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Background: In the face of rapid emerging variants of concern (VOCs) with potential of evading immunity
from Beta to Omicron and uneven distribution of different vaccine brands, a mix-match strategy has been
considered to enhance immunity. However, whether increasing immunogenicity using such a mix-match
can lead to high clinical efficacy, particularly when facing Omicron pandemic, still remains elusive with-
out using the traditional phase 3 trial. The aim of this study is to demonstrate how to evaluate correlates
of protection (CoP) of the mix-match vaccination.
Methods: Data on neutralizing antibody (NtAb) titers and clinical efficacy against Wuhan or D614G
strains of homologous ChAdOx1 nCov-19 or mRNA-1273 and heterologous vaccination were extracted
from previous studies for demonstration. The reductions in NtAb titers of homologous vaccination
against Beta, Delta, and Omicron variants were obtained from literatures. A Bayesian inversion method
was used to derive CoP from homologous to mix-match vaccine.
Findings
The predicted efficacy of ChAdOx1 nCov-19 and mRNA-1273 for Wuhan or D614G strains was 93 %

(89 %-97 %). Given 8 � 11-fold, 2 � 5.5-fold, and 32.5 � 36-fold reduction of NtAb for Beta, Delta, and
Omicron variants compared with D614G, the corresponding predictive efficacy of the mix-match ranged
from 75.63 % to 73.87 %, 84.87 % to 81.25 %, and 0.067 % to 0.059 %, respectively.
Interpretations
While ChAdOx1 nCov-19 and mRNA-1273 used for demonstrating how to timely evaluate CoP for the

mix-match vaccine still provides clinical efficacy against Beta and Delta VOCs but it appears ineffective
for Omicron variants, which highlights the urgent need for next generation vaccine against Omicron
variant.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction egy to booster effectiveness in the face of new VOCs. Several clin-
While SARS-CoV-2 variants have evolved from the wild type/
D614G to a series of variant of concerns (VOCs), including Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617) and
Omicron (B.1.1.529) during COVID-19 pandemic the effectiveness
of the first generation vaccine has been challenged. To tackle this
issue, the mix-match vaccination is proposed as a potential strat-
ical trials have been conducted to examine whether the mix-match
vaccination has higher immunogenicity than the administration of
homologous vaccine. The enhanced immune response had been
noted in ChAdOx1 nCov-19 (AZD1222) combined with BNT162b2
vaccination compared with a single dose of ChAdOx1 nCov-19
[1]. The similar findings on the facilitation of immune response
were further observed in the UK mix-match trial on eight groups
randomly allocated to 4- or 12-week interval of combining ChA-
dOx1 nCov-19 with BNT162b2 [2] and also the similar two mix-
match trials targeting healthcare workers and the elderly people
in Germany [3,4]. The higher immunogenicity on ChAdOx1 nCov-
19 in combination with mRNA1273 was also noted in the mix-
match trial in Sweden [5]. Despite these studies focusing on the
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enhancement of immune response using the mix-match vaccina-
tion, whether the good performance of immunogenicity as a result
of mix-match can also lead to high clinical efficacy still remain elu-
sive without translating the enhanced immunogenicity into clini-
cal efficacy based on the traditional phase 3 trial. However, it is
very difficult to have timeliness of conducting a phase 3 random-
ized controlled trial for directly proving the clinical efficacy of
the mix-match vaccination in the face of emerging SARS-CoV-2
variants. The alternative is to elucidate the immune correlate of
protection (CoP) from vaccination and to predict the effect of
SARS-CoV-2 variants on the changes in immunity timely. Two pre-
vious studies have already provided good methodology for
immunobridging between immunological response and clinical
efficacy, the aforementioned two studies need either convalescent
cohorts as reference or comprehensive data of case and non-case
with vaccination [6,7]. From the viewpoint of immunology and
the neutralizing activities revealed by bench studies, the mixed-
match strategy may provide a solution to cope with the resurgence
of COVID-19 pandemic as a result of the emergence of VOCs, par-
ticularly in the era of Omicron pandemic.

