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Background/Purpose: Efficacy and safety data of heterologous prime-boost vaccination against
SARS-CoV-2 remains limited.

Methods: We recruited adult volunteers for homologous or heterologous prime-boost vaccina-
tions with adenoviral (ChAdOx1, AstraZeneca) and/or mRNA (mRNA-1273, Moderna) vaccines.
Four groups of prime-boost vaccination schedules were designed: Group 1, ChAdOx1/ChAdOx1
8 weeks apart; Group 2, ChAdOx1/mRNA-1273 8 weeks apart; Group 3, ChAdOx1/mRNA-1273 4
weeks apart; and Group 4, mRNA-1273/mRNA-1273 4 weeks apart. The primary outcome was
serum anti-SARS-CoV-2 IgG titers and neutralizing antibody titers against B.1.1.7 (alpha) and
B.1.617.2 (delta) variants on day 28 after the second dose. Adverse events were recorded
up until 84 days after the second dose.

Results: We enrolled 399 participants with a median age of 41 years and 75% were female. On
day 28 after the second dose, the anti-SARS-CoV-2 IgG titers of both heterologous vaccinations
(Group 2 and Group 3) were significantly higher than that of homologous ChAdOx1 vaccination
(Group 1), and comparable with homologous mRNA-1273 vaccination (Group 4). The heterolo-
gous vaccination group had better neutralizing antibody responses against the alpha and delta
variant as compared to the homologous ChAdOx1 group. Most of the adverse events (AEs) were
mild and transient. AEs were less frequent when heterologous boosting was done at 8 weeks
rather than at 4 weeks.

Conclusion: Heterologous ChAdOx1/mRNA-1273 vaccination provided higher immunogenicity
than homologous ChAdOx1 vaccination and comparable immunogenicity with the homologous
mRNA-1273 vaccination. Our results support the safety and efficacy of heterologous prime-
boost vaccination using the ChAdOx1 and mRNA-1273 COVID-19 vaccines. (ClinicalTrials.gov
number, NCT05074368).

Copyright © 2022, Formosan Medical Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Coronavirus disease 2019 (COVID-19) has had a tremendous
impact on human health, social burden, and economic loss.
By January 2022, the World Health Organization (WHO) has
estimated the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) to have infected 376 million people
and caused 5.66 million deaths worldwide." Although non-
pharmaceutical interventions such as wearing face masks,
physical distancing and quarantining at-risk people are
important measures to prevent the transmission of SARS-
CoV-2, mass vaccination to provide herd immunity is still
the most important and fundamental method to reduce the
impact of COVID-19. A total of nearly 10 billion vaccine
doses have been administered globally as of January 2022."

In Taiwan, four SARS-CoV-2 vaccines have been made
widely available, including the non-replicating adenovirus
vector vaccine (ChAdOx1-nCoV-19 [ChAdOx1], AstraZe-
neca, UK) and the mRNA vaccines (SARS-CoV-2 messenger
RNA-1273, Moderna, USA; and BNT-162b2, BioNTech/Pfizer,
Germany) and perfusion-stabilized SARS-CoV-2 spike pro-
tein (S-2P) adjuvant vaccine (MVC-COV1901, Medigen,
Taiwan).? Current standard immunization protocol based
on existing clinical trial data recommends two doses of the
same SARS-CoV-2 vaccine at least 3 weeks apart (homolo-
gous prime-boost vaccination). The protection afforded by
two doses of ChAdOx1 vaccination with an interval of
10—12 weeks is about 81% (60%—91%),>* and that of two
doses of mRNA vaccination with an interval of 28 days is
94%—95%.”°
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ChAdOx1 vaccine associated thrombosis with thrombo-
cytopenia syndrome has lead European countries to suggest
a heterologous booster with mRNA vaccines for certain age
groups who have already received one dose of ChAdOx1
vaccine.”® Use of heterologous boost vaccination after
prime vaccination has been suggested to facilitate mass
COVID-19 immunization and avoid possible adverse re-
actions.” An observational cohort from Germany showed
that SARS-CoV-2—anti-RBD IgG titers were similar between
participants receiving homologous BNT-162b2/BNT-162b2
vaccination at a 3-week interval and those receiving het-
erologous ChAdOx1/BNT-162b2 vaccination at a 10— to 12
week interval, however, the geometric mean of 50% inhib-
itory dose against B.1.1.7 and B.1.351 variants and SARS-
CoV-2 S1 T-cell reactivity were highest among those
receiving heterologous vaccines.'® Another small cohort
from Sweden compared homologous ChAdOx1/ChAdOx1
with heterologous ChAdOx1/mRNA-1273 vaccination with a
9 to 12 week interval and showed the latter to more effi-
ciently stimulate SARS-CoV-2-specific antibodies and pro-
tect against the beta-SARS-CoV-2 variant."' However, the
intervals of prime-boost were variable in the previous an-
alyses, and the correlates of immune protection against
emerging SARS-CoV-2 variants by heterologous ChAdOx1/
mRNA-1273 vaccination were limited.

To better understand whether heterologous vaccination
could induce an enhanced humoral and/or cellular immune
response, and to evaluate the immune responses generated
specifically against the alpha and the delta SARS-CoV-2 var-
iants, we conducted a prospective study to compare the
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immunogenicity and safety of heterologous ChAdOx1/mRNA-
1273 vaccination versus standard homologous ChAdOx1/
ChAdOx1 and mRNA-1273/mRNA-1273 vaccination in Taiwan.

