The titers of neutralizing antibodies were calculated as 50%
inhibitory dose (neutralizing titer 50, NTsp), expressed as the highest dilution of plasma which resulted in a 50% reduction of luciferase activity
compared to control without plasma. Sigmoid curves were generated and NTsps were calculated by non-linear regression using GraphPad
Prism version 9.3.1 (GraphPad Software, Inc.).

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses will be carried out using the statistical software SAS, version 9.4 of the SAS system for Windows.

All continuous variables were summarized using the following descriptive statistics: n (non-missing sample size), mean, standard deviation
(SD), 1st quartile, median, 3rd quartile, maximum and minimum. Absolute and relative frequencies (based on the non-missing sample size) of
observed levels were reported for all categorical variables.

All continuous variables were tested for normality hypothesis assumption with the Kolmogorov-Smirnov test. The antibodies binding to
the SARS-CoV-2 S protein were measured as lognormal distribution to obtain more nearly symmetric distribution.

Baseline data were collected just before intervention at day 0. Participants with missing baseline value were excluded from the analysis.

The immune response measured by immunoassays at baseline and days 28, 90, and 180 after randomization between the two arms was
tested by two-tailed t-test assuming symmetric distribution of lognormal transformation. Geometric means were calculated as the mean of
the assay results after making the logarithm transformation and then exponentiating the mean to express results on the original scale. Two-
sided 95% Cls were obtained by taking natural log transforms of concentrations/titers, calculating the 95% Cl with reference to the t-distri-
bution, and then exponentiating the confidence limits. In other case, Mann-Whitney-Wilcoxon test was used.

ADDITIONAL RESOURCES

The clinical trial registry numbers of the CombiVacs study are 2021-001978-37 in EudraCT (https://www.clinicaltrialsregister.eu/ctr-search/
trial/2021-001978-37/ES) and NCT04860739 in ClinicalTrials.gov (https://clinicaltrials.gov/).
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