Evaluating correlates of protection for mix-match vaccine
against COVID-19 is also meaningful for setting up the benchmark
for those countries facing the issue of delivery. Although many vac-
cines based on different mechanisms to elicit immune response
against COVID-19 have been developed [8], the delivery and the
distribution of vaccines in most countries were more challenging
than those of high-income countries like Israel where the adminis-
tration of BNT162b2 (Pfizer-BioNTech) has been swiftly adopted as
a nationwide mass vaccination program since December 2020
immediately after the introduction of mRNA vaccine [9]. While it
is true that boosting with an mRNA vaccine might increase effec-
tiveness many countries having supply chain issue to administer
a homologous second dose are exactly the same countries whether
infrastructure is inadequate to maintain the cold chain needed to
ensure that the mRNA vaccines remain effective. Therefore, even
if heterologous boosting is effective, it may not be practical in
many countries. In addition to solving the feasibility of cold chain,
setting up the benchmark for the mix-match vaccination not per-
turbed by the cold chain issue is also important.

It should be noted that the evidence of immunogenicity related to
immune protection from heterologous vaccination has barely been
addressed because of two thorny issues. Unlike the immunobridging
study on the CoP for the homologous vaccine that have convalescent
cohorts as reference or comprehensive data of case and non-case, it is
very difficult for heterologous vaccination to have such a reference
group. A new methodology for the immunobridging study on the
CoP for heterologous vaccination is therefore required.

The aim of this study was to evaluate the clinical efficacy of the
mix-match vaccination can be predicted by the immunological
response elicited from each homologous vaccine with available
information on the corresponding clinical efficacy accrued from
the phase 3 randomized controlled trial on the homologous vac-
cine based on the new developed Bayesian reasoning method dis-
pensing with information on convalescent cohorts as reference or
comprehensive data of case and non-case with vaccination. The
proposed methodology and application were demonstrated by
using the mix-match of ChAdOx1 nCov-19 and mRNA1273.
2. Materials and methods

2.1. Study framework

As the objective of this study is to develop the methodology for
evaluating clinical efficacy of the mix-match vaccination dispens-
ing with the conduction of a phase 3 randomized controlled trial
6865
it is important to propose the study framework for delineating
how and what kind of information selected from literature are
required. Fig. 1 shows the study flowchart for predicting clinical
efficacy of mix-match vaccination with vaccine A (first dose) and
vaccine M (second dose). The first required information is neutral-
izing antibody titer (NtAb) from phase 1/2 trial of each homologous
vaccine. The ratio of clinical efficacy regarding protection from
COVID-19 infection between vaccine A and vaccine M (P(NtAbM)/
P(NtAbA)) is derived. Clinical efficacy of protecting COVID-19 infec-
tion from the respective phase 3 trials of each homologous vaccine
is therefore used to determine the cut-off of the mix-match anti-
body titer (NtAbMM-A). Finally, the clinical efficacy of protection
from infection for the heterogeneous vaccination can be predicted.
Based on Fig. 1, information required has to have available infor-
mation on NtAb titer from phase 1/2 trial and also consecutive data
on clinical efficacy from phase 3 trial of each homologous vaccine.
Although our proposed methodology can be applied to any mix-
match vaccination if information is available performing system-
atic review for meta-analysis is beyond the scope of the current
study. We therefore selected the mix-match vaccination with
AZD1222 and mRNA1273 as our illustration.

2.2. Bayesian COP for evaluating clinical efficacy of the mix-match
vaccination

To achieve the goal of predicting clinical efficacy of the mix-
match vaccination, we developed a step-by-step Bayesian algo-
rithm in commensuration with the study framework of Fig. 1.
The detailed methodology of Bayesian inversion for the derivation
of CoP is depicted in the Appendix.

2.3. Distribution of dispersion-rescaled neutralizing antibody titer

The ratio of clinical protection achieved by mRNA1273 (P(PEM |
NtAbM) and ChAdOx1 nCov-19 (P(PFA | titer of NtAbA) (see (A-5) in
Appendix) is that of the probability of NtAb titers conferred by two
vaccines. This probability ratio can be estimated by using the like-
lihood ratio (LRM-A)) derived from the probability density function
of NtAb titers written as follows.