Materials and methods

Study design and participants

Healthy volunteers from two medical centers located in
northern Taiwan (National Taiwan University Hospital, Tai-
pei City; Taoyuan General Hospital, Tao-Yuan County) were
recruited. The participants were divided into four prime/
boost vaccination schedules (Fig. 1): homologous ChAdOx1/
ChAdOx1 vaccination 8 weeks apart (Group 1); heterologous
ChAdOx1/mRNA-1273 vaccination 8 weeks apart (Group 2);
heterologous ChAdOx1/mRNA-1273 vaccination 4 weeks
apart (Group 3); and homologous mRNA-1273/mRNA-1273
vaccination 4 weeks apart (Group 4). There were 100 par-
ticipants in each group, and blood was drawn from all
participants for SARS-CoV-2 IgG antibody test on the day
before the second vaccination, and on the 14th, 28th and
84th day after the second vaccine dose. SARS-CoV-2
neutralizing antibody tests were performed for 32 serum
samples randomly selected from each group at each visit. A
subset of 25 participants in each group were enrolled to
determine the other immunology profiles based on the
participants’ willingness to have more blood drawn on the
day before and the 28th day after the 2nd vaccination. A
standard diary card was designed to evaluate the safety of
vaccination according to WHO guidelines.'? All participants
were instructed to record any adverse reactions in the
standard diary card on the day of the 2nd vaccine dose,
daily in first week, then weekly till 84 days after boosting.
The records of the diary card were checked at each visit by
the physician investigator.

Adults aged 20 to 65 years old without underlying illness
or with well controlled comorbidities who had received a
priming vaccination with either ChAdOx1 or mRNA-1273
were eligible for recruitment. The exclusion criteria were
previous laboratory-confirmed SARS-CoV-2 infection, his-
tory of other vaccination within 30 days, pregnancy or
breastfeeding, and uncontrolled medical illness and
immunosuppression status not suitable for this study which
were evaluated and decided by investigators (physicians).

Immune compromised adults were excluded on the basis of
the presence of active malignancy, organ transplantation,
or ever received immunosuppressive therapy include
prednisolone greater than 10 mg per day or its equivalent
dose, any B-cell depleting agents, tumor necrosis factor a
inhibitors, tyrosine kinase inhibitors, or other cytokine in-
hibitors within 90 days.

For those participants who had received ChAdOx1 prime
vaccination 8 weeks ago, they were randomized into ho-
mologous ChAdOx1 boost group or heterologous mRNA-1273
boost group. For those participants who had received
mRNA-1273 or ChAdOx1 prime vaccination 4 weeks ago,
mMRNA-1273 boost vaccinations were arranged. Laboratory
staff processing the cellular immunity and humoral immu-
nity tests were blinded to the blood samples received.

The adenoviral vectored vaccine ChAdOx1-nCov-19
(AstraZeneca) and the mRNA vaccine SARS-CoV-2
messenger RNA-1273 (Moderna) were used in this study.
Vaccination and blood sampling were performed by well-
trained research nurses. Participants were observed for 30
minutes after vaccination.

The primary outcome was serum SARS-CoV-2 anti-spike
IgG concentration and neutralizing antibody titers at 28th
day after boost vaccination. Secondary outcomes included
other cellular or humoral immune profiles and solicited
local and systemic reactions after boost vaccination.

Ethics declaration

This study has been approved by the Institutional Review
Boards (Ethics Committee) of National Taiwan University
Hospital (IRB No. 202106039 MINA) and Tao Yuan General
Hospital (IRB No. TYGH 110027).

Laboratory tests

Anti-SARS-CoV-2 spike antibody

Anti-SARS-CoV-2 spike (S) IgG was determined by Abbott
SARS-CoV-2 IgG Il Quant assay (06560, Abbott, USA). This
assay, designed to measure specific 1gG antibodies to the
receptor binding domain (RBD) of S protein, is a chemilu-
minescent microparticle immunoassays (CIMA) on the Ar-
chitect i2000SR analyzer (Abbott, USA). Results were
reported as arbitrary units (AU) per milliliter, and the cut-

Prime ChAdOx1 Prime mRNA-1273
(n=300) (n=100)
Exclusion:
Rituximab use
(n=1)
Group 1 Group 2 Group 3 Group 4
Boost ChAdOx1 Boost mRNA-1273 Boost mRNA-1273 Boost mRNA-1273

8 weeks apart

(n=100)

8 weeks apart

(n=100)

4 weeks apart

(n=100)

4 weeks apart

(n=99)

Figure 1
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Classification of four study groups in this study.
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off value was 50.0 AU/mL. The mathematical relationship
of the Abbott AU/mL unit to WHO unit (binding antibody
unit per mL [BAU/mL]) would follow the equation: BAU/
mL = 0.142"AU/mL.

Neutralizing antibody test

The neutralizing antibody titers in the serum were deter-
mined by a 50% tissue culture infectious dose (TCID50)-
based neutralization method. Briefly, Vero E6 cells
(1 x 10* cells per well) were seeded in 96-well plates and
incubated in DMEM containing 10% FBS for 18 to 24 hours.
The medium was replaced with 100 uL of fresh DMEM con-
taining 2% FBS for 1 hour before infection. Serum samples
were inactivated at 56 °C for 30 min before use. Serial two-
fold dilutions of sera were mixed with an equal volume of
100 TCID50 SARS-CoV-2 virus suspension. The mixture was
incubated for 2 hours at 37 °C. After that, the virus-
antibody mixture was transferred onto a monolayer of
Vero E6 cells, and the cells were incubated with the
mixture for 3 days. Cells were fixed with 10% formalin
(HT501128, Sigma—Aldrich, USA) and stained with 0.5%
crystal violet (0528, VWR International, USA). Serum
neutralization titers (NTsg) were calculated and expressed
as the reciprocals of the highest serum dilution that inhibits
50% of cytopathic effects. The neutralization titers for a
panel of serum samples whose titers in IU/mL have been
determined after comparison with the WHO IS sera (20/130,
20/136, and 20/268) was used. The results from the
reference panel were used to convert NTsq to IU/mL for our
test sera. Both B.1.1.7 (alpha) and the B.1.617.2 (delta)
SARS-CoV-2 variants were used in the neutralizing antibody
test.

