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By the end of July 2021, the majority of the Icelandic population had received
vaccination against COVID-19. In mid-July a wave of SARS-CoV-2 infections,
dominated by the Delta variant, spread through the population, followed by an
Omicron wave in December. A booster vaccination campaign was initiated to
curb the spread of the virus. We estimate the risk of infection for different
vaccine combinations using vaccination data from 276,028 persons and
963,557 qPCR tests for 277,687 persons. We measure anti-Spike-RBD antibody
levels and ACE2-Spike binding inhibitory activity in 371 persons who received
one of four recommended vaccination schedules with or without an mRNA
vaccine booster. Overall, we find different antibody levels and inhibitory
activity in recommended vaccination schedules, reflected in the observed risk
of SARS-CoV-2 infections. We observe an increased protection following
mRNA boosters, against both Omicron and Delta variant infections, although
BNT162b2 boosters provide greater protection against Omicron than mRNA-

1273 boosters.

Vaccines directed against SARS-CoV-2 have proven effective to reduce
the risk of severe disease and transmission of the virus'”. The four
vaccines used in Iceland were the BNT162b2 messenger RNA (mRNA)
vaccine (Pfizer-BioNTech), mRNA-1273 vaccine (Moderna) and ade-
noviral vector vaccines ChAdOx1 (AstraZeneca) and AD26.COV2.S
(Janssen).

Front-line workers and residents of nursing homes were the first
to be vaccinated, starting at the end of 2020, followed by a nationwide
effort to vaccinate the entire adult population. The vast majority of the
general population had completed the primary series of vaccination by
summer 2021. Emerging data on side effects lead to a targeted use of
different vaccines by age and sex with ChAdOx1 nCoV-19 being pri-
marily given to persons over 45 years of age®.

At the end of July 2021, with the emergence of the B.1.617.2 (Delta)
variant of concern (VOC) and a following rise in transmission, Israeli

authorities approved the administration of a third dose (booster) of
the BNT162b2 mRNA vaccine. This led to a 90% lower mortality from
infections among booster dose recipients than among those who
received only a two dose vaccination”™.

54,438 Icelanders (22% of those eligible for vaccine at the time)
received the recommended one dose of Ad26.COV2.S as their primary
vaccination. Due to a high incidence of SARS-CoV-2 infections among
those who received one dose of Ad26.COV2.S vaccine, the Chief epi-
demiologist of Iceland issued a recommendation of a booster dose of
mRNA vaccine to all Ad26.COV2.S vaccine recipients in early August
2021, which has been shown to be effective in raising antibody
levels'>". Following this, booster vaccinations were recommended for
the general public regardless of the vaccine they had initially received'.

The first case of the B.1.1.529 (Omicron) VOC in Iceland was con-
firmed on December 1, 2021, and spread rapidly, reaching 90% of daily
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confirmed cases by January 6, 2022". Although vaccine effectiveness
of BNT162b2 is reported to be lower against the Omicron variant,
booster vaccinations have been shown to substantially elevate the
neutralizing activity against the variant™5,

Here we report on the effect of vaccination on serum anti-Spike-
RBD antibody levels and their inhibitory activity in well-defined groups
of vaccine recipients matched for age and sex, with detailed informa-
tion on vaccination status and COVID-19 diagnosis, following both
recommended vaccination schedules for each of the four vaccines and
additional booster vaccinations. Finally, we use data on all vaccinations
(n=276,028 persons), all PCR tests (n=963,557 tests for n=277,687
persons) and persons diagnosed with COVID-19 (n = 31,919 persons) in
Iceland to estimate the effect of these vaccination schedules on the risk
of being diagnosed with COVID-19.

Results

Antibody and ACE2-Spike binding inhibition levels in vitro
Participants were recruited in July 2021 for measurements of antibody
levels and inhibition activity. Initially, four groups were drawn from
persons vaccinated with their last dose of the primary vaccine sche-
dule in May 2021. The groups were defined by the vaccine received,
two doses of BNT162b2, ChAdOx1, or mRNA-1273, and those who
received one dose of Ad26.COV2.S. Participants were invited to the
study, drawn from a list generated at random, designed to have the
same age and sex distribution for each vaccine type. This resulted in
441 invited persons, of which 196 participated (Table 1, Fig. 1), who
gave a single sample two months after receiving their last dose.