LRM�A ¼ PðNtAbM Þ
PðNtAbAÞ ¼ dFðNtAbMÞ
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where rM and rA are both unit in dispersion-rescaled distribution
of NtAb titer and X represents the dispersion-rescaled titer of NtAb.
Note that LRM-A can be interpreted as Bayes factor by which the
prior risk ratio of escaping from COVID-19 without vaccination
can be updated to the condition after vaccination.

2.4. Predicting protective efficacy conferred by the mix-match vaccine

In the expression (A-5), the ratio of clinical efficacy conferred by
mRNA1273 and ChAdOx1 nCov-19 can be derived from the results
of published literature [10,11]. Calibrated by this figure, the value
of LRM-A and the corresponding cut-off (c) of dispersion-rescaled
titer can be determined due to a monotonic likelihood ratio. On
the basis of this cut-off value, the LR of mix-match vaccination to
ChAdOx1 nCov-19 (LRMM-A) can be derived by using (1) as follows.
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Fig. 1. Study Framework.
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The protective efficacy (PE) of mix-match vaccination given the
NtAb titer induced by vaccination can thus be derived by the pro-
duct of P(PE | NtAbA) and Bayes factor, LRMM-A.

First, we used the mean and standard deviation of NtAb titers
from the phase 1/2 clinical trials of homologous ChAdOx1 nCov-
19 [12] and mRNA1273 [13] to find a cut-off which can be linked
to clinical protection ratio between two vaccines as shown in
phase 3 clinical trials [10,11]. Second, the NtAb titers changed from
study to study because of different techniques. Thus, most of the
previous studies need the titers of convalescent individuals to have
a fair comparison [6,7]. The statistical procedure of determining
the cut-off of applying to the mix-match vaccination is illustrated
in Fig. 2.
3. Results

3.1. Data sources

3.1.1. Homologous vaccination studies
Two studies were used to assess the neutralizing antibody

(NtAb) and the subsequent clinical efficacies associated with
homologous vaccination strategy. The NtAb titer was obtained
from a phase 1/2, single-blind, randomized controlled trial with a
total of 1,077 participants enrolled. Among these participants,
543 persons received two doses of ChAdOx1 nCov-19. The neutral-
izing activity was evaluated by using an assay with lentivirus-
based SARS CoV-2 pseudovirus particles expressing spike protein
on the surface and reported as the 50 % inhibitory dilution (ID50).
The ID50 against Wuhan strain was 162.90 (standard deviation
[SD], 61.20, Table 1) at 28 days after the boost dose [12]. Another
analysis comprised data from four blinded, randomized, controlled
6866
trials conducted in the UK, Brazil, and South Africa with a total of
23,848 participants enrolled. The interim analysis of the four phase
3 clinical included 11,636 participants. Among these participants,
total 4,440 persons received two standard doses and 1,367 persons
received a low dose followed by a standard dose. Comparing with
the participants in the control group, the overall vaccine efficacy
against the occurrence of symptomatic COVID-19 was 70.4 %
(95 % confidence interval [CI], 54.8 %-80.6 %) [10].

The NtAb titers of mRNA1273 was extracted from a phase 1,
dose-escalation, open-label trial with a total 45 healthy adults aged
18 to 55 years, who received two vaccinations in a dose of 25 lg,
100 lg, and 250 lg. There were 15 participants in each group.
The neutralizing activity was assessed by a pseudotyped lentivirus
reporter single-round-of-infection neutralization assay. The ID50

against D614G variant was 231.80 (SD, 41.53, Table 1) at 28 days
after the boost dose in the dose of 100 lg group [13]. Another
phase 3 randomized, observer-blinded, placebo-controlled trial
was conducted in the United States and enrolled 30,420 partici-
pants, who were randomly assigned in a 1:1 ratio to either vaccine
or placebo group. Finally, a total of 14,134 and 14,073 participants
in the corresponding vaccine and control groups were included in
the per-protocol analysis. The clinical efficacy of vaccine to prevent
the occurrence of symptomatic COVID-19 was 94.1 % (95 %CI,
89.3 %-96.8 %) [11].