Cell isolation, stimulation, and analysis of spike-
specific T cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized whole blood by density Ficoll gradient
centrifugation, and subsequently cryopreserved in aliquots
of up to 1 x 107 cells in heat-inactivated fetal bovine serum
(FBS) (Hyclone) containing 10% DMSO. One day before
stimulation, PBMCs were thawed and washed once in RPMI
1640 (Gibco) supplemented with 10% FBS, and then rested
overnight at a concentration of 1 x 107 cells/ml. The next
day, 2.5 x 10° PBMCs were resuspended in RPMI 1640 sup-
plemented with 10% human AB serum (Lonza), 1 mM sodium
pyruvate (Gibco), NEAA (100:1; Gibco), HEPES (100:1;
Gibco), and 50 uM B-mercaptoethanol, and stimulated with
SARS-CoV-2 spike protein overlapping peptides pools 1 and
2 (2 pg/ml; JPT, Berlin, Germany) in the presence of
agonistic antibodies against CD28 (1 ug/ml; BD Biosciences)
and CD49d (1 png/ml; BD Biosciences) for 2 hours, and were
subsequently incubated with Golgi Stop (BD Biosciences) for
5 hours. The SARS-CoV-2 spike glycoprotein overlapping
peptide pool 1 covering the N-terminal amino acid residues
1—643 (abbreviated to ‘S-I’ [N-term]) contains 158 15-mers
that overlapped by 11 amino acids. The SARS-CoV-2 spike
glycoprotein pool 2 covers the C-terminal amino acid resi-
dues 633—1273 with 157 peptides in total. PBMCs stimu-
lated with anti-CD3 (1 pg/ml; BD Biosciences) and CD28
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(1 ng/ml; BD Biosciences) serve as a positive control, and
those treated with DMSO as a negative control in maximal
volume corresponding to the DMSO amount in peptide
pools. After stimulation, cells were first stained with
fluorescent-conjugated antibodies against surface anti-
gens, including anti-CD3 PE-Cy7, anti-CD4 BV605, anti-CD8
PerCP-Cy5.5, anti-CD69 APC-H7. Cells were then fixed and
permeabilized with BD Cytofix/Cytoperm™ (BD Bio-
sciences), and subsequently stained with anti-IFN-y BV421
and TNF-o BUV395. Samples were analyzed by BD FACS
LSRFortessa™ cytometer. For Th1/Th2 cytokine measure-
ment, PBMCs were stimulated with SARS-CoV-2 spike pro-
tein overlapping peptides pools and incubated for 24 hours,
and the secreted cytokines (IL-2, IL-6, IL-10, IFN-v, TNF-q,
IL-5, IL-13, IL-4) in the resultant supernatants were
measured by LEGENDplex bead-based immunoassays
(BioLegend).

Analysis of spike-specific B cells

For detection of antigen-specific B cells, spike protein (R&D
Systems) was biotinylated using the biotin conjugation kit
(Abcam), and was subsequently labeled for 1 hour at 4 °C
with streptavidin (SA)-allophycocyanin (APC)/phycoery-
thrin (PE) (Miltenyi Biotec) at a 5:1 mass ratio and with SA-
FITC (Miltenyi Biotec) at a 4:1 mass ratio, respectively. Ten
million resting PBMCs and SA-fluorescence-labeled bio-
tinylated proteins (protein probes) were treated with 5 mM
of d-biotin (Cayman Chemical) for 15 min at room tem-
perature, and then stained with protein probes (0.6 nug
spike-PE/APC; 0.4 pg receptor binding domain derived from
spike protein (RBD-FITC) for 30 min. The RBD-FITC was from
Dr. Mi-Hua Tao at Academia Sinica, Taipei, Taiwan. Cells
were then washed twice with staining buffer, and stained
by a panel of surface marker antibodies, including anti-CD3
PE-Cy7, anti-CD19 BV421, anti-CD20 PE-CF594, anti-IgG
APC-H7, and anti-IlgM BUV395. Finally, cells were analyzed
using BD FACS LSRFortessa™ cytometer.

Statistical analysis

Categorical variables were presented as numbers and per-
centages and were compared using the chi-square test or
Fisher exact test. Continuous variables were presented as
median (range) and mean (standard deviations), and were
compared using the Student’s t-test. The average values of
binding antibody titers were expressed as geometric means
with 95% confidence interval. Mann—Whitney U test was
performed to compare the antibody titers between groups.
All analyses were set at a 2-tailed significance level of 0.05.
All statistics were conducted by Stata software (version 14;
StataCorp, College Station, Texas, USA).

