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Summary
Background Individual doses of dual-dose vaccine-regimens are sequentially administered into the deltoid muscle, but
little attention has so far been paid to the immunological effects of choosing the ipsilateral or the contralateral side for
the second dose.

Methods In an observational study, 303 previously naive individuals were recruited, who received the second dose of
the COVID-19 vaccine BNT162b2 on either the ipsilateral (n = 147) or the contralateral side (n = 156). Spike-specific
IgG, IgG-avidity, and neutralizing antibodies were quantified using ELISA and a surrogate assay 2 weeks after dose 2.
A subgroup of 143 individuals (64 ipsilateral, 79 contralateral) was analysed for spike-specific CD4 and CD8 T-cells
using flow-cytometry.

Findings Median spike-specific IgG-levels did not differ after ipsilateral (4590 (IQR 3438) BAU/ml) or contralateral
vaccination (4002 (IQR 3524) BAU/ml, p = 0.106). IgG-avidity was also similar (p = 0.056). However, neutralizing
activity was significantly lower after contralateral vaccination (p = 0.024). Likewise, median spike-specific CD8
T-cell levels were significantly lower (p = 0.004). Consequently, the percentage of individuals with detectable CD8
T-cells was significantly lower after contralateral than after ipsilateral vaccination (43.0% versus 67.2%, p = 0.004).
Spike specific CD4 T-cell levels were similar in both groups, but showed significantly higher CTLA-4 expression
after contralateral vaccination (p = 0.011). These effects were vaccine-specific, as polyclonally stimulated T-cell
levels did not differ.

Interpretation Both ipsilateral and contralateral vaccination induce a strong immune response, but secondary
boosting is more pronounced when choosing vaccine administration-routes that allows for drainage by the same
lymph nodes used for priming. Higher neutralizing antibody activity and higher levels of spike-specific CD8
T-cells may have implications for protection from infection and severe disease and support general preference for
ipsilateral vaccination.
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Introduction
Shortly after the onset of the SARS-CoV-2 pandemic,
different vaccines have been developed.1–3 The mRNA
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vaccine BNT162b2 was the first vaccine that was given
conditional authorisation in the European Union.4 The
vaccine has proven to be well tolerated and efficacious in
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Research in context

Evidence before this study
We searched the Cochrane Central Registry for controlled
trials and Medline, without any language restrictions, for
studies in humans on immunological effects of sequential
vaccinations carried out in different extremities. Terms for
systematic search were “(immunization OR immunisation OR
vaccination) AND (immune response OR immunogenicity OR
antibody response OR T cell) and (contralateral OR ipsilateral
OR same arm OR different arm OR consistent arm OR
alternating arm OR same limb OR different limb OR
consistent limb OR alternating limb OR same leg OR different
leg OR consistent leg OR alternating leg)”. Articles resulting
from these searches and relevant references cited in those
articles were reviewed. There was one randomized trial
identified in infants published in 2015, and one study among
46 adults after rabies vaccination published in 1964, which
gave conflicting results. Adults received four dosages of a
rabies vaccines either in the same arm or the arm was
changed for the third and fouth dose (applied at days 0, 7, 14,
21), and antibody response rates were reported before
vaccination and after 12 months. Study participants using the
same arm had higher antibody response rates (22/24, 92%)
compared to individuals who sequentially received two
injections in each arm (15/22, 68%). By contrast, results from
the infant study were more variable depending on the vaccine
and the vaccine dose. The study showed that the alternating
limb group had higher geometric mean concentrations of IgG
towards a Haemophilus influenzae type b conjugate vaccine
(0.61 (0.45–0.82) μg/ml, n = 202) compared to the same limb
group (0.41 (0.31–0.54 μg/ml, n = 207, p = 0.0268) at 5
months (1 months after completion of a three dose regimen
comparing three doses in the right leg with a regimen of 1
dose in the left leg followed by 2 doses in the right leg), and
the effects persisted until month 12, but not after a booster
dose. Three doses of the tetanus vaccine in the consistent
limb group (0.54 (0.49–0.60) IU/ml, n = 207) did not differ
from infants in the alternating limb group (0.56 (0.49–0.63)

IU/ml, p = 0.5956) at month 5. This persisted until month 12.
A fourth booster dose yielded higher levels in the alternating
limb group (2.30 (1.97–2.68) IU/ml) than in the consistent
limb group (1.63 (1.40–1.90) IU/ml, p = 0.0008) at month 13,
although the administration side for the fourth vaccine was
changed in both groups. Finally, the study did not find any
effect of the site for three sequential pneumococcal vaccines.
Neither the adult nor the infant study analysed the effect on
vaccine-induced cellular immunity.