3.1.2. Heterologous vaccination study
A total of 88 health care workers received one dose of ChAdOx1

nCov-19. Among these participants, 37 chose a homologous boost
with ChAdOx1 nCov-19 and the other 51 chose a heterologous
boost with mRNA1273 9 to 12 weeks later. The ID50 against origi-
nal Swedish isolate in the heterologous groups at 30 days after the
boost was 1000.00 (SD, 248.73, Table 1) [5].



Fig. 2. Statistical procedure of determining the cut-off of the mix-match vaccination.
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3.1.3. Impact of VOC on neutralizing antibody titer
A multicenter, double-blind, randomized, controlled trial was

conducted in South Africa and a total of 2,021 participants with
1,010 receiving ChAdOx1 nCov-19 and 1,011 receiving placebo.
Greater resistance to Beta variant in serum specimens obtained
from the vaccine group was proved by using the live-virus neutral-
ization assays. Comparing with the 50 % plaque reduction neutral-
ization titer against B.1.1.117, the NtAb titer against beta variant
had a 11-fold reduction [14]. Another phase 1 clinical trial of
mRNA1273 was conducted in the United States with serum sam-
ples obtained from 12 participants receiving two immunizations
with mRNA1273. Comparing the immunogenicity against D614G
6867
strain, the neutralizing activity against beta variant reported an
8.6-fold reduction [15].

According to COVID-19 Weekly Epidemiological Update from
World Health Organization, the neutralization activity against
Delta variant reported an approximate 4-fold reduction for ChA-
dOx1 nCov-19 and found about 2 to 3-fold reduction (we took
3.13-fold reduction in this study by derivation from the aforemen-
tioned data) for mRNA1273 [16]. In contrast to Beta and Delta vari-
ants, Omicron variant was found to have dramatic reduction of
NtAb titer, around 33-fold for ChAdOx1 nCov-19 and 36-fold for
mRNA1273 [17].



Table 1
NtAb titers extracted from Phase 2 trials of vaccines.

NtAb Standardized NtAb Ref

Mean SD Mean*

Wuhan or D614G variant
Homologous AZD1222 162.90 61.20 2.66 Folegatti, et al
Homologous mRNA1273 231.80 41.53 5.58 Jackson, et al
Mix-match 1000.00 248.73 4.02 Normark, et al.

B.1.351 (Beta) VOC
Homologous AZD1222 14.81 61.20 0.24 Madhi, et al
Homologous mRNA1273 26.95 41.53 0.65 Wang, et al

B.1.671 (Delta) VOC
Homologous AZD1222 40.73 61.20 0.67 WHO Weekly Report
Homologous mRNA1273 74.13 41.53 1.79 WHO Weekly Report
B.1.1.529 (Omicron) VOC
Homologous AZD1222 4.53 61.20 0.07 Cameroni, et al.
Homologous mRNA1273 7.02 41.53 0.17 Cameroni, et al.

* SD equals to 1.
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3.2. Standardized (Dispersion-rescaled) neutralizing antibody

Fig. 3 (a) shows the unstandardized distribution of NtAb for
homologous ChAdOx1 nCov-19, and homologous mRNA1273. As
indicated in the method section, we re-scaled the distribution of
NtAb for each type of vaccine, including homologous ChAdOx1
nCov-19, homologous mRNA1273, and the mix-match of both vac-
cines as shown in the upper panel of Table 1 for Wuhan or D614G.
After dispersion-rescaled transformation, the standardized mean
titer for the mix-match was slightly lower than that for homolo-
gous mRNA1273 but approximately 1.51-fold compared with
homologous ChAdOx1 nCov-19 (Fig. 3 (b)). The middle panel and
lower panel of Table 1 also shows the corresponding standardized
mean titer for Beta, Delta and Omicron variants (Fig. 4 (a)-(c)).

