
EClinicalMedicine 38 (2021) 101021

Contents lists available at ScienceDirect

EClinicalMedicine

journal homepage: https://www.journals.elsevier.com/eclinicalmedicine
Research paper
SARS-CoV-2 testing and sequencing for international arrivals reveals
significant cross border transmission of high risk variants into the United
Kingdom

Gareth HWilliamsa,1, Alexander Llewelyna,1, Ruben Brandaoa, Kaiya Chowdharya,
Keeda-Marie Hardistya,*, Marco Loddoa

a Oncologica UK Ltd. Suite 2, The Newnham Building, Chesterford Research Park, Cambridge CB10 1XL, United Kingdom
A R T I C L E I N F O

Article History:
Received 23 May 2021
Revised 10 June 2021
Accepted 24 June 2021
Available online 14 July 2021
* Corresponding author.
E-mail addresses: keeda.hardisty@oncologica.com

hardisty@oncologica.com (K.-M. Hardisty).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.eclinm.2021.101021
2589-5370/© 2021 The Author(s). Published by Elsevier
A B S T R A C T

Background: Mandatory Day 2 and Day 8 PCR testing and variant sequencing of international arrivals has
been recently introduced by the UK Government to mitigate against cross-border transmission of high-risk
SARS-CoV-2 variants.
Methods: SARS-CoV-2 testing and sequencing combines TaqPath CE-IVD COVID-19 RT-PCR with Ion Ampli-
Seq SARS-CoV-2 Next Generation Sequencing Assay. Retrospective analysis of test trending data was per-
formed from initiation of testing on the 11th March through to the 14th April 2021.
Findings: During this time interval, 203,065 SARS-CoV-2 PCR tests were performed, with 3,855 samples test-
ing positive, giving a prevalence of 1.9%. In total 1,913 SARS-CoV-2 genomes were sequenced from positive
cases with Ct values < 30 and 1,635 (85.5%) sequences passed quality metrics for lineage analysis. A high
diversity of 49 different SARS-CoV-2 variants were identified, including the VOCs B.1.1.7 (Kent; 80.6%),
B.1.351 (South Africa; 4.2%), B.1.617.2 (India; 1.7%), P.1 (Brazil; 0.4%) and B.1.1.7 with E484K (Bristol; 0.2%).
Vaccine effectiveness was age-related and dose-dependent, ranging from 5% in > 60 with a single dose to
83% in <60 with both doses of a vaccine. Viral load was variant dependent with the B.1.617.2 showing a 21
fold increase in viral copy number compared to the other variants.
Interpretation: The unexpectedly high prevalence of COVID-19 infection in UK arrivals is associated with a
rich diversity of SARS-CoV-2 high risk variants entering the UK including the VOC B.1.617.2. Vaccination
does not preclude infection and its effectiveness is significantly age-dependent and impacted by variant
type. The rapid high-throughput test and sequence workflow we have adopted is particularly suited to the
monitoring of cross border transmission and enables immediate public health interventions.
Funding: Data analysis conducted in this study was limited to secondary use of information previously col-
lected in the course of normal care.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
(G.H. Williams), keeda.

Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

First identified as a cluster of pneumonia cases in Wuhan, Hubei
Province, China, Severe Acute Respiratory Syndrome-related corona-
virus 2, SARS-CoV-2 [1], causing the disease known as COVID-19, has
since infected over 150 million people, leading to at least 3.3 million
deaths worldwide as of 10 May 2021 [2]. SARS-CoV-2 belongs to the
SARS-related coronavirus (SARSr-CoV) species of Betacoronavirus,
characterised by a large (~30 kb) +ssRNA genome. SARS-CoV-2, in
common with all other known human coronaviruses is believed to
have a recent zoonotic origin from pangolins [3], bats [4], or an inter-
mediate species [5].