To analyze anti-Spike-RBD antibody levels we used recipients of
BNT162b2-BNT162b2 as a reference, as it was the most commonly used
SARS-CoV-2 vaccine in Iceland (Fig. S1)**. Ad26.COV2.S recipients had
the lowest antibody levels (6.3x lower than BNT162b2-BNT162b2
recipients, 95% CI: 3.7-10.4x), recipients of ChAdOx1-ChAdOx1 and
BNT162b2-BNT162b2 had similar levels (95% Cl: 0.6-1.4x) and reci-
pients of MRNA-1273-mRNA-1273 had the highest antibody levels (6.0x
higher than BNT162b2-BNT162b2 recipients, 95% CI: 3.8-9.3x) (Table 1,
Fig. 1B). We did not observe a significant effect of age (95% CI:
0.74-1.01x per 10 years) or sex (95% Cl: 0.49-1.08x, w.r.t. females) on
antibody levels.

The Spike-RBD antibody levels and ACE2-Spike binding inhibition
activity were highly correlated (R=0.82), and the vaccine groups
showed a similar separation for both measurements (Fig. 1B). Both
Ad26.COV2.S and ChAdOx1 vaccines elicited lower inhibition levels

than BNT162b2 (3.7x, 95% CI: 2.4-5.9%, and 2.8%, 95% CI: 2.0-3.9%,
respectively) while mRNA-1273 induced higher inhibition levels (3.3x,
95% Cl: 2.5-4.3x).

Effect of mRNA vaccine booster on antibody and inhibition
levels

In August 2021, a decision was made to offer persons who received a
single dose of Ad26.COV2.S a booster dose of an mRNA vaccine. To
study the effect on antibody and inhibition levels we invited indivi-
duals from a randomly generated list of those who had received a
single dose of Ad26.COV2.S 2 months prior. As these Ad.26.COV2.S
invitees had a different age distribution from the group recruited for
the comparison of primary vaccine schedules, we generated a separate
reference group of BNT162b2 recipients who had also received their
second dose 2 months prior. In the random generation of these two
lists the age and sex distributions were made to be identical. This
resulted in 573 invited persons and 106 participants who had received
Ad26.COV2.S and 59 participants who received BNT162b2 as a primary
vaccine (Table 1, Fig. 2). The Ad26.COV2.S vaccinees gave a sample
prior to receiving a booster dose and a follow-up sample
2 months after.

Of the 106 recruited persons, 99 participants gave their first
sample prior to or within 4 days after receiving the booster (Figs. S2,
S3, Table 1), and donated a second sample 50-70 days post-booster,
66 received mRNA-1273 and 33 BNT162b2 as a booster. We observed
markedly lower antibody levels in the Ad26.COV2.S pre-booster group
than the BNT162b2-BNT162b2 reference group (8.8x, 95% CI:
7.0-11.1x), whereas, recipients of Ad26.COV2.S-mRNA-1273 showed
antibody levels 4.4-fold higher than the BNT162b2-BNT162b2 refer-
ence group (95% Cl: 3.5-5.7x), and recipients of Ad26.COV2.S-
BNT162b2 had 2.6-fold higher levels (95% CI: 1.9-3.5x) (Fig. 3A, Table 1).
It is noteworthy that the Ad26.COV2.S-mRNA-1273 group had higher
antibody levels than the Ad26.COV2.S-BNT162b2 group (1.7x, 95% CI:
1.4-2.2x). The mean increase in antibody levels was 36.3-fold for
Ad26.COV2.S with booster mRNA-1273 (95% ClI: 31-43x) and 26.6-fold
for Ad26.COV2.S with booster BNT162b2 (95% CI: 21-34x) (Fig. 3B).

Prior to receiving a booster, Ad26.COV2.S recipients showed 4.7-
fold lower ACE2-Spike binding inhibition levels (95% CI: 3.8-6.0%)
(Fig. 3A, Table 1) than the BNT162b2-BNT162b2 reference group.
Ad26.COV2.S-BNT162b2 recipients were indistinguishable from the
BNT162b2-BNT162b2 reference group (95% CI: 0.83-1.36x), whereas
the Ad26.COV2.S-mRNA-1273 group showed 1.6-fold higher inhibition