3.3. Cut-off selection

Fig. 3 (b) and Table 2 show the protective likelihood ratio
between mRNA1273 and ChAdOx1 nCov-19 following the expres-
sion (1). When the selected cut-off goes left further, the protective
likelihood ratio becomes lower and vice versa. Note that the pro-
tective likelihood ratio as shown in the final column of Table 2
was computed by the ratio of two probability density function
(see the second and the third column of Table 2) following the
expression (1). Recall that the optimal cut-off between the distri-
bution of NtAb for both vaccines was in the light of the empirical
results of Phase 3 trial on clinical efficacy of reducing symptomatic
COVID-19 cases 93 % for mRNA1273 and 70 % for ChAdOx1 nCov-
19, yielding 1.33 (0.94/0.70) protective likelihood ratio. Table 2
shows that it corresponds to the optimal cut-off of 4.22 (equivalent
to 0.12 and 0.16 of the probability density for homologous ChA-
dOx1 nCov-19 and mRNA1273, respectively).

Table 3 shows the corresponding detailed information for
homologous ChAdOx1 nCov-19 and mix-match. The application
of 4.22 cut-off obtained from above gives 5.68 protective likelihood
ratio between the mix-match and homologous ChAdOx1 nCov-19.
The predicted protection effect of the mix-match for Wuhan or
D614G was 93 % (89 %-97 %) with small variation when the cut-
off is lowered to 4.00 or raised to 4.50 (Table 3).

3.4. Correlates of protection (CoP) for mix-match vaccines against
COVID-19 VOCs

Table 4 shows the alteration of cut-off on NtAb due to the
administration of both homologous ChAdOx1 nCov-19 and
mRNA1273 to prevent infection from Beta, Delta and Omicron
VOCs based on the same protective likelihood ratio. The cut-off
6868
for Wuhan or D614G was changed from 4.22 to 1.14, 1.48 and
3.14 for Beta, Delta, Omicron variants, respectively.

Based on the alteration of the cut-off of the baseline group ChA-
dOx1 nCov-19 from 4.22 to 1.14 attributed to Beta VOC relative to
Wuhan or D614G, the corresponding probability density value for
ChAdOx1 nCov-19 given the altered cut-off and 0.24 obtained from
Table 1 in the face of Beta VOC was 0.27 (Table 4). The corresponding
probability density figure for Beta VOC given a series of different
degrees of reduction using 4.2 mean titer of NtAb of the mix-match
for Wuhan or D614G obtained from Table 1, ranged from 0.32 to
0.35 as shown in the upper panel of Table 5. Table 5 also shows pro-
tective likelihood ratios for mix-match of combining ChAdOx1 nCov-
19 and mRNA1273 against Beta. Based on these positive likelihood
ratios, the corresponding predictive protective efficacy for the mix-
match can be estimated with the range from 75.63 % to 73.87 % given
8–11-fold reduction of NtAb. The similar procedure was also applied
to Delta and Omicron VOCs and the corresponding figures are shown
in the middle and low panel of Table 5. The corresponding predictive
efficacy for the mix-match strategy ranged from 84.87 % to 81.25 %
given 2–5.5-fold reduction of NtAb for Delta and from 0.067 % to
0.059 % for Omicron given 32.5–36-fold reduction of NtAb.
4. Discussion

4.1. Rational for using mix-match vaccine strategy

By using a Bayesian reasoning method dispensing with infor-
mation on convalescent cohorts as reference or comprehensive
data of case and non-case with vaccination as used in previous
studies on predicting CoP for various kinds of vaccine [6,7], the link
between NtAb titer and the clinical efficacy of the mix-match can
be predicted dispensing with the conduction of a phase 3 random-
ized controlled trial on the mix-match vaccination. Here, ChAdOx1
nCov-19 and mRNA1273 against VOCs has been demonstrated.
These findings show that the NtAb titer of the mix-match vaccine
was lower than that of homologous mRNA1263 but higher than
that of ChAdOx1 nCov-19. The corresponding clinical efficacy
against Beta, Delta, and Omicron was from 73.87 % to 75.63 %,
81.25 % to 84.87 %, and 0.059 % to 0.067 % given the magnitude
of reduction, respectively. By contrast, the predicted efficacy given
9.65-fold reduction of NtAb observed from the original mix-match
study for Beta was 74.55 %. Note that our result is compatible with
the main finding of the original mix-match study [5].