RNA viruses have highmutation rates and these high rates are associ-
ated with enhanced virulence and evolvability [6]. Coronaviruses also
have a propensity for recombination in co-infection events which further
enhances the ability of the virus to undergo evolutionary adaption [7].
These biological characteristics have enabled SARS-CoV-2 to rapidly
adapt to human hosts and to potentially undergo vaccine-induced evolu-
tion. Indeed, since the outbreak of the pandemic at least 1250 distinct
variants have been identified [8]. The first variants foundwere the ances-
tral ’S-type’ (later reclassified as A) and ’L-type’ (later reclassified as B),
which soon became dominant in Wuhan [9]. The B.1 lineage, which
emerged in Northern Italy in February 2020, has been later displaced by
the B.1.177 variant during the second wave [10].
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Research in context

Evidence before this study

In June 2020 Alaska instituted a traveller SARS-CoV-2 cross bor-
der testing programme during the re-opening phases of the
pandemic and this public health measure is thought to have
contributed to Alaska having a lower number of excess deaths
when compared with most US states. To mitigate the risk of
traveller related import of SARS-CoV-2 immunity-escape var-
iants into the UK, the government has initiated the Day 2 and
Day 8 test and sequencing programme for international
arrivals.

Added value of this study

Our analysis of SARS-CoV-2 test trending data from the Day 2
and Day 8 programme for international travellers shows that
cross border transmission of high risk variants poses a signifi-
cant risk to the UK population. The unexpectedly high preva-
lence of COVID-19 infection in travellers (1.9%) was associated
with a rich diversity of SARS-CoV-2 high risk variants including
the VOC B.1.617.2.

Implications of all the available evidence

International travel exposes countries to a major risk of import
of SARS-CoV-2 high risk variants with potential for vaccine
immune evasion. Here we demonstrate that genomic surveil-
lance for monitoring of cross border transmission will be a
critical public health measure that countries will most likely
need to adopt to protect their populations from emerging high
risk SARS-CoV-2 variants until the global roll-out of effective
vaccines has been achieved.
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B.1.1.7 is a variant of concern (VOC) first identified in Kent, and
now dominant in the UK. Characterised by 17 mutations, three spike
protein mutations in particular are thought to be the most significant
[11]. N501Y is found in the receptor binding domain (RBD) of the
spike protein and has been shown to increase its binding affinity to
human angiotensin-concerting enzyme 2 (ACE2), the virus’ primary
mode of entry into human cells. 69�70del is thought to lead to
increased transmissibility in combination with N501Y. P681H is adja-
cent to the furin cleavage site, potentially affecting membrane fusion
[11]. Although the B.1.1.7 variant shows enhanced transmissibility
[12], it has not demonstrated more clinical severity [13,14].

A mutation of particular concern is E484K, which reduces anti-
body binding to the RBD, reducing neutralisation efficacy in some
SARS-CoV-2 WT convalescent human sera by > 10-fold [15]. K417
has been found to be 60�100% buried in class 1 antibody paratopes
and K417N has also been shown to significantly reduce sera neutrali-
sation [16]. The combination of nearby RBD mutations K417N/T,
E484K and N501Y found in B.1.351 (South Africa) and P.1 (Brazil)
make these particularly concerning variants. Indeed, evidence sug-
gests both the Moderna and Pfizer vaccines are less effective at neu-
tralising viruses with these mutations and of 17 vaccine-elicited
antibodies tested, 9 were at least 10 times less effective against pseu-
dotyped viruses containing E484K, 5 against K417N and 4 against
N501Y [17]. Sera from individuals vaccinated twice with the Pfizer
vaccine were 14-fold less effective against B.1.351 and 40% of sera
from individuals convalescent for > 9 months lacked any activity at
all [18]. The E484K mutation has also been identified in B.1.1.7 var-
iants, designated VOC-21FEB-02, as well as B.1.525, a strain first
found in the UK, but thought to originate in Nigeria [19]. This muta-
tion has the same effect of reducing vaccine-elicited antibody effec-
tiveness in B.1.1.7 [20].
A further VOC has recently been identified in India, designated
B.1.617 and contains 3 clades with different mutation profiles;
B.1.617.1 has a spike profile which includes L452R and E484Q;
B.1.617.2 has a different profile without E484Q and appears to have
undergone recent expansion; B.1.617.3 has L452R and E484Q but is
distinct from B.1.617.1 and currently is only detected in a small pro-
portion of sequences. B.1.617.2 is designated VOC-21APR-02 due to
recent expansion in the UK, while B.1.617.1 is designated VUI-
21APR-01 on the basis of the mutation profile and apparent success-
ful transmission and spread. B.1.617.3 is designated VUI-21APR-03
but remains at low prevalence in the UK [21].