Added value of this study and implications
As published evidence on the role of the vaccine side for
sequential vaccinations was controversial, we readdressed this
issue using a unique setting where the same type of COVID-
19 vaccine was administered in a SARS-CoV-2 naïve
population. We performed a detailed analysis of vaccine-
induced antibodies and T cells after ipsilateral and
contralateral vaccination. We found that spike-specific
neutralizing antibody activity was significantly lower after
contralateral vaccination, and significantly fewer individuals
mounted a sufficient spike-specific CD8 T-cell response.

Implications of all the available evidence
The data support general preference for ipsilateral vaccination.
Interindividual variability in specific immune responses was
high. However, given that neutralizing antibody activity
contributes to protection against SARS-CoV-2 infection, and
specific T-cells mediate protection from severe COVID-19
disease, the choice of arm for the second vaccination
represents a previously unappreciated factor that may
contribute to overall vaccine effectiveness on a population
level. Moreover, the findings may have relevance for other
vaccines applied as a dual dose regimen. Characterization of
the mechanisms for the observed differences needs further
study. Documentation of the vaccine sides in future study
may help to explore the clinical implications for effectiveness
to protect from infection and severe disease.
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protecting from infection, severe COVID-19 and
COVID-19-related death.1,5 Although immunological
correlates of protection towards SARS-CoV-2 infection
are ill-defined, it is well known that the BNT162b2
vaccine not only induces spike-specific antibodies with
neutralizing activity towards the SARS-CoV-2 virus, but
also spike-specific CD4 and CD8 T-cells6,7 with impor-
tant roles in supporting humoral immunity and cyto-
toxicity, respectively. Originally, a dual-dose vaccination
regimen was authorised, with the vaccine recom-
mended to be administered in the deltoid muscle in the
upper arm.1,8 As with other vaccine regimens, little
attention is generally paid to the choice of the arm used
for the first and for the second vaccination. The decision
is usually left to the discretion of the vaccinated person
and/or vaccinating physician, with most individuals
choosing the same non-dominant arm for sequential
vaccinations. Knowledge is currently limited, whether
the antibody- and T-cell response after a dual-dose
vaccination regimen in humans differs depending on
whether the second dose is injected into the same
ipsilateral or into the contralateral arm. Effects on anti-
body response rates have been addressed in a small
study in the early 1960ies using a four-dose series of
rabies vaccine in an adult population,9 and in a cohort
of infants after complex series of sequential doses of
pneumococcal and Haemophilus influenzae vaccines,10

but the studies were restricted to the analysis of anti-
bodies and have yielded conflicting results. Therefore
further studies are needed to address the role of the
www.thelancet.com Vol 95 September, 2023
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administration site for sequential vaccines.11 We now
used a uniform cohort of SARS-CoV-2 naïve individuals
who received a dual-dose BNT162b2 vaccination
regimen to study whether the involvement of the ipsi-
lateral or contralateral lymph nodes for the first and the
second dose would differentially affect vaccine-induced
humoral and cellular immunity.
Methods
Study design and participants
In this prospective observational study, individuals
without restriction for sex/gender receiving a dual-dose
vaccination with the BNT162b2 vaccine (Comirnaty,
BioNtech/Pfizer) were recruited between 1st of March
and 10th of September 2021 from either the Saarland
University Medical Center (Homburg, Germany) or
from the Robert Bosch GmbH (Homburg, Germany)
within the respective vaccination programs for em-
ployees. Individuals either received both vaccine doses
into the same arm or the second vaccine dose was
injected into the contralateral arm. The decision for
ipsilateral or contralateral vaccination was made
randomly assigned based on the day of vaccination
(where all study participants of a given day were
assigned either the ipsilateral or contralateral side), or at
the individual’s discretion in a minor fraction of study
participants. The number of study participants was
given by feasibility of analyses and recruitment. Study
participants did not report any history of SARS-CoV-2
infection. A heparinized blood sample was drawn
12–22 days after the second vaccination to analyse
nucleocapsid-specific IgG, SARS-CoV-2 spike-specific
IgG, spike-specific IgG-avidity, and neutralizing activity.
In a subgroup of individuals, differential blood counts,
general B-cell and T-cell subpopulations as well as spike-
specific CD4 and CD8 T-cell levels were quantified and
characterized. In addition, all participants reported
vaccine-related adverse events in the first week after the
first and the second vaccination, respectively, using a
standardized questionnaire. The study was approved by
the ethics committee of the Ärztekammer des Saar-
landes (reference 76/20 including amendment), and all
individuals gave written informed consent.