The second reason for evaluating clinical efficacy of the mix-
match vaccination is related to the delivery and the distribution of
mRNAwith the cold chain issue asmentioned earlier. Themost effec-
tive intervention to end the pandemic of COVID-19 was based on



Fig. 3. Distributions of unstandardized NtAb (a) and standardized NtAb (b).
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population-wide mass vaccination to achieve herd immunity as soon
as possible. To this end, a nationwide mass vaccination programwith
BNT162b2 (Pfizer-BioNTech) mRNA COVID-19 vaccine has been ini-
tiated in Israel since December 2020. Then, the epidemic has gradu-
ally slowed down and they moved to lifting of restrictions in June
2021 [9]. In addition to BNT162b2, a series of different vaccine
brands were introduced, including the other mRNA1273, vector-
based vaccine (ChAdOx1 nCov-19 and Ad26.COV2.S (Johnson & John-
son/Janssen)), recombinant nanoparticle spike protein such as NVX-
CoV2373 (Novavax), and inactivated-virus vaccines such as BBIBP-
CorV (Sinopharm) and CoronaVac (Sinovac) [8,18].

Although many vaccines based on different mechanisms to eli-
cit immune response against COVID-19 have been developed and
rolled out, the distribution of vaccines around the world was still
not evenly distributed. Up to date, Africa had only less than 10 %
vaccination rate in comparison with over 60 % in Europe and North
America. The disparity in vaccination rate still also exists within
region. Production and delivery of various vaccine brands as men-
tioned above has also complicated this situation. This is particu-
larly important for the country with the issue of cold chain on
mRNA. In addition to tackle the feasibility of cold chain, it is neces-
sary to set up the benchmark for the mix-match vaccination not
affected by the cold chain issue. This has raised the necessity for
the mix-match strategy. In addition to all the aspects of produc-
tion, delivery, and administration, as the effectiveness of vaccines
against SARS-CoV-2 VOCs, such as Alpha, Beta, Gamma, and Delta
was notably reduced, using the mix-match strategy to enhance
immunity is an expedient method. However, it is impractical to
verify the effectiveness of mix-match vaccines against VOCs via
the traditional phase 3 randomized controlled trial because the
emerging VOCs such as Omicron and its spread is so rapid.

4.2. Current evidence on immunogenicity and effectiveness for the
mix-match strategy

In Spain, CombiVacS trial enrolled a total of 676 individuals aged
18–60 years, who were randomly assigned to the prime dose of ChA-
dOx1 nCov-19 followed by the boost dose of BNT162b2 and a single
6869
dose of ChAdOx1 nCov-19. The geometric mean titers of the inter-
ventional group were significantly higher for receptor-binding
domain (RBD) protein and trimeric spike protein IgG than those of
the control group [1]. In UK, Com-COV trial with 830 adults aged
older than 50 years enrolled and randomized across eight groups
to receive ChAdOx1 nCov-19-ChAdOx1 nCov-19, ChAdOx1 nCov-
19-BNT162b2, BNT162b2- BNT162b2 and BNT162b2-ChAdOx1
nCov-19, administered at 4- or 12-week intervals. The geometric
mean concentrations of both anti-spike IgG and T cell response were
higher than those of homologous group with ChAdOx1 nCov-19 [2].
One study enrolled healthcare workers in Germany, with 174 receiv-
ing homologous BNT162b2, 38 receiving homologous ChAdOx1
nCov-19, and 104 receiving heterologous ChAdOx1 nCov-19-
BNT162b2. The SARS-CoV2-specific IgG and T-cell responses of the
heterologous group after the boost immunization were higher than
those of the homologous groups with either BNT162b2 or ChAdOx1
nCov-19. Although the aforementioned differences were not statisti-
cally significant, but the geometric mean of 50 % inhibitory dose
against alpha and beta variants were highest in the participants of
heterologous group [3]. Another study in Germany enrolled individ-
uals older than 60 years with the first dose of ChAdOx1 nCov-19 vac-
cination followed by the boost dose of homologous ChAdOx1 nCov-
19 or heterologous BNT162b2 vaccine by their own choice. The
heterologous group induced significantly higher titer of NtAb against
not only Wuhan strain but also other VOCs like Alpha, Beta, and
Gamma variants [4]. The other study was conducted in Sweden to
compare the NtAb titers of homologous ChAdOx1 nCov-19 vaccina-
tion and heterologous ChAdOx1 nCov-19- mRNA1273. The NtAb titer
against both original Swedish isolate and Beta variants was signifi-
cantly higher in the heterologous group than that of the homologous
group [5]. Most of the aforementioned studies merely quantify the
difference of NtAb titers between mix-match and homologous
groups. However, the link between NtAb titer and the correlate of
protection should be elucidated. It is the main purpose of our study.