In response to the expanding numbers of high risk variants,
mandatory Day 2 and Day 8 PCR testing of international arrivals
has been recently introduced by the UK government to mitigate
against international importation of high risk variants into the
United Kingdom [22]. Stringent minimal performance characteris-
tics have been set by the UK government Department of Health &
Social Care, overseen and assessed by the United Kingdom
Accreditation Service (UKAS) to ISO:15189 standards for laborato-
ries participating in this programme. These include a SARS-CoV-2
RT-PCR test sensitivity of > 99% with a specificity of > 99% and a
limit of detection less than or equal to 1000 SARS-CoV-2 copies
per millilitre (� 1000 copies/mL). All positive Day 2 samples with
cycle threshold (Ct) values of < 30 (defined as equivalent to
~10,000�1000 viral genome copies/mL) must undergo genomic
sequencing with minimal sequencing coverage of 50% at � 30x
coverage [22]. Travellers to the UK must also undertake pre-
departure testing, but this is set at a lower sensitivity of 80%,
specificity of 97% and a limit of detection of 100,000 viral copies
per mL [23]. This may include different technologies to PCR test-
ing such as Loop-mediated isothermal Amplification (LAMP) or
lateral flow tests which can be less sensitive in detecting active
infections.

Oncologica was the first UK laboratory to receive approval by
UKAS and listing by the Department of Health and Social Care (DHSC)
to perform Day 2 and Day 8 testing. The accreditation relates to a
novel integrated workflow which combines TaqPath CE-IVD COVID-
19 RT-PCR with Ion AmpliSeq SARS-CoV-2 Next Generation Sequenc-
ing Assay. This workflow has enabled us to undertake rapid high-
throughput testing and sequencing of international arrivals into the
UK. Here we have conducted a retrospective analysis of SARS-CoV-2
test trending data for international arrivals to determine the preva-
lence and variant types entering the UK and correlated SARS-CoV-2
test positive data with vaccination status.
2. Materials and methods

2.1. Sample cohort demographics

Between 11th March and 14th April 2021, 203,065 UK arrivals
received mandatory SARS-CoV-2 RT-PCR testing as part of the UK
Government guidelines for international travel. Travel declarations
including patient age and vaccination status were available for
128,566 samples. The demographics of the study cohort are summar-
ised in Supplementary Table 1. The research conducted in this study
was limited to secondary use of information previously collected in
the course of normal care (without an intention to use it for research
at the time of collection) and therefore does not require REC review.
The patients and service users were not identifiable to the research
team carrying out trend data analysis. This is also in accordance with
guidance issued by the National Research Ethics Service, Health
Research Authority, NHS and follows the tenants of the Declaration
of Helsinki. Gareth Williams, Keeda-Marie Hardisty, Kaiya Chowdh-
ary and Marco Loddo had access to patient data and Alex Llewelyn
and Ruben Brandao had access to anonymised data only.
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2.2. Nucleic acid extraction

Nasopharyngeal swab samples were collected in COVIDSafeTM

Virus Inactivation Medium (Cat: AL167CST5�1ML, Hi Media; Trafal-
gar Scientific, UK) and sent to the laboratory at ambient temperature.
RNA was extracted using the MagMAXTM Viral/Pathogen II Nucleic
Acid Isolation Kit (Cat: A42352; Thermo Fisher Scientific, UK), accord-
ing to the manufacturer’s instructions. Briefly, 400 mL of Viral Trans-
port Medium from each patient swab sample was incubated with
binding solution, total nucleic acid magnetic beads and proteinase K.
MS2 bacteriophage was added as an internal control for qPCR testing.
Beads were washed using kit wash buffer and 80% ethanol and eluted
in TE buffer using a Kingfisher Flex instrument (Cat: 5400630;
Thermo Fisher Scientific, UK).