Table 1| Overall demographics broken down by vaccines

Vaccine Comparison of recommended vaccine schedules Comparison of mRNA booster vaccination
Overall Ad26.COV2.S ChAdOx1- BNT162b2- mRNA- Overall Ad26.COV2.S BNT162b2- Ad26.COV2.S Ad26.COV2.S-
ChAdOx1 BNT162b2 1273- pre-booster BNT162b2 -BNT162b2 mRNA-1273
mRNA-
1273
Number (persons) 196 31 62 52 51 158 99 59 33 66
Female (%) 145 (73%) 26 (84%) 42 (68%) 35 (67%) 42 (82%) 97 (61%) 64 (65%) 33 (56%) 20 (61%) 44 (67%)
Age (mean, years) 51.7 53 50.2 52 52.5 37.2 37.2 37.1 36.8 37.3
Time from 49.5 50.5 50.3 46.0 51.6 59.6 62.6 52.8 60.1 62.7
vaccination (days)
Vaccine schedule
No of doses 1 2 2 2 - - - - -
Time interval - 3 months 3 weeks 4 weeks - - - - -
Measurements
Antibody 113 (108) 969 (2132) 850 (885) 3724 (3112) 167 (140) 1887 (4796) 3356 (2063) 5432 (2434)
U/mL (SD)
Inhibition 2.79 (4.04) 4.02 (7.97) 121 (14.3) 33.4 (25.8) 3.87 (2.06) 22.6 (22.3) 18.8 (11.5) 33.7 (20.5)
U/mlL (SD)
Time from vaccination is measured from final vaccination date to the date of sample collection.
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Fig. 2 | Groups used in the study of the effect of booster vaccination in persons
vaccinated with Ad26.COV2.S. A schematic overview of the recruited groups.

levels than the BNT162b2 reference group (95% CI: 1.3-2x). The mean
increase in inhibition levels was 5.0-fold in mRNA-1273 and 3.0-fold in
BNT162b2 booster recipients (95% Cl: 4.2-6.0x and 95% Cl: 2.3-4.0x,
respectively) (Fig. 3C). Thus, the increase was 1.6-fold higher in booster
recipients of mMRNA-1273 than BNT162b2 (95% CI: 1.2-2.4x). We neither
observed a significant effect of age or sex on antibody levels (95% CI:
0.98-1.01x and 95% CI: 0.88-1.26x respectively) nor on inhibition
levels (95% CI: 0.996-1.02x and 95% CI: 0.80-1.07x, respectively).
Furthermore, ACE2-Spike binding inhibition levels against nine addi-
tional Spike variants, including Delta, followed a similar trend with

Ad26.COV2.S-mRNA-1273 eliciting the highest levels (Fig. S4 and
Table S1).

Age association of anti-Spike-RBD antibody levels after
vaccination

We did not detect an effect of age on antibody levels following vac-
cination, possibly due to a relatively narrow age distribution in each
group. Thus, we took advantage of the fact that we had recruited two
separate reference groups that had both received their second dose of
BNT162b2 2 months before giving sample (n =52 and n =59), spanning
ages 22 to 68 years (Figs. 1, 2, Table 1). We observed that antibody
levels decreased with age (-24% per 10 years, 95% CI: 14-32%), (Fig. S5)
whereas sex and time from vaccination did not show an effect (95% CI:
0.8-1.55x and 95% CI: 0.17-1.47x per month).

Antibody waning following an mRNA booster dose

Waning of antibody levels and protection following vaccination
against SARS-CoV-2 has been reported®* . To study waning of anti-
body and inhibition levels following a booster dose we recruited 17
persons, out of 33 invited, in the beginning of August 2021, who had
received two doses of ChAdOx1 and later recieved a booster dose of
mRNA-1273 (Table S2, Fig. 4A). The first sample was taken prior to
receiving the booster dose and participants were followed up with
frequent sampling over a period of 154 days.

Antibody levels were substantially increased 2 months after the
booster vaccination with mRNA-1273 (12, 95% CI: 8.9-17x) (Fig. 4B).
We used measurements obtained 8-154 days after booster to estimate
the waning of antibody and inhibition levels and found it to corre-
spond to a half-life of 51 (95% Cl: 48-55) and 42 days (95% CI: 38-46),
respectively (Fig. 4B, C). We noticed that the waning was not consistent
with a steady decay, suggesting a plateauing of the antibody levels as
has been suggested®. We estimate the half-life of antibody levels to be
42 days (95% Cl: 39-45) for the first 100 days, but 93 days (95% Cl:
78-116) for the remaining time period.