The effectiveness of heterologous ChAdOx1 nCov-19-mRNA1273
has been reported as 79 % (95 % confidence interval [CI], 62 %-
88 %) through a nationwide cohort study in Sweden which included
16,402 vaccinated and 10,984 unvaccinated individuals. The estimate



Fig. 4. Distributions of standardized NtAb under different VOCs (a) B.1.351 (Beta) (b) B.1.671 (Delta) (c) B.1.1.529 (Omicron).

Table 2
Protection ratio between homologous AZD1222 and mRNA-1273 given a cutoff of
standardized NtAb.

Standardized
NtAb

Probability density given a cutoff of
standardized NtAb

Protection
ratio

Homologous
AZD1222

Homologous
mRNA-1273

4.000 0.16 0.11 0.70
4.100 0.14 0.13 0.94
4.123 0.14 0.14 1.00
4.200 0.12 0.15 1.26
4.220 0.12 0.16 1.33
4.300 0.10 0.18 1.68
4.400 0.09 0.20 2.25
4.500 0.07 0.22 3.02
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from Swedish study is very close to our estimate ranged from 81.25 %
to 84.87 % under Delta VOC [19]. The validity of using CoP to prove
clinical efficacy has also been demonstrated in a randomized con-
trolled trial for homologous mRNA vaccination [20].
4.3. The methodology for immunobridging

Furthermore, to identify the immune correlate of protection
from vaccination and predict the effect of VOCs on the changes
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in immunity will be reflected in clinical outcomes should be timely
and precise to accelerate the development of vaccine strategies and
the deployment of vaccine. One study analyzed the relationship
between neutralization levels and the observed protection from
symptomatic SARS-CoV-2 infection by using the data from seven
different vaccines with the respective convalescent cohorts as a
reference group under the framework of logistic method [6]. The
other study derived a weighted generalized additive model to pre-
dict the absolute risk of SARS-CoV-2 infection by using the data of
infected and non-infected participants vaccinated with ChAdOx1
nCov-19 [7]. However, the aforementioned two studies needed
either convalescent cohorts as reference or comprehensive data
of case and non-case with vaccination. These analyzing methods
were time-consuming and impractical in the current situation with
the rapid evolution of SARS-CoV-2 variants. The information on
convalescent cohorts as reference or comprehensive data of case
and non-case with vaccination is not necessary to estimate the
CoP of mix-match vaccine by using our Bayesian reasoning
method. More importantly, with more and more vaccines entering
the market, this methodology can be applied to efficiently deter-
mine what potential mix-matching of products would likely pro-
duce the best efficacy before a clinical trial. However, our
methodology for predicting CoP would not replace Phase 2–3 trial
but only strengthening immunobridging and providing the guid-



Table 3
Protection ratio between mix-match vaccine (AZD1222 and mRNA-1273) and homologous AZD1222 and predicted protection of mix-match vaccine given a cutoff of standardized
NtAb.

Standardized NtAb Probability density given a cutoff of
standardized NtAb

Protection ratio Predicted protection, % (95 % Confidence Interval)

Homologous AZD1222 Mix-match

4.000 0.16 0.68 4.19 0.91 (0.85, 0.96)
4.100 0.14 0.69 4.87 0.92 (0.87, 0.96)
4.123 0.14 0.69 5.03 0.92 (0.88, 0.96)
4.200 0.12 0.68 5.55 0.93 (0.89, 0.97)
4.220 0.12 0.67 5.68 0.93 (0.89, 0.97)
4.300 0.10 0.65 6.20 0.94 (0.90, 0.97)
4.400 0.09 0.60 6.78 0.94 (0.91, 0.97)
4.500 0.07 0.54 7.27 0.94 (0.91, 0.97)

Table 4
Protection ratio between homologous AZD1222 and mRNA-1273 given a cutoff of standardized NtAb under different VOCs.