2.3. SARS-CoV2 RT-PCR

The TaqPathTM COVID-19 CE-IVD RT-PCR (A48067; Thermofisher
Scientific) assay was used for the qualitative detection of SARS-CoV-2
in RNA elutions using QuantStudioTM 5 (Cat: A34322, Thermo Fisher
Scientific, UK) instruments according to the manufacturer’s instruc-
tions. Samples were reported as positive if two or more of the target
genes (N gene, S gene and ORF1ab) were amplified with a Ct < 37.
Samples were reported as inconclusive if one gene amplifed and neg-
ative if all genes were undetectable or had a Ct > 37. Positive samples
from day 2 travellers with an N gene Ct < 30, or where N gene ampli-
fication is not observed, ORF1ab Ct < 30, were selected for sequenc-
ing. Extracts were stored at �80 °C prior to sequencing.

2.4. Ion Torrent semiconductor sequencing

Reverse transcription was carried out using the SuperScriptTM

VILOTM cDNA Synthesis Kit (Cat: 11754050; Thermo Fisher Scientific,
UK) according to the manufacturer’s instructions (samples with a Ct
< 8 were diluted 1:50 before this step). Library preparation was car-
ried out using the Ion AmpliseqTM Library Kit Plus (Cat: 4488990,
Thermo Fisher Scientific, UK) according to the manufacturer’s
instructions. Briefly, cDNA was amplified using the Ion AmpliseqTM

SARS-CoV-2 Research Panel (A47573; Thermofisher, UK) dividing
samples into four groups with varying cycle numbers on the basis of
their Ct value. Libraries were purified using Ampure XP beads before
quantitation by qPCR with the Ion Library TaqManTM quantitation Kit
(Cat: 4468802; Thermo Fisher Scientific, UK). Libraries were normal-
ised to 70pM before pooling and templating onto an Ion 540TM Chip
(Cat: A22765, Thermo Fisher Scientific, UK) using an Ion ChefTM (Cat:
4484177, Thermo Fisher Scientific, UK). Sequencing was conducted
using an Ion GeneStudioTM S5 Prime System (Cat: A38196, Thermo
Fisher Scientific, UK).

2.5. Quality control

Sequencing results were visualised using Torrent Suite version
5.14.0. The overall run metrics were quality controlled using the fol-
lowing parameters according to manufacturer’s recommendations:
chip loading > 60% with > 45 million reads observed, enrichment
> 95%, polyclonal ratio <55%, low quality < 26%, usable reads >30%
and aligned bases were � 80%, mean raw accuracy was > 99% and
chip test fragment alignment was > 80% (Supplementary Table 2).
Sample specific metrics were assessed for quality according to manu-
facturer’s instructions: Mapped reads > 500,000, percentage reads
on target > 90%, average base coverage depth > 1200, uniformity of
base coverage > 85%, assigned amplicon reads > 90%, amplicons
reading end to end > 80%, bases in target regions 30,253, base reads
on target > 85%. Specifically, samples with a target base coverage
(100x) < 90% were rejected (Supplementary Table 3). Sequences
with N count > 1%, average depth <500x or low depth bases% >5%
assigned by the SARS_CoV-2_Pangolin (v5.12.1.0) were discarded.

2.6. Data analysis

After quality control, SARS-CoV-2 were aligned to the original
Wuhan strain Wuhan/WH04/2020 [24], accession number
MT291829, using MAFFT [25]. Sequences were pruned and analysed
for Tajima’s Neutrality Test using Mega-X [26]. Viral Lineages were
assigned with the PANGOLIN package, version 2.4.2 [27]. Phyloge-
netic trees were produced with IQ-TREE using the automatic Model-
Finder with default settings using the Bayesian Information Criterion
(BIC) to determine the most appropriate substitution model and a
cmax of 10 [28] and visualised with iTOL [29]. Graphs were produced
in Microsoft Excel and Graphpad Prism v9.1.0, and to conduct statisti-
cal analysis [30], including �Síd�ak’s multiple comparisons test [31] for
comparing selected means, and Dunnet’s multiple comparisons test
[32] for comparing a single mean to all other means.

2.7. Role of funding source

Data analysis conducted in this study was limited to secondary
use of information previously collected in the course of normal care.
No dedicated funding source was allocated for this study.