Effect of vaccination on the risk of COVID-19 diagnosis caused
by Delta

To study the protection of vaccines against SARS-CoV-2 infections we
conducted a retrospective total population cohort study in Iceland. We
obtained data from the Vaccination Register (The Directorate of
Health) and included all persons who had received at least one dose of

Nature Communications | (2022)13:5701
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a vaccine before January 8 2022 (n=276,028). For each person we
obtained information about all vaccinations, the date of each dose
administered and vaccine used, as well as age and sex (Table S3). We
included only individuals aged 18-80 year old (Fig. 5). We obtained
data from the Register of Communicable Diseases (The Directorate of
Health) on all PCR tests conducted in Iceland from January 30, 2020 to
January 8, 2022 (n=963,557 tests for n=277,687 persons) to exclude
all persons with a prior infection.

We restricted the analysis of SARS-CoV-2 infections to the per-
iod of July 1-November 22, 2021 (Fig. 5), when a high fraction of the
adult population (87%) had received a full vaccination and a peak in
infections was dominated by the Delta VOC (Fig. S6). Figures S7, S8
show the observed cumulative hazard of SARS-CoV-2 infection for
different vaccination schedules. The increase in hazard rates was not
constant due to varying incidence of SARS-CoV-2 in the community.
Using a Cox proportional hazard model, we adjusted for the covari-
ates age, sex and time from vaccination prior to the start date and
used BNT162b2-BNT162b2 as a reference group. The adjusted
cumulative hazard rate is shown in Figs. 6, S8, where the risk is
adjusted w.r.t. the effect of covariates. A single Ad26.COV2.S dose
was less effective than the BNT162b2-BNT162b2 reference group
(Hazard ratio (HR): 2.2, 95% CI: 2.0-2.4), two doses of ChAdOx1 were
also less effective (HR: 1.6, 95% Cl: 1.43-1.70), whereas two doses of
mRNA-1273 were more effective than the BNT162b2-BNT162b2
reference group (HR: 0.8, 95% Cl: 0.71-0.91) (Table 2). However, a
booster dose of BNT162b2 offered Ad26.COV2.S vaccinees a 1.6-fold
higher protection than the BNT162b2-BNT162b2 (HR: 0.62, 95% CI:
0.52-0.73) and twofold higher (HR: 0.5, 95% CI: 0.42-0.60) if mRNA-
1273 was given as a booster. Similarly, persons who received a third
vaccine dose (booster), had a greater protection than the BNT162b2-
BNT162b2, or 3.7-fold higher (HR: 0.27, 95% CI: 0.14-0.47) for reci-
pients of BNT162b2-BNT162b2-BNT162b2 and 7.5-fold higher (HR:
0.13, 95% CI: 0.043-0.42) for recipients of ChAdOx1-ChAdOx1 and a
BNT162b2 booster.

Although the bulk of the primary vaccine series were adminis-
tered by spring and summer 2021 (Fig. S9), it is possible that a part of
the observed effect between different vaccines can be confounded by
the time since the last dose. To investigate this, we restricted our
analysis to a sub-cohort of 120,318 persons who received the final dose
of the primary vaccine series from June 1 to July 15 (Table S4). The
effect of each vaccine on the relative risk of infection remained the
same as in the full cohort, suggesting that the observed effect is not
driven by confounding of the time since the last dose.

Effect of vaccination on the risk of COVID-19 diagnosis caused by
Omicron

To estimate the protection against infection by the newly emerged
Omicron VOC we restricted our analysis to the period of December 1,
2021-January 8,2022 (Fig. 5), when 90% of infections were caused by
Omicron at the end of the period, with a concomitant increase of
more than 1000 PCR-confirmed infections per day (Fig. S6).
Sequencing of viral samples from infected individuals allowed us to
estimate protection against both Delta and Omicron VOC, and used
the 2xBNT162b2 as a reference group (Table 2). The absolute risk of
infection was higher for the Omicron variant during this time period
(Fig. S6B), and in order to compare the vaccine effectiveness, instead
of relative risk of infection, across the two variants would require
information from a large number of unvaccinated individuals, which
was not available due to the high vaccination rate in Iceland. There-
fore, the statistical models we fit for the risk of infection of Delta or
Omicron variants are not directly comparable, however, since the
same reference group is used for both analyses we can contrast the
differences in relative risk between vaccine groups across the two
variants.