Standardized NtAb Probability density given a cutoff of standardized NtAb Protection ratio

Homologous AZD1222 Homologous mRNA-1273

Wuhan or D614G variant
4.22 0.12 0.16 1.33
B.1.351 (Beta) VOC
1.14 0.27 0.35 1.33
B.1.671 (Delta) VOC
1.48 0.29 0.38 1.33
B.1.1.529 (Omicron) VOC
3.14 0.0036 0.0048 1.33

Table 5
Predicted protection of mixed vaccine (AZD1222 and mRNA-1273) for different fold reduction of NtAb given a cutoff for Beta VOC.

Fold reduction Standardized NtAb Probability density Protection ratio Predicted protection, % (95 % Confidence Interval)

B.1.351 (Beta) VOC
8 0.50 0.35 1.31 75.63 (63.84, 86.00)
9 0.45 0.34 1.26 74.93 (62.96, 85.53)
9.65 0.42 0.33 1.23 74.55 (62.47, 85.27)
10 0.40 0.33 1.22 74.36 (62.23, 85.15)
11 0.37 0.32 1.19 73.87 (61.62, 84.82)
B.1.671 (Delta) VOC
2 2.01 0.69 2.56 84.87 (76.76, 92.20)
2.5 1.61 0.67 2.50 84.56 (76.33, 92.02)
3.5 1.15 0.61 2.28 83.33 (74.61, 91.31)
4.5 0.89 0.57 2.10 82.18 (73.04, 90.65)
5.5 0.73 0.53 1.97 81.25 (71.77, 90.10)
B.1.1.529 (Omicron) VOC
32.5 0.124 0.00000082 0.00066 0.067 (0.003,0.011)
33 0.122 0.00000080 0.00065 0.065 (0.003,0.011)
34 0.118 0.00000078 0.00063 0.063 (0.003,0.010)
35 0.115 0.00000075 0.00061 0.061 (0.003,0.010)
36 0.112 0.00000073 0.00059 0.059 (0.003,0.010)
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ance for Phase 3 trial, if new mix-match strategy is considered on
sample size determination and a surrogate endpoint for CoP.

By using the proposed immunobridging approach, the compar-
ison of clinical efficacy between the mix-match vaccination with
the homologous vaccine can be attained [21,22], however this is
the purpose of this study. Following the spirt of CoP on immuno-
bridging studies as the previous mix-match trial [1–5] has demon-
strated the heterologous vaccination had higher immunogenicity
than the homologous vaccine. This implies the mix-match can
attain a higher clinical efficacy than the homologous vaccine. If this
is not true it is very difficult to apply these immunobridging stud-
ies to compete the EUA in the face of emerging variants. Otherwise,
one need to do a phase 3 randomized trial on the comparison
between the mix-match vaccination and the homologous vaccine,
which is not infeasible when facing the new variants.
6871
There are some inevitable limitations in this study. First, we
estimate CoP via the NtAb titers, which is related to B cell immu-
nity. Vaccine-induced T cell-mediated immunity is not investi-
gated in this study. Second, immunity waning could not be
evaluated in this study. The exact duration of mix-match vaccine
against VOCs is still elusive. Third, heterogeneity across studies is
one of potential factors affecting the results should be considered
in the future.

In conclusion, we developed a very useful means for CoP target-
ing at the mix-match vaccine type with timeliness of dispensing
with the conduction of a phase 3 trial on the mix-match vaccina-
tion. The finding and methodology can be applied to evaluating
CoP for any kind of the mix-match vaccine against VOCs. Here,
we demonstrate the mix-match of ChAdOx1 nCov-19 and
mRNA1273 vaccine still provides clinical efficacy against Beta
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and Delta VOCs but it appears ineffective for Omicron variants.
These findings highlight the urgent need for next generation vac-
cine against emerging variant such as Omicron.
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