3. Results

Between 11 March and 14 April 2021, a total of 203,065 interna-
tional travellers entering the United Kingdom underwent RT-PCR
testing for SARS-CoV-2 as part of the mandatory International Travel
Testing Programme for UK arrivals. The presence of SARS CoV-2 was
detected in 3855 samples (1.9%), and 1913 SARS-CoV-2 genomes
were selected from Day 2 travellers for genome sequencing based on
Ct< 30 according to Government guidelines. High quality sequencing
data and subsequent lineage analysis was obtained for 1635 (85.5%)
samples.

In total, 49 different variants were identified (Fig. 1) with the most
prevalent represented by the B.1.1.7 (Kent) variant in more than 80%
(n = 1317) of samples sequenced. The second most common was the
South African variant B.1.351 (n = 69; 4.2%). In addition, a number of
other VOCs including B.1.617.2 (n = 28; 1.7%), P.1 (n = 6; 0.4%), B.1.1.7
with E484K (n = 3; 0.2%) and VUIs B.1.617.1 (n = 49; 2.9%), B.1.617
(n = 9; 0.6%), B.1.617.3 (n = 3; 0.2%), B.1.525 (n = 31; 2.0%) and
B.1.1.318 (n = 7; 0.4%) were identified. Single instances of variants
under monitoring A.27, B.1.214.2, B.1.526 and R.1 were also identi-
fied.

A phylogenetic analysis for all sequences that had been retained in
full (n = 1361) was conducted (Supplementary Fig. 1). This showed a
clear separate clade containing the majority of variants, which
included all B.1.1.7 variants. This analysis confirmed the shared line-
age of Indian variants B.1.617.1, B.1.617.2 and B.1.617.3 and showed
they form an entirely separate evolutionary branch from the root to
all other identified variants. B.1.351 and B.1.525 shared a common
ancestor on a separate branch to B.1.1.7.

Across all samples tested for which vaccination status and age
were known (n = 128,566, 63.3%), the overall prevalence for unvacci-
nated individuals was 2.4% (n = 2449/105,193), compared to 1.3%
(n = 276/21,992) for those that had received at least one vaccine
dose, representing a 46% overall vaccine effectiveness (Table 1 and
Fig. 2A). Samples from individuals in the lower age groups < 35 and
35�50 exhibited a significant reduction in prevalence within the vac-
cinated cohort (with a vaccine effectiveness of 67% and 48% respec-
tively; p < 0.00001), while the 50�65 and > 65 age groups exhibited
vaccine effectiveness of 25% (p = 0.007) and 27% (p = 0.075) respec-
tively (Table 1 and Fig. 2A).



Table 1
Prevalence of SARS-CoV-2 infections by age and vaccination status.

Age Group Unvaccinated Vaccinated Vaccine Effectiveness(%) P Value

Positive Negative Prevalence (%) Positive Negative Prevalence (%)

<35 1284 53,710 2.3 43 5592 0.8 67.3 < 0.00001
35�50 726 27,420 2.6 75 5517 1.3 48.0 < 0.00001
50�65 342 16,420 2.0 113 7282 1.5 25.1 0.007
65+ 97 5194 1.8 45 3325 1.3 27.2 0.075
Total 2449 102,744 2.4 276 21,716 1.3 46.1 < 0.00001

Fig. 1. Lineage assignments of 1635 SARS-CoV-2 sequences of samples collected from day 2 international arrivals in the UK between 11 March and 14 April 2021. Variants of Con-
cern B.1.1.7 (n = 1317), B.1.1.7 with E484K (n = 3), B.1.351 (n = 69), B.1.617.2 (n = 28), and P.1 (n = 6) are highlighted in orange, Variants under Investigation B.1.617.1 (n = 49),
B.1.617 (n = 9), B.1.617.3 (n = 3), B.1.525 (n = 34), and B.1.318 (n = 7) are highlighted in yellow and Variants under Monitoring A.27, B.1.214.2, B.1.526 and R.1 (all n = 1) are
highlighted in blue (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Mean Ct values of positive cases from vaccinated (n = 274) and
unvaccinated (n = 2417) individuals were 25.42 and 25.55 respec-
tively, indicating no significant difference in the viral loads between
these two groups (Fig. 2B).