Results

Between July 1 and August 31, 2021, 400 participants were
recruited and ultimately, 399 were enrolled in this study.
One participant in Group 4 was excluded because of
immunosuppressant (rituximab) use before the second
vaccine dose. Demographic characteristics and concurrent
medications are shown in Table 1. The median age of 399
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Table 1  Baseline characteristics by vaccine schedule in prime-boost interval study groups.
Group 1 Group 2 Group 3 Group 4 P-value
(n = 100) (n = 100) (n = 100) (n = 99)

Age (Mean + SD) 41.1 +10.7 42.3 +10.7 40.9 + 10.6 42.2 + 8.9 0.702

Male (n, %) 20 (20.0%) 19 (19.0%) 22 (22.0%) 40 (40.4%) 0.001

Past history, n (%)
DM under OHA 4 (4.0%) 2 (2.0%) 4 (4.0%) 1 (1.0%) 0.477
DM under insulin 0 (0.0%) 1 (1.0%) 0 (0.0%) 0 (0.0%) 0.394
Hypertension 8 (8.0%) 9 (9.0%) 3 (3.0%) 5 (5.0%) 0.278
Coronary arterial disease 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) =
Congestive heart failure 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) —
Stroke 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) =
Chronic lung disease 0 (0.0%) 2 (2.0%) 4 (4.0%) 2 (2.0%) 0.254
Chronic viral hepatitis 5 (5.0%) 4 (4.0%) 0 (0.0%) 4 (4.0%) 0.195
Decompensated hepatic insufficiency 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Chronic kidney disease 2 (2.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.111
ESRD under dialysis 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.0%) 0.386
Hyperthyroidism 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) =
Hypothyroidism 1 (1.0%) 3 (3.0%) 4 (4.0%) 0 (0.0%) 0.167
Rheumatoid arthritis 2 (2.0%) 2 (2.0%) 0 (0.0%) 1 (1.0%) 0.528
Ankylosing spondylitis 1 (1.0%) 0 (0.0%) 1 (1.0%) 0 (0.0%) 0.572
Antiphospholipid syndrome 2 (2.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.111
Systemic lupus erythematosus 0 (0.0%) 1 (1.0%) 0 (0.0%) 0 (0.0%) 0.392
Sjogren Syndrome 2 (2.0%) 3 (3.0%) 0 (0.0%) 1 (1.0%) 0.338
Solid organ malignancy 2 (2.0%) 3 (3.0%) 2 (2.0%) 2 (2.0%) 0.953
Seronegative spondyloarthritis 1 (1.0%) 3 (3.0%) 0 (0.0%) 1 (1.0%) 0.280
Autoimmune thyroiditis 0 (0.0%) 1 (1.0%) 2 (2.0%) 0 (0.0%) 0.298

Current medication, n (%)
Methotrexate 1 (1.0%) 1 (1.0%) 0 (0.0%) 0 (0.0%) 0.572
Plaquenil 5 (5.0%) 4 (4.0%) 0 (0.0%) 6 (6.1%) 0.122
Rituximab 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) —
NSAID except COX-2 0 (0.0%) 1 (1.0%) 1 (1.0%) 4 (4.0%) 0.104
COX-2 inhibitor 3 (3.0%) 3 (3.0%) 2 (2.0%) 1 (1.0%) 0.746
Sulfasalazine 2 (2.0%) 1 (1.0%) 2 (2.0%) 1 (1.0%) 0.881
Steroid 1 (1.0%) 0 (0.0%) 1 (1.0%) 0 (0.0%) 0.572

OPD visit for adverse effect 0 (0.0%) 0 (0.0%) 1 (1.0%) 0 (0.0%) 0.392

SD, standard deviation; DM, diabetes mellitus; OHA, oral hypoglycemic agent; ESRD, end stage renal disease; NSAID, non-steroidal anti-
inflammatory drug; COX-2, cyclooxygenase-2; OPD, out-patient department.

participants was 41 years (interquartile range, 33—48 years)
with 75% women. Baseline characteristics were balanced
across the four groups except the Group 4 having a higher
proportion of men participants (Table 1). During the study
period, neither hospitalization nor acquisition of SARS-CoV-
2 infection occurred in any participants. Only one partici-
pant in Group 3 had an out-patient clinic visit because of
persistent generalized skin rashes and later was diagnosed
as psoriasis vulgaris on skin biopsy.

SARS-CoV-2 anti-spike IgG titers

The SARS-CoV-2 anti-spike IgG titers of the four groups of
participants before and after booster vaccination are
shown in Table 2 and Fig. 2A. In each group, the SARS-CoV-2
anti-spike 1gG titers increased significantly at 14th day,
28th day, and 84th day after booster vaccination compared
to the baseline titer before boost vaccination (all
P < 0.0001). The results showed that immunological

response could be augmented either by homologous or
heterologous vaccinations. Except for homologous ChA-
dOx1/ChAdOx1 vaccination (P = 0.116), a significant
decrease in SARS-CoV-2 anti-spike IgG titers were found on
day 28 after boosting compared with titers on day 14
(P < 0.0001), suggesting the peak antibody response is
likely to occur between these two timepoints. The anti-
spike IgG titers were further decreased on day 84 in all 4
groups. On day post boost, the SARS-CoV-2 anti-spike 1gG
titers (geometric mean, 95% confidence interval, binding
antibody units [BAU/mL]) of both heterologous vaccinations
(Group 2, 1534.82 [1350.72—1744.02] BAU/mL], and Group
3, 1789.50 [1588.75—2015.62] BAU/mL]) were significantly
higher than that of homologous ChAdOx1/ChAdOx1 vacci-
nation (Group 1, 170.09 [146.79—197.08] BAU/mL). Ho-
mologous  mMRNA-1273/mRNA-1273  vaccination  had
significantly higher geometric mean antibody titer (Group
4, 2516.60 [2285.50—2771.06] BAU/mL) compared to other
3 groups (Table 2 and Supplementary Table 1). The ho-
mologous ChAdOx1/ChAdOx1 group (Group 1) had lower
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Table 2  Anti-SARS-CoV-2 antibody responses of 4 vaccine groups at Day 1, Day 14, Day 28, and Day 84 post booster dose.