Using the same Cox proportional hazard model as before, we
observed that one dose of BNT162b2 was 3.4-fold less effective against
the Delta variant than the BNT162b2-BNT162b2 reference group (HR:
3.4, 95% CI: 2.0-5.6) whereas against Omicron it was on par with the

Nature Communications | (2022)13:5701



Article

https://doi.org/10.1038/s41467-022-33076-4

A

Fig. 4 | Waning of antibody and inhibitory levels following a booster dose of
mRNA-1273. A Schematic overview of the recruited group used in the study. B Anti-
Spike-RBD antibody levels in persons vaccinated with two doses of ChAdOx1

b

Measurement of waning following a
ChAdOx1 booster vaccination

40,915 vaccinated
persons with second dose
of ChAdOx1 vaccine
during weeks 23-26, 2021

v

40,898 persons without a record
of SARS-CoV-2 infection prior to
July 1,2021

®

Antibody concentration (log scale)

@

Y

17 two dose ChAdOx1 vaccinees.
All without a record of SARS-CoV-2
infection from August 2021-January 2022

ChAdOx1-ChAdOx1

N=17 T
©
l
D
mRNA-1273 L
N=17 °
>
2
I =
23
Measurements of antibody and <]
inhibition levels (repeated sampling E

following mRNA-1273 booster dose)

inhibition |

50 100 150
Days from booster

90 120

30

60
Days from booster

vaccine before and after mRNA-1273 booster vaccination. C ACE2-Spike binding

evels in persons vaccinated with two doses of ChAdOXx1 vaccine before

and after mRNA-1273 booster vaccination.

276,028 vaccinated persons in Iceland on
January 8, 2022

v

239,085 persons between
the age of 18 and 80

v

v

236,696 persons vaccinated with
at least one dose before November 22, 2021

239,085 persons vaccinated with
at least one dose before January 8, 2022

v

v

3,861 persons excluded with
infection prior to July 1, 2021

9,642 persons excluded with
infection prior to December 1, 2021

v

v

2,037 persons excluded with
incomplete vaccine information

1,982 persons excluded with
incomplete vaccine information

v

v

48 persons excluded with
uncommon vaccine combination

1,032 persons excluded with
uncommon vaccine combination

v

v

5,081 persons out of 230,798
PCR positive July 1 - November 22, 2021

11,319 persons out of 227,461
PCR positive December 1-January 8, 2022

v

v

1,331 6,121 3,867 not
confirmed confirmed characterized
Delta cases Omicron cases

Fig. 5 | Retrospective total population study. Schematic overview of the selection process.

Nature Communications | (2022)13:5701



Article

https://doi.org/10.1038/s41467-022-33076-4

>
O

0020

0010

- /

= Ad26.COV2.S
== BNT162b2 / BNT162b2

ChAdOx1 / ChAdOx1

= mRNA-1273 / mRNA-1273

Adjusted cumulative hazard

Adjusted cumulative hazard
Adjusted cumulative hazard

EQ 50 g 0 %0 EJ
Time (days) Time (days)

@
m

0020

0010

0,000

EJ

7o E
Time (days)

= Ad26.COV2.8

== Ad26.COV2.S /BNT162b2

= Ad26.COV2.S / mRNA-1273

= BNT162b2/BNT162b2

Adjusted cumulative hazard

Adjusted cumulative hazard
Adjusted cumulative hazard

50 g

EY g E
Time (days) Time (days)

(@]
mn

0020

Adjusted cumulative hazard
Adjusted cumulative hazard

:

0010

Adjusted cumulative hazard
0

0.000

EJ

g £
Time (days)

== BNT162b2/ BNT162b2

== BNT162b2/BNT162b2 / BNT162b2

d == ChAdOx1/ChAdOx1/BNT162b2

ChAdOx1 / ChAdOx1 / mRNA-1273

mRNA-1273 / mRNA-1273 / BNT162b2

760 iE] g EJ

EQ 0 %0
Time (days) Time (days)

Fig. 6 | Adjusted cumulative hazard rate of SARS-CoV-2 infections.

A-C Infections caused by the Delta variant July 1-November 22, 2021.

D-F Infections caused by the Delta variant December 1, 2021-January 8, 2022.
G-I Infections caused by the Omicron variant December 1-January 8, 2022. Top
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row: Recommended vaccine schedules. Middle row: Comparison of mRNA booster
vaccination of Ad26.COV2.S recipients with BNT162b2-BNT162b2 as reference.
Bottom row: Comparison of three dose vaccination with more than 5000 vacci-
nees, using BNT162b2-BNT162b2 as reference.