The effectiveness of a second vaccine dose was significantly
greater than the first dose alone. Individuals that had received one
dose (n = 15,415) had a prevalence of 1.6% (n = 244), a 32% reduction
compared to unvaccinated individuals, while individuals that had
received two doses (n = 5844) had a prevalence of 0.5% (n = 31), rep-
resenting a 78% reduction (Fig. 2C). In individuals who had received a
single dose of a vaccine, the effectiveness was 5% in the >60 cohort,
compared to 37% in the <60 cohort. While the second dose showed a
significant improvement in both the >60 and <60 cohorts, disease
prevalence was still higher in twice-vaccinated >60 (13/1617, 0.8%),
a decrease of 60%, compared to <60 (17/4112, 0.4%), a decrease of
83% (Fig. 2D).

The prevalence of B.1.1.7, B.1.351, B.1.525 and combined B.1.617
variants in vaccinated and unvaccinated individuals was compared
using �Síd�ak's multiple comparisons test (Fig. 3). B.1.1.7 had a lower
prevalence (p < 0.0001) in vaccinated individuals (n = 51, 63%) com-
pared to unvaccinated individuals (n = 607, 80%), while B.1.617 had a
higher prevalence (p = 0.007) in vaccinated individuals (n = 12, 15%)
compared to unvaccinated individuals (n = 38, 5%). While B.1.351,
B.1.525 both were more prevalent in vaccinated individuals, these
did not reach significance.
The mean Ct values for the most prevalent variants (n > 20) were
compared to B.1.1.7 (Ct = 21.2) using Dunnett’s multiple comparisons
test (Fig. 4A). B.1.617.2 had a significantly lower Ct value (16.7) com-
pared to B.1.1.7 (p = 0.0004). Notably, this is equivalent to a 21-fold
increase in viral load compared to B.1.1.7 (Fig. 4B). The combined
B.1.617 variants (B.1.617/.1/.2/.3), which share a common lineage
root, also had a lower mean Ct value (18.8), equivalent to a 5.3-fold
increase in viral load (p = 0.001) when compared to B.1.1.7.

4. Discussion

The cross-border transmission of SARS-CoV-2 during resumption
of international travel is a public health risk to the United Kingdom
and could potentially undermine the success of the ongoing vaccina-
tion programme. High-risk variants characterised by mutations in
the spike protein domain have been shown to reduce neutralisation
sensitivity to convalescent sera and monoclonal antibodies and
therefore have the potential to bypass the protection afforded by the
current vaccines [15�18,20]. Here we have shown that the Day 2 and
Day 8 UK testing programme is successful in identifying traveller-
related introduction of SARS-CoV-2 into the United Kingdom. We
have detected a high prevalence (1.9%) of cross-border transmission
of SARS-CoV-2 involving a broad range of variants including VOCs,
VUIs and monitored variants. The unexpectedly high prevalence of
COVID-19 infection may reflect the lower sensitivity requirements
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Fig. 2. (A) Prevalence of SARS-CoV-2 in unvaccinated individuals (n = 105,193) and those who had received at least one dose of a vaccine (n = 21,992) stratified by age with 95%
Wald confidence intervals. (B) Ct values of positive cases from vaccinated (n = 274) and unvaccinated (n = 2417) individuals with 95% Wald confidence intervals. (C) Prevalence of
SARS-CoV-2 in unvaccinated (n = 106,501) individuals and those who had received one (n = 1 5171) or two (n = 5844) doses of a vaccine with 95%Wald confidence intervals. (D) Rel-
ative prevalence of infection in individuals above and below the age of 60 after one (n = 3443 and n = 11,510 respectively) and two (n = 1617 and n = 4112 respectively) doses of a
vaccine compared to unvaccinated individuals with Wald 95% confidence intervals. **** indicates p < 0.0001.
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for pre-embarkation testing, which includes lateral flow, having
lower sensitivity when compared to PCR testing. The B.1.1.7 (Kent)
variant was the most commonly detected among UK arrivals (80.6%),
mirroring its high prevalence within the UK population [21]. Due to
its increased transmissibility, the B.1.1.7 variant has spread from less
than 0.1% in November 2020 to more than 95% of new SARS-CoV-2
infections in England in February 2021 [12,33] and has now been
detected globally in over 130 countries. The high diversity of 49 dif-
ferent SARS-CoV-2 variants we have identified in international trav-
ellers including VOCs and VUIs reflects the rapid biological evolution
of SARS-CoV-2 leading to increased replication efficiency and trans-
missibility and potential for immune evasion [34].