SARS-CoV-2 S-1gG
(BAU/mL)
Geometric mean (95% Cl)

Geometric mean neutralization titer (NTso) (IU/mL)

Alpha Variant Delta Variant

Group 1 Day 1 72.10 (60.06—86.56)
Day 14 194.07 (165.50—227.57)
Day 28 170.09 (146.79—197.08)
Day 84 88.96 (77.50—102.12)
Group 2 Day 1 76.38 (64.82—89.99)
Day 14 2330.81 (2038.83—2664.60)
Day 28 1534.82 (1350.72—1744.02)
Day 84 517.36 (456.46—586.39)
Group 3 Day 1 93.47 (76.77—113.80)
Day 14 3283.76 (2905.02—3711.87)
Day 28 1789.50 (1588.75—2015.62)
Day 84 553.68 (494.20—620.31)
Group 4 Day 1 449.28 (383.46—526.40)
Day 14 3791.72 (3457.41—4158.35)
Day 28 2516.60 (2285.50—2771.06)
Day 84 903.10 (813.62—1002.43)

8.73 1.07
125.94 3.73
97.02 4.72
32.22 3.66
4.35 1.00
1237.61 274.55
928.72 204.42
282.36 73.51
11.03 1.42
993.21 263.07
510.66 89.81
180.98 35.01
51.13 2.41
1524.16 342.12
961.98 195.36
403.75 105.72

BAU, binding antibody units; Cl, confidence interval; NTso, 50% neutralization titer; IU, international unit.
Antibody values were transformed to log values, and the average values were expressed as geometric means with 95% confidence

interval.

anti-spike 1gG antibody titers than the other 3 groups
throughout.

Spike protein-specific memory B cells

The frequency and phenotypes of the memory B cells car-
rying membrane-bound immunoglobulin-specific for spike
protein are shown in Fig. 2B. The frequencies of spike
protein-specific memory B cells before boost vaccination in
the three ChAdOx1 prime vaccination groups (Groups 1, 2,
and 3) were all around 0.07%, which is not significantly
different between each other, but is significantly lower
than that in mRNA-1273/mRNA-1273 prime vaccination
group (Group 4) (0.23%). In contrast, on day 28 after
booster vaccination, the frequencies of the spike protein-
specific memory B cells increased significantly in the two
heterologous ChAdOx1/mRNA-1273 vaccination groups
(Group 2 and Group 3) and homologous mRNA-1273/mRNA-
1273 group (Group 4), but not in the ChAdOx1/ChAdOx1
group (Group 1). Moreover, on day 28 post boosting, the
frequencies of spike protein-specific memory B cells in the
heterologous ChAdOx1/mRNA-1273 vaccination groups
(Group 2 and Group 3) and homologous mRNA-1273/mRNA-
1273 group (Group 4) were significantly higher than that of
ChAdOx1/ChAdOx1 group (Group 1). Fold-increase of spike
protein-specific memory B cells on day 28 post boost
vaccination in the four groups were 1.4, 2.8, 3.3, and 2.6,
respectively.

Neutralizing antibody tests

The neutralizing antibody titers against SARS-CoV-2 alpha
and delta variants, determined by a TCIDsp-based neutral-
ization method, were converted into IU/mL using a WHO
reference panel. The neutralizing antibody titers against
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the alpha and delta variants are shown in Fig. 3A and 3B,
respectively. Lower neutralizing antibody titers against the
delta variant were observed in both the heterologous and
homologous prime-boost groups when compared to those
against the alpha variant. For those receiving at least one
dose of mRNA-1273 vaccine, their neutralizing antibody ti-
ters against alpha or delta variants were all significantly
higher than those of Group 1 (Fig. 2 and Supplementary
Table 1). For those receiving heterologous mRNA vaccines,
Group 2 with a longer interval between the two doses had
better neutralizing antibody titers than Group 3 on days 24
and 84 after the second dose, and comparable neutralizing
antibody titers as compared to those receiving homologous
mMRNA-1273 vaccine (Supplementary Table 1). Group 3 with
a shorter interval between heterologous mRNA boosting had
a significant lower mean titer of neutralizing antibodies
than those of Group 4 at all three timepoints post 2nd
vaccine dose. All 4 groups had lower neutralizing antibody
titers by day 84 compared to days 14 and 28 post 2nd
vaccine dose.

Spike protein-specific T cells

The spike protein-specific TNF-a- or IFN-y-secreting CD8" T
cells on day 28 post boost vaccination did not increase
significantly in all 4 groups (Fig. 4A). However, the spike
protein-specific TNF-a- or IFN-y-secreting CD4% T cells
increased significantly in Groups 3 and 4, but not in Groups
1 and 2. In addition, the frequencies of spike protein-
specific TNF-a- or IFN-y-secreting CD4" T cells on day 28
post boosting in Groups 3 and 4 are significantly higher than
that in the ChAdOx1/ChAdOx1 group (Group 1). The ho-
mologous mMRNA-1273/mRNA-1273 group (Group 4) had the
highest frequency of spike protein-specific TNF-a- or IFN-vy-
secreting CD4" T cells after 2nd dose, which was
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Figure 2 SARS-CoV-2 anti-spike IgG responses and spike-specific memory B cell responses after boost dose among four groups. (A)
Distributions of SARS-CoV-2 anti-spike IgG responses at the day before and 14th, 28th, and 84th days after boost vaccination; (B)
Responses of spike-specific memory B cells at the day before and 28th days after boost dose among four groups. (*P < 0.05,

**P < 0.01, **P < 0.005, ***P < 0.001).
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Figure 3 The serum neutralizing antibody titers (NTso) of 4 Groups of study subjects against SARS-CoV-2 (A) Alpha variant, and (B)
Delta variant.

had higher IL-4 and IL-10 production than the homologous
ChAdOx1/ChAdOx1 group (Group 1) (Fig. 4C). Groups 3 and
4 also had significantly higher IL-2 production than Group 1.
Interestingly, Group 3 exhibited the highest IFN-y produc-
tion, whereas Group 4 exhibited the highest production of

significantly higher than those of the other 3 groups
(Fig. 4B). We also analyzed the Th1/Th2 cytokine produc-
tion by T cells, and found that the two heterologous
ChAdOx1/mRNA-1273 vaccination groups (Groups 2 and 3)
and homologous MRNA-1273/mRNA-1273 group (Group 4)
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Immunological response of SARS-CoV-2 spike-specific memory T cells before and at 28th day post boost vaccination

among four groups. Intracellular staining of cytokines in spike-specific CD8" T cells (A) and spike-specific CD4" T cells (B). (C) Th1/
Th2 cytokine production by T cells using bead-based cytokine assay. (*P < 0.05, **P < 0.01, **P < 0.005, ****P < 0.001).