BNT162b2-BNT162b2 reference group (HR: 0.95, 95% Cl: 0.70-1.30)
(Table 2, Figs. 6, S8). Three doses of BNT162b2 provided a 1.9-fold
greater protection against Omicron (HR: 0.53, 95% Cl: 0.44-0.64) and
2.1-fold greater against Delta variant (HR: 0.48, 95% CI: 0.31-0.72) than
BNT162b2-BNT162b2. We observed a comparable protection for
BNT162b2-BNT162b2-mRNA-1273, as for BNT162b2-BNT162b2-
BNT162b2, in comparison with the BNT162b2-BNT162b2 reference
group (HR: 0.5, 95% CI: 0.38-0.66, for Omicron and HR: 0.27, 95% CI:
0.10-0.71 for Delta).

Two doses of mRNA-1273 provided a similar protection against
Delta as the reference group (HR: 1.0, 95% CI: 0.8-1.32), but 1.6-fold
lower protection against Omicron (HR: 1.6, 95% CI: 1.4-1.8). An mRNA-
1273 booster on top of two doses of the same vaccine, provided similar
reduction of infections to that of BNT162b2-BNT162b2 for both var-
iants (95% CI: 0.7-1.2). In contrast, a BNT162b2 booster in the same
group provided a 2-fold greater protection against Delta (HR: 0.51, 95%
CI: 0.29-0.87) than the BNT162b2-BNT162b2 reference group and 1.4-
fold greater against Omicron (HR: 0.73, 95% CI: 0.59-0.91). To inves-
tigate whether the differences in relative risk between mRNA-1273
observed between Delta and Omicron during this period were driven
by differences in age or time from vaccination, we repeated the ana-
lysis on a sub-cohort consisting of persons who received their second
dose of an mRNA vaccine from June 12021 to July 15 2021, aged 30-50.
In this sub-cohort we observed the same effect as using the full cohort
(Table S5).

Two doses of ChAdOx1 were inferior against Omicron and Delta,
or 1.5-fold (HR: 1.5, 95% CI: 1.1-1.7) and 1.6-fold (HR: 1.6, 95% Cl: 1.3-1.9)
respectively, to BNT162b2-BNT162b2. A booster dose of BNT162b2
elicited a reduction in Omicron and Delta infections, as compared to
the reference group, or 1.4-fold (HR: 0.7, 95% CI: 0.57-0.86) and 2.3-
fold (HR: 0.43, 95% CI: 0.25-0.74), respectively. In contrast, a booster
dose of mRNA-1273 provided a greater protection than two doses of
ChAdOx1 alone, but it was not significantly different from the

BNT162b2-BNT162b2 reference group (95% Cl: 0.6-1.7). One dose of
ChAdOx1 followed by two doses of BNT162b2 provided a greater
protection against Omicron (HR: 0.52, 95% CI: 0.36-0.75) than the
reference group, whereas protection against Delta was not sig-
nificantly different (HR: 0.45, 95% CI: 0.16-1.28).

A single dose of Ad26.COV2.S provided 3.1-fold lesser protection
against the Delta variant (HR: 3.1, 95% CI: 2.1-4.6) and 1.7-fold lesser
against Omicron (HR: 1.7, 95% CI: 1.4-2.0) than BNT162b2-BNT162b2. A
booster dose of BNT162b2, after Ad26.COV2.S, provided a comparable
protection as BNT162b2-BNT162b2 against both variants (HR: 0.95,
95% CI: 0.85-1.1, for Omicron and HR: 0.82, 95% CI: 0.64-1.1 for Delta).
Surprisingly, while a booster dose of mRNA-1273 elicited a comparable
reduction of Delta infections as the BNT162b2-BNT162b2 reference
group (HR: 1.1, 95% CI: 0.84-1.31), the protection against Omicron was
1.6-fold lower (HR: 1.6, 95% CI: 1.5-1.8).

Discussion

Based on anti-Spike-RBD antibody levels 2 months after vaccination we
were able to rank the four SARS-CoV-2 vaccines administered in
keeping with recommended schedules, with one dose of Ad26.COV2.S
eliciting the lowest levels and two doses of mMRNA-1273 the highest,
while two doses of ChAdOx1 and BNT162b2 could not be separated.
We observed a good correlation between the levels of antibodies tar-
geting the Spike-RBD and the activity of these antibodies as measured
by inhibition of ACE2-Spike binding. Despite this strong correlation,
antibody levels alone could not distinguish between two dose ChA-
dOx1 and BNT162b2 vaccine recipients, whereas they were clearly
separated by inhibition levels, with BNT162b2 inducing greater inhi-
bition. The difference between two doses of ChAdOx1 and BNT162b2
was also reflected in their difference in reducing SARS-CoV-2 infections
in the Icelandic population. This demonstrates a benefit of measuring
inhibitory activity of antibodies, in addition to their levels. Further-
more, this ordering based on inhibitory activity is consistent with their
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protective capacity against SARS-CoV-2 infections, with the mRNA
vaccines providing the greatest protection.