Our data show that vaccination has a major impact in protecting
individuals against infection dropping from a prevalence of 2.4% in
the unvaccinated population to 1.3% in the vaccinated population.
Notably, vaccine effectiveness varies between first and second doses
and age demographics. Analysis of vaccinated vs non-vaccinated
groups with at least one dose shows overall effectiveness of 46%.
However, this was significantly age-related, ranging from 67% in
< 35 age group to 27% in the > 65 group. Analysis of the effect of the
second dose revealed that vaccine effectiveness was significantly
higher following second dose. Overall, one dose had a vaccine effec-
tiveness of 32% compared with 78% in those who received their sec-
ond dose of the vaccine. In the > 60 age group, the effectiveness for a
single dose was 5% compared to 37% in < 60 group. Notably, the
effect of the second dose was significantly higher in both age groups
with 60% effectiveness in > 60 compared to 83% in < 60.

The high vaccine protection against infection we observed in the
younger age groups and effect of vaccine dosage confirms the find-
ings of the SIREN prospective multicentre cohort study in which



Fig. 3. Lineage assignment of SARS-CoV-2 sequences from unvaccinated (A, n = 759) and vaccinated (B, n = 81) day 2 international arrivals in the UK between 11 March and 14 Apr
2021. Variants of Concern B.1.1.7 (A: n = 607, B: n = 51), B.1.351 (A: n = 33, B: n = 7), B.1.617.2 (A: n = 17, B: n = 5) and P.1 (A: n = 4, B: n = 0) are highlighted in orange. Variants under
Investigation B.1.617.1 (A: n = 21, B: n = 5 ), B.1.617.3 (A: n = 0, B: n = 3), B.1.525 (A: n = 15, B: n = 3) and B.1.1.318 (A: n = 3, B: n = 1) are highlighted in yellow (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 4. (A) Mean Ct values for 5 most prevalent variants (n > 20) with 95%Wald confidence intervals. *** represents p < 0.001 by Dunnett's multiple comparisons test. (B) Estimated
viral loads calculated frommean Ct value.
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vaccine effectiveness against infection was 70% 21 days after a single
dose and 85% 7 days after two doses [35]. This study relates to health-
care workers immunised with the BNT162b2mRNA (Pfizer-BioNTech)
vaccine and involves a relatively young age demographic with a
median age of 46.1 years (IQR 36.0�54.1). The reduced vaccine effec-
tiveness we have observed for SARS-CoV-2 with increasing age is in
keeping with the development of immunesenescence [36�38]. This
mirrors the reduced prophylactic efficacy of vaccinations against
other viral and bacterial pathogens such as influenza [39], hepatitis
[40] and pneumococcus [41] in which diminished titre, efficacy and
affinity of antibodies is observed as a result of age-related
impairment of innate and adaptive immune responses. Optimisation
of vaccination protocols for older adults have previously been investi-
gated using a range of approaches including booster doses and
improved adjuvants [36]. The self-declaration data did not provide
vaccination type used and so it was not possible to determine vaccine
effectiveness in relation to individual vaccine types using different
formulations. Rigorous assessment of the effectiveness of different
vaccine types for preventing infection in > 60 age population will be
important going forward in order to select the optimal vaccines to
circumvent the constraints imposed by immunesenescence.
The proportion of the B.1.1.7 (Kent) variant in the vaccinated pop-
ulation was significantly reduced compared with the non-vaccinated
population, with a corresponding expansion in the relative propor-
tion of high-risk variants including the B.1.351 (South Africa), B.1.525
(Nigeria/UK), and in particular the B.1.617.1, B.1.617.2, B1.617.3
(India) variants. This suggests current vaccines are less effective in
preventing infection by high-risk variants when compared to the
current dominant B.1.1.7 Kent strain. This is in keeping with studies
showing that emerging variants of SARS-CoV-2 can evade neutralis-
ing antibodies induced by previous infection or vaccination through
mutations in the spike protein, including the receptor-binding
domain (RBD) [15�18,20]. However, this trend needs to be confirmed
in a larger cohort and is the focus of our ongoing analysis of day 2
testing and sequencing data. Notably the viral load in PCR test posi-
tive cases was also linked to variant type with B.1.617.2 showing a
marked increase in mean viral load (~8.3 £ 108 virions/mL) compared
to the B.1.1.7 variant (~3.6 £ 107 virions/mL). This variant first
detected in India is designated as a VOC and we have observed a rap-
idly increasing prevalence in travellers entering the UK. Day 2 testing
and sequencing has revealed an increased prevalence of B.1.617 var-
iants from 5.4% over the period from 11 March-14 April 2021 to 23%
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over the period 15 April-6 May 2021. Over the same period, the
B.1.617.2 variant in particular increased in prevalence from 1.7 to
17% (unpublished data). In relation to the B.1.617 lineage, spike
L452R is notable for its ability to induce substantially reduced sensi-
tivity to convalescent sera and for having the greatest increase in
binding affinity to ACE2 [42]. B.1.617.1 also features E484Q, a similar
mutation to the E484K SNP found in B.1.351, B.1.525 and P.1, which
has been demonstrated to mediate immune escape. B.1.617.2 on the
other hand contains T478K in place of E484Q. This is a less studied
mutation, but a separate in silico analysis has shown it to cause the
largest increase in binding affinity to ACE2 of 95 mutations examined
[43]. The high risk mutations that characterise the B.1.617 variant
may account for the strikingly high viral load we have observed in
infected travellers compared with other variants and the increased
prevalence in vaccinated individuals. This unusually aggressive biol-
ogy compared to other VOCs and VUIs is consistent with our phyloge-
netic analysis showing that variants B.1.617.1, B.1.617.2 and B.1.617.3
form an entirely separate evolutionary branch from the root to all
other identified variants.