IL-4, IL-5, IL-13 and IL-10, primarily Th2 cytokines. How-
ever, TNF-o and IL-6 production did not differ significantly
between groups, and between pre- and post-booster
vaccination. These results indicate that the heterologous
ChAdOx1/mRNA-1273 vaccination schedule was superior to
the homologous ChAdOx1/ChAdOx1 vaccination schedule in
terms of humoral and cellular responses.

Adverse events

The adverse events of four study groups are shown in Table
3. Except skin rashes and gastrointestinal discomfort, het-
erologous ChAdOx1/mRNA-1273 vaccination groups (Group
2 and Group 3) and homologous mRNA-1273/mRNA-1273
vaccination group (Group 4) had higher rates of local
(pain, erythema, swelling) and systemic (fever, chills,
headache, myalgia, fatigue, arthralgia/arthritis) adverse
reactions compared to homologous ChAdOx1/ChAdOx1
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vaccination group (Group 1) (Supplementary Table 2). In
general, there were no significant differences of adverse
events between Groups 3 and 4, except for a higher pro-
portion of swelling and moderate chills in Group 3. As to
Groups 2 and 3, shorter interval of heterologous vaccination
group (Group 3) seemed to increase the prevalence of
adverse events, such as pain, swelling, fever, myalgia, and
fatigue than Group 2. There were no serious adverse events
occurred across all four groups during the observation
period. Only one participant had a clinic visit due to
persistent generalized skin rashes as described above.

Discussion

Understanding the immunogenicity and safety of heterolo-
gous vaccination enables governments to make rational
policy of vaccination for COVID-19 and selection of alter-
native vaccine in individuals who had severe adverse events
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Table 3  Adverse events of anti-SARS-CoV-2 vaccination schedule within 84 days after boost dose.
Group 1 Group 2 Group 3 Group 4 P-value
(n = 100) (n = 100) (n = 100) (n = 99)
Pain, n (%) Yes 62 (62.0%) 74 (74.0%) 96 (96.0%) 94 (94.9%) <0.001
Grade 2 or 3 14 (14.0%) 50 (50.0%) 44 (44.0%) 40 (40.4%) <0.001
Grade 3 2 (2.0%) 15 (15.0%) 9 (9.0%) 3 (3.0%) 0.001
Erythema, n (%) Yes 7 (7.0%) 14 (14.0%) 23 (23.0%) 17 (17.2%) 0.016
Swelling, n (%) Yes 6 (6.0%) 25 (25.0%) 42 (42.0%) 23 (23.2%) <0.001
Fever, n (%) Yes 8 (8.0%) 32 (32.0%) 55 (55.0%) 42 (42.4%) <0.001
Chills, n (%) Yes 16 (16.0%) 50 (50.0%) 51 (51.0%) 41 (41.1%) <0.001
Grade 2 or 3 4 (4.0%) 20 (20.0%) 28 (28.0%) 12 (12.1%) <0.001
Grade 3 1 (1.0%) 4 (4.0%) 0 (0.0%) 0 (0.0%) 0.034
Headache, n (%) Yes 30 (30.0%) 54 (54.0%) 53 (53.0%) 42 (42.4%) 0.002
Grade 2 or 3 8 (8.0%) 22 (22.0%) 26 (26.0%) 17 (17.2%) 0.007
Grade 3 1 (1.0%) 1 (1.0%) 1 (1.0%) 1 (1.0%) 1.000
Myalgia, n (%) Yes 46 (46.0%) 68 (68.0%) 91 (91.0%) 87 (87.9%) <0.001
Grade 2 or 3 9 (9.0%) 39 (39.0%) 33 (33.0%) 26 (26.3%) <0.001
Grade 3 1 (1.0%) 6 (6.0%) 1 (1.0%) 2 (2.0%) 0.074
Fatigue, n (%) Yes 55 (55.0%) 69 (69.0%) 91 (91.0%) 84 (84.8%) <0.001
Grade 2 or 3 13 (13.0%) 42 (42.0%) 30 (30.0%) 28 (28.3%) <0.001
Grade 3 2 (2.0%) 4 (4.0%) 1 (1.0%) 3 (3.0%) 0.560
Rashes, n (%) Yes 5 (5.0%_ 11 (11.0%) 8 (8.0%) 6 (6.1%) 0.393
Grade 2 or 3 1 (1.0%) 5 (5.0%) 4 (4.0%) 4 (4.0%) 0.445
Generalized rashes, n (%) Yes 0 (0.0%) 2 (2.0%) 1 (1.0%) 1 (1.0%) 0.569
Arthralgia/arthritis, n (%) Yes 1 (1.0%) 11 (11.0%) 12 (12.0%) 7 (7.1%) 0.015
Gl upset (nausea/vomit), n (%) Yes 2 (2.0%) 7 (7.0%) 8 (8.0%) 5 (5.1%) 0.259
Others, n (%) Yes 10 (10.0%) 21 (21.0%) 19 (19.0%) 19 (19.2%) 0.162