In light of waning immunity over time?**, health authorities in
many countries are recommending booster vaccinations”. The rela-
tively low antibody levels and protective capacity in recipients of one
dose of Ad26.COV2.S motivated us to investigate their levels following
an mRNA booster, due to the relatively high proportion of Icelanders
that received Ad26.COV2.S. All Ad26.COV2.S recipients who received a
booster dose of either BNT162b2 or mRNA-1273 showed not only a
robust elevation in antibody and inhibition levels, but outperformed
the two dose BNT162b2 reference group with mRNA-1273 booster
eliciting the greater effect. Moreover, our findings are in agreement
with a previous study on heterologous booster vaccination of
Ad26.COV2.S recipients, where booster doses of both mRNA vaccines
elicited a robust elevation of both S-specific and neutralizing anti-
bodies, in addition to increased Spike-specific T-cell responses™. We
were therefore interested to see if this translated into greater protec-
tion against SARS-CoV-2 infection. Indeed, both combinations,
Ad26.COV2.S-BNT162b2 and Ad26.COV2.S-mRNA-1273, showed
greater protection than the two dose BNT162b2 reference against
SARS-CoV-2 infection. Given the relatively low protection by a single
dose of Ad26.COV2.S, the protection elicited by Ad26.COV2.S-
BNT162b2 and Ad26.COV2.S-mRNA-1273 is striking. This seems to be
consistent with emerging data suggesting that a vaccination schedules
that mix two vaccine types, adenoviral and mRNA, elicit a greater
immune response than that with only one type®, including better
T-cell immunity®*”. These data are in strong support of the booster
strategy implemented in Iceland, where recipients of a single dose of
Ad26.COV2.S were moved from having the highest risk of infection out
of those following the recommended vaccine schedule, to having
among the lowest risk.

The complete nationwide data on vaccinations and qPCR diag-
nosis allowed us to assess the reduction of SARS-CoV-2 infection by
other booster vaccinations not included in our smaller recruited
groups. We observed that an additional third dose of BNT162b2 greatly
decreased the risk of being infected in agreement with published
data’®". Similarly, recipients of two doses of ChAdOx1 who received an
additional dose of BNT162b2 diverged from those who received two
doses of BNT162b2, with more reduction of infections comparable to
three doses of BNT162b2. This constitutes a striking turn of events as
two doses of ChAdOx1 elicited lower protection than two doses of
BNT162b2. These data mirror the great increase in antibody and inhi-
bition levels observed when recipients of two doses of ChAdOx1
received a booster of mRNA-1273.

The extremely rapid spread of the Omicron VOC and emerging
data on vaccine effectiveness both support a lower protection than
against the Delta variant'. Our data confirm that a booster approach
is indeed effective in terms of reducing the risk of being infected by
Omicron. While mRNA-1273 was effective against infection by Delta,
our data support a much poorer performance against Omicron. This
was not only apparent for recipients of two doses of mRNA-1273,
when they were boosted with either BNT16b2 or mRNA-1273, but also
for those originally vaccinated with two doses of ChAdOx1 or one
dose of Ad26.COV2.S. Despite this, a booster dose of mRNA-1273
provided a similarly increased protection to that of BNT162b2 against
both the Delta and Omicron VOCs, in recipients of two doses of
BNT162b2. Importantly, both ChAdOx1 and Ad26.COV2.S retained
their relative ordering, providing far lesser protection against both
variants than two doses of BNT162b2. It is therefore encouraging that
a single dose of an mRNA vaccine elevates the protection against
both VOCs at least up to the level of two doses of BNT162b2. It is clear
though that additional booster doses will be needed for recipients of
Ad26.COV2.S.

It must be emphasized that although our data demonstrate a
greater protection against Omicron, following a booster vaccination

compared to two doses of BNT162b2 that serves as a reference, we do
not have data on the relative protection compared to those unvacci-
nated. This comparison is however, less relevant for a country like
Iceland where 91% of inhabitants 12 years or older have now been fully
vaccinated. The observational nature of the population study presents
limitations to consider. There is a confounding factor between age and
time of vaccination, namely the first to receive vaccination were front-
line workers and the elderly. Further, the vaccine received correlates
with age and sex. For the analyses of booster vaccinations the group
sizes differ, which is accounted for in the statistical analysis but
selection bias could generate statistical artifacts. The key strength of
this study is the complete nationwide coverage, in terms of the high
fraction of the population vaccinated, the sheer number of PCR tests
conducted and sequencing of viral isolates.