The integrated workflow combining TaqPath CE-IVD COVID-19
RT-PCR and Ion AmpliSeq SARS-CoV-2 Next Generation Sequencing
assay has a number of distinct advantages. The integrated approach
allows testing and sequencing to be performed within a 48�72 h
turnaround time ensuring that positive cases are detected and
sequenced in a time frame that allows effective active contact tracing.
This integrated workflow also circumvents the problems associated
with referral of PCR test positive cases to a centralised reference labo-
ratory. Referral causes significant delays arising as a consequence of
complex logistics and the requirement for the repeat PCR of samples.
Interlaboratory transfer of extracted RNA samples impacts on turn-
around times and RNA is inherently unstable and so requires temper-
ature controlled transport. The RT-PCR cycle threshold (Ct) values are
used to normalise samples for library amplification as part of the
next generation sequencing protocols. The reference laboratory will
therefore need to repeat RT-PCR on the transferred samples due to
potential degradation of the sample and differences in laboratory
protocols and instrumentation.

Our positive test and sequencing data is communicated to Public
Health England (PHE) as soon as test results are available via the Sec-
ond Generation Surveillance System (SGSS), a national surveillance
system that holds all test results, enabling active follow up of cases
and their contacts. The effectiveness of border testing is critically
dependent on countries having well developed public health infra-
structure enabling test results to be rapidly actioned.

The state instituted traveller SARS-CoV-2 testing program intro-
duced by Alaska in June 2020 during the re-opening phases of the
pandemic contributed to Alaska having a lower number of excess
deaths when compared with most US states and was the first study
to highlight the importance of cross border testing [44].

Here we have shown that test and sequencing for interna-
tional arrivals is playing a critical role in controlling the import of
high-risk variants into the UK. Monitoring cross-border transmis-
sion will become an increasing priority for many countries as vac-
cine programmes reach an advanced stage of roll out. However,
the great public health benefits of vaccination programmes are at
risk from the increasing numbers of variants of concern emerging
as a result of rapidly increasing rates of global infections. The
number of new cases each week has “nearly doubled” over the
past two months. Continuing globally high transmission rates of
SARS-CoV-2 means the potential for the emergence of further
variants with greater immunity-evading properties is high. Test
and sequencing for international travellers combined with self-
quarantine measures will therefore play a critical role in the pub-
lic health measures required by countries to limit cross-border
transmission of SARS-CoV-2 high risk variants and monitor
potential future targets for vaccines.
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