Others include chest tightness (n

11), anorexia (9), dizziness/vertigo (7), lymphadenitis (6), abdominal pain/epigastralgia (5),

diarrhea (5), palpitation (5), insomnia (4), limbs numbness (4), drowsiness (4), ecchymosis (3), epistaxis (2), conjunctivitis (1), asthma/

bronchitis (1), dysuria (1) and night sweats (1).
SD, standard deviation; Gl, gastrointestinal.

after their first dose. Our results revealed that heterolo-
gous ChAdOx1/mRNA-1273 vaccination provided strong hu-
moral and cellular immune responses comparable to
standard homologous mRNA-1273/mRNA-1273 vaccination
and approximately 10-fold higher SARS-CoV-2 anti-spike 1gG
levels than that of homologous ChAdOx1/ChAdOx1 vacci-
nation. Similar differences were also observed for
neutralizing antibody activity, vaccine induced spike-
specific memory B cell, and spike-specific T cell re-
sponses, and associated cytokine production in our present
study. Although significant higher proportion of adverse
reactions was observed in heterologous vaccination groups,
mostly were mild and well tolerated. Our results support
the safety and immunogenicity of heterologous ChAdOx1/
mMRNA-1273 vaccination with cross protection against both
alpha and delta variants of SARS-CoV-2.

Standard homologous ChAdOx1/ChAdOx1 had been
effective in preventing symptomatic COVID-19 when
administered with a 4 to 12 weeks interval between doses.*
The WHO recommended interval for ChAdOx1/ChAdOx1 is
8—12 weeks."® Vaccine efficacy was higher in participants
with a longer prime-boost interval (>12 weeks, 81.3%)
compared to those with a short interval (<6 weeks, 55.1%).*
Our results showed an 8-week interval homologous ChA-
dOx1/ChAdOx1 vaccination group had lower immunogenic
response than heterologous ChAdOx1/mRNA-1273 vaccina-
tion groups. Whether a longer interval (more than 8 weeks)
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of ChAdOx1/ChAdOx1 vaccination could provide compara-
ble immune response against SARS-CoV-2 compared to
heterologous ChAdOx1/mRNA-1273 (4—8 weeks apart)
needs further investigation.

Immunogenicity following heterologous boosting (3rd
dose) with mRNA vaccines compared to homologous mRNA
vaccines have been reported recently.’* In a large, open-
label clinical trial, 458 adult participants who had
completed two doses of COVID-19 vaccine regimen at least
12 weeks earlier, received a booster with one of three
vaccines included mRNA-1273, Ad26.COV2.S (Johnson &
Johnson-Janssen), or BNT-162b2 at least 12 weeks apart.
They found a similar increased trends of geometric mean
binding antibody titers among participants who had
received homologous or heterologous prime-booster mRNA
vaccines.' In contrast, our results revealed homologous
mMRNA-1273 vaccination had significantly higher antibody
titers compared with heterologous mRNA-1273 vaccination
at 4-week and 8-weeks apart. Whether a longer 12-week
interval yields a similar result between participants
receiving homologous and heterologous mRNA-1273 vaccine
remains unclear.

The titers of both RBD-binding and neutralizing anti-
bodies were found well correlated with protection against
symptomatic disease.”™'® A small cohort from Sweden
assessed 37 health care workers who had received ChA-
dOx1/ChAdOx1 with an interval of 9—12 weeks, compared
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with 51 heterologous ChAdOx1/mRNA-1273 prime-boost
vaccination.'" The results showed elevations of SARS-CoV-2
anti-spike 1gG titers at 7 to 10 days after boost compared
with the titers on the day of the boost were much higher in
heterologous compared to homologous group (115-folds
versus 5-folds, P < 0.001). Similarly, the serum neutrali-
zation titers of the 50% inhibitory dilution (IDsp) at 7 to 10
days after the heterologous ChAdOx1/mRNA-1273 boost
was 20-fold elevations than that on the day of the boost,
compared with a two-fold elevation of IDsg at 7 to 10 days
after homologous ChAdOx1/ChAdOx1 boost vaccination.
Another report from Germany showed that heterologous
ChAdOx1/BNT-162b2 (BioNTech/Pfizer) vaccination with an
interval of 11.2 + 1.3 weeks led to a significantly higher
elevation of SARS-CoV-2 anti-spike IgG titers compared with
homologous ChAdOx1/ChAdOx1 vaccination with an inter-
val of 10.8 + 1.4 weeks (3630 BAU/mL versus 404 BAU/mL,
P < 0.0001)"” and similar to homologous BNT-162b2/BNT-
162b2 vaccination with an interval of 4.3 + 1.1 weeks
(4932 BAU/mL) at a median of 14 days after boost.

A Spanish study recruited participants of aged 18 to 60
years to receive a boost dose of BNT-162b2 vaccine 2 to 3
months after priming with ChAdOx1. They found a 37-fold
increase in SARS-CoV-2 anti-spike 1gG at 14 days post boost,
higher than the 22-fold increase at 7 days and 19-fold in-
crease at 28 days post boost.'® A prospective cohort study
in Germany, which compared healthcare workers received
BNT-162b2/BNT-162b2 at a 3-week interval or ChAdOx1/
BNT-162b2 at an 8 to 12-week interval, showed similar
concentrations of binding antibody at 3 weeks post boost
and higher cellular responses in the ChAdOx1/BNT-162b2
recipients.’® Most of these studies, the interval of prime
and boost vaccination were a range of several weeks.
Consistent with their results, our study results, with fixed
duration of interval of 4 or 8 weeks, also demonstrated that
heterologous ChAdOx1/mRNA-1273 prime-boost vaccina-
tion schedule induced robust antibody production against
SARS-CoV-2. In addition, we also found that the heterolo-
gous prime-boost ChAdOx1/mRNA-1273 vaccination with an
8-week interval and the homologous mRNA-1273 vaccina-
tion with a 4-week interval had similar mean neutralizing
antibody titers, which are significantly higher than the 4-
week interval of heterologous ChAdOx1/mRNA-1273 vacci-
nation on day 28 after boosting.