The mixed vaccination approach in Iceland provided a unique
opportunity to investigate the effects of various vaccination schedules
and booster combinations within a single population. Our data clearly
demonstrate and confirm the major benefit of mRNA booster vacci-
nations against SARS-CoV-2 infections, both against the Delta and
Omicron VOCs, regardless of the vaccine type given in the primary
series. We observe a great increase in antibody level and inhibitory
activity, consistent with our estimates of the effectiveness of protec-
tion against SARS-CoV-2 infections by mRNA booster vaccinations at a
population level.

Methods

Exposures and outcomes in the total population cohort study
We used vaccination status as exposure variable, where each vaccine
combination creates a separate group at each point in time. Persons
who received a vaccine dose during the study period changed their
exposure in a time dependent manner. During the first time period we
defined the outcome as a positive PCR test, regardless of symptoms
and severity. For the second time period, we used PCR and sequencing
data to classify positive tests into Delta or Omicron outcomes. Persons
who received a positive test, that could not be classified, did not
receive an outcome.

Antibody measurement

Pan-Ig antibody levels against SARS-CoV-2 Spike-RBD in serum sam-
ples was quantified using Elecsys anti-SARS-CoV-2 S (Roche Diag-
nostics #09289267190) on Cobas e601. The linear range of the assay is
0.4-250 U/mL. Samples were measured undiluted and if the con-
centration was higher than 250 U/mL, they were diluted 1:10, until
concentration was in the linear range.

Inhibition measurement

Inhibition of ACE2 binding to the Spike protein by serum samples was
measured using a multiplexed immunoassay (Meso Scale Diagnostics,
LLC #K15466U, #K15436U) as a surrogate for neutralizing capacity of
antibodies in serum, which are known to correlate’. The manu-
facturer’s protocol was followed. Samples were diluted 1:50 and 1:500.
Following a 1h incubation, Sulfo-tag labeled ACE2 was added and
incubated for 1h. Plates were read using a MESO® SECTOR S600
Reader.

SARS-CoV-2 Spike monoclonal neutralizing antibody was used
to generate a calibration curve. To calculate neutralizing antibody
concentrations (in units/mL), signals were backfitted to the
calibration curve.

Variant classification

The viral genome of all positive samples were sequenced at deCODE
genetics using Illumina or ONT technologies (Supplementary Meth-
ods, Table S7). For the most recent infections, where sequencing was
not yet available, we classified positive samples into Delta or Omicron
based on S-gene target failure on the Tagman assay, if available.
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Statistical analysis

A linear model was used to calculate the effect of covariates on anti-
body concentration or inhibition levels. For antibody concentrations,
all values were transformed using the natural logarithm (In) and for
inhibition levels values were transformed using the In of one plus.
Correlation estimates between antibody concentration and inhibition
levels were computed using Pearson correlation coefficient between
transformed values.

We used a Cox proportional hazards regression model to estimate
the vaccine effectiveness w.r.t. a reference group as estimated using
the hazard ratio. The effect of vaccine combinations are estimated with
a time varying covariate to account for vaccinations that occur within
the study window. Time from vaccination was taken as a covariate for
those persons vaccinated before the study window. We regressed sex
and age as covariates and used a penalized splines curve to adjust for
the effect of age. For any vaccine dose that occurred within the study
window, a 14-day lag time was introduced to account for the time until
a full effect is observed.

The R statistical software, version 3.6.3 was used for all statistical
analysis®. The survival package (version 2.44) in R was used for all
survival analysis®®. Confidence intervals reported were not corrected
for multiple testing.

Ethical approval

The study was approved by the National Bioethics Committee of Ice-
land (approval no. VSN-21-072), after review by the Icelandic Data
Protection Authority (DPA). Participants who donated blood signed
informed consent. The personal identities of participants were
encrypted using a third-party system approved and monitored by
the DPA.

Data availability

All sequences used in this analysis are available in the European
Nucleotide Archive (ENA) under accession number PRJEB44803.
Existing data on PCR status and vaccination status were obtained from
the Register of Communicable Diseases and the Vaccination Register
from their custodian, the Directorate of Health (https://www.
landlaeknir.is/tolfraedi-og-rannsoknir/gagnasofn/), for the epidemio-
logical part of the study and are not presented at individual-level due
to privacy requirements. Source data are provided with this paper.
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