Among a cohort of healthcare workers whose immune
responses following ChAdOx1-prime and 3 weeks later boost
with ChAdOx1 or BNT-162b2, the heterologous ChAdOx1/
BNT162b2 vaccination induced significantly higher fre-
quencies of spike-specific CD4" and CD8™ T cells responses
and higher titers of neutralizing antibodies against the
alpha, beta and gamma variants (all P < 0.0001)." Simi-
larly, a small German study that compared an 8-week in-
terval of  prime-boost ChAdOx1/BNT-162b2  with
homologous BNT-162b2/BNT-162b2 vaccination found
significantly higher neutralization titers against alpha
variant and equivalent neutralizing activities against beta
and delta variants.”’ Our study adds to the growing evi-
dence that heterologous ChAdOx1/mRNA-1273 produces
better neutralizing activities against both the alpha and
delta variants than homologous ChAdOx1/ChAdOx1 vacci-
nation when administered at 4-weeks or 8-weeks apart.
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Consistently, the analysis of spike-specific T cells and
associated cytokines showed that the heterologous
ChAdOx1/mRNA-1273 and the homologous mMRNA-1273/
mMRNA-1273 vaccination stimulated more spike-specific
cytokine-producing CD41 T cells and more cytokine secre-
tion than the homologous ChAdOx1/ChAdOx1 vaccination.
The increased frequency of spike-specific CD4" T helper
cells has been linked to the enhanced antibody response
against SARS-CoV-2 in heterologous ChAdOx1/BNT162b2
vaccination.?’

Regarding adverse events, a multicenter, randomized
prime-boost COVID-19 vaccination study that enrolled 830
healthy participants aged 50 years and older in United
Kingdom reported the frequency of systemic reactions to be
higher after the priming dose of ChAdOx1/ChAdOx1 group
and after the booster dose of BNT-162b2/BNT-162b2 group.??
Both heterologous vaccination schedules induced significant
higher systemic reactions following the booster dose than
their homologous counterparts. For example, fever was re-
ported in 34% of ChAdOx1/BNT-162b2 group compared with
10% of ChAdOx1/ChAdOx1 group, and 41% of BNT-162b2/
ChAdOx1 group compared with 21% of BNT-162b2/BNT-
162b2 group (all P values were <0.05), respectively. How-
ever, they found the systemic or local reactions were mild
and transient, and occurring mostly within 48 hours after
vaccination. In a study enrolling 330 healthcare workers who
received prime vaccination with BNT162b2 or ChAdOx1, the
adverse events among homologous BNT162b2/BNT162b2 or
ChAdOx1/ChAdOx1 vaccinations and heterologous ChAdOx1/
BNT162b2 vaccinations were not different for local reactions
but variable for systemic reactions, such as fatigue, myalgia,
headache, feverishness or chills, which were more frequent
after priming with ChAdOx1 (86%) and after homologous
BNT162b2 booster immunization (65%).'® Heterologous ChA-
dOx1/BNT162b2 had similar rates of systemic reactions and
antipyretic use as homologous ChAdOx1/ChAdOx1 and
BNT162b2/BNT162b2 groups. Compatible with these reports,
our results support the safety of heterologous prime ChA-
dOx1 and boost mRNA vaccination. Most adverse reactions of
our participants were also reported within 7 days after
vaccination. Shorter interval of heterologous vaccination (4
weeks) seemed to give rise to more adverse events, such as
pain, swelling, fever, myalgia, and fatigue than longer in-
terval (8 weeks) in our study.

A longer prime-boost interval of vaccination may offer
the potential to enhance and extend humoral immunity in
the elderly population. In a report with 172 participants
aged over 80 years without previous infections who
received homologous BNT162b2/BNT162b2 vaccination
either following a standard 3-week interval or delayed to 12
weeks, the peak antibody response was 3.5-fold higher in
donors who had undergone delayed interval vaccination,
although cellular immune responses were 3.6-fold lower.??
Our results presented here address a 4-week and 8-week
schedules with heterologous prime-boost interval of a
relatively younger population. Whether a 12 week-interval
between prime and boost vaccination could offer poten-
tial benefits to enhance and extend humoral immunity in
the younger population need further study.

Since there was a very low prevalence rate of COVID-19
in Taiwan and there was only one wave of community
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outbreak during May to June 2021, none of our vaccinees
were infected by SARS-CoV-2 before or after completing
their vaccine schedules. Their immune responses were very
likely due to a pure vaccination effect, without an occasion
for natural boosting. The limitations of our present study
include: first, we enrolled only 20—65 years old relatively
healthy subjects, and the results cannot be applied to other
age groups and immunosuppressed populations from our
study. Second, due to the low number of study subjects and
the low incidence and endemicity of COVID-19 in Taiwan,
we could not compare the efficacy or effectiveness of
different vaccination schedules.

In conclusion, our study confirms that heterologous
vaccination schedules of ChAdOx1 and mRNA-1273 can
induce robust and broad immune responses when adminis-
tered 4- or 8-weeks apart. The information support flexi-
bility in deploying mRNA and viral vectored vaccines
schedules with different prime-boost intervals. This infor-
mation would be useful, especially in countries with limited
supplies of mRNA vaccines or with considerable side effects
from the adenoviral based vaccine.
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