Quantitation of lymphocyte populations and
plasmablasts
100 μl heparinized whole blood was used for quantifi-
cation of cell populations exactly as described before6

using titered amounts of monoclonal antibodies in
saturating concentrations as indicated (see also
Table S1). T-cells, B-cells and plasmablasts were quan-
tified using antibodies towards CD3 (clone SK7, final
dilution 1:25), CD19 (clone HIB19, 1:40), CD27 (clone
L128, 1:200), CD38 (clone HB7, 1:20) and IgD (clone
IA6-2, 1:33.3). Expression of CD3 and CD19 was used to
identify T and B-cells, respectively, among total
www.thelancet.com Vol 95 September, 2023
lymphocytes. Staining of CD4 (clone SK3, 1:100) and
CD8 (clone RPA-T8, 1:100, all antibodies from BD,
Heidelberg, Germany) was used to quantify CD4 and
CD8 T-cells. Staining of CD38 was used to identify
plasmablasts among IgD-CD27+ CD19 positive
switched-memory B-cells. Flow-cytometric analyses
were performed on a BD FACSLyric instrument and BD
FACSuite software v1.4.0.7047. Further data analyses
was carried out using FlowJo software 10.6.2 based on a
gating strategy as described before.6 Absolute lympho-
cyte numbers were calculated using differential blood
counts.

Quantitation of SARS-CoV-2 specific CD4 and CD8
T-cells
SARS-CoV-2 spike-specific T-cells were measured after a
6 h stimulation of heparinized whole blood with over-
lapping peptide pools derived from the S1 and S2
domain of the SARS-CoV-2 spike protein (N-terminal
receptor binding domain and C-terminal portion
including the transmembrane domain, each peptide
2 μg/ml; JPT, Berlin, Germany), and costimulatory an-
tibodies against CD28 and CD49d (clone L293 and clone
9F10, 1 μg/ml each) exactly as previously described.6

Negative control samples were treated with peptide
diluent solution (0.64% DSMO), and polyclonal stimu-
lations were carried out with 2.5 μg/ml Staphylococcus
aureus Enterotoxin B, both in the presence of antibodies
towards CD28 and CD49d. Brefeldin A was added after
2 h to allow intracellular cytokine accumulation. After
stimulation, all samples were fixed with BD lysing so-
lution (BD Biosciences) and immunostained using
titered amounts of antibodies in saturating concentra-
tions as indicated (see also Table S1). Antibodies
included anti-CD4 (clone SK3, 1:33.3), anti-CD8 (clone
SK1, 1:12.5), anti-CD69 (clone L78, 1:33.3), anti-IFNγ
(clone 4 S.B3, 1:100), anti-IL-2 (clone MQ1-17H12,
1:12.5), anti-TNFα (clone MAb11, 1:20), and anti-
CTLA-4 (clone BNI3, 1:50, all antibodies from BD,
Heidelberg, Germany). Flow-cytometric analysis was
performed on a BD FACS Canto II including BD
FACSDiva software 6.1.3 using gating strategies as
previously described6,12 Spike-specific CD4 or CD8 T-
cells were identified by co-expression of CD69 and IFNγ
and further characterized for expression of CTLA-4, and
of the cytokines IL-2 and TNFα. Specific CD4 or CD8 T-
cell levels ≥0.03% after subtraction of control stimula-
tions were scored as positive as previously established
from cohorts of infected and vaccinated individuals.6,12

Quantitation of SARS-CoV-2 specific IgG and
neutralizing activity
The amount of SARS-CoV-2 spike-specific IgG anti-
bodies was determined using an ELISA (SARS-CoV-2-
QuantiVac, Euroimmun, Lübeck, Germany) at a
dilution of 1:64 according to the manufacturer’s in-
structions. Antibody levels were expressed as binding
3
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antibody units (BAU/ml) with levels <25.6 BAU/ml
scored as negative, levels between ≥25.6 and < 35.2
BAU/ml as intermediate, and levels ≥35.2 BAU/ml as
positive. Avidity testing of IgG antibodies was per-
formed as described before13 using ELISA with plasma
samples in duplicates at a dilution of 1:64. After incu-
bation with the plasma, the samples were washed three
times. One well was incubated with 200 μl PBS and the
second well was incubated with 5.5 M urea (in PBS) for
10 min at 37 ◦C. Thereafter samples were washed and
bound antibodies were detected according to the man-
ufacturer’s instructions. A relative avidity index (RAI)
was calculated by the ratio of detected IgG in the
absence and presence of urea. IgG antibodies towards
the SARS-CoV-2 nucleocapsid protein (NCAP) was
detected using a semiquantitative ELISA (anti-SARS-
CoV-2-NCP-ELISA, Euroimmun) at a single serum
dilution according to the manufacturer’s instruction.
The neutralizing activity of the antibodies was measured
using a surrogate assay (SARS-CoV-2-NeutraLISA,
Euroimmun). The plasma was diluted 1:16 in 2.5%
human albumin/PBS buffer as described before,14 and
processed further according to manufacturer in-
structions. Inhibitory activity was quantified as IC50 [%].

Statistical analysis
The Mann–Whitney test (two sided) was used to analyse
differences between non-parametric data such as
lymphocyte subpopulations, T-cell and antibody levels,
and CTLA-4 expression. Data with normal distribution
such as cytokine–expression profiles, and age were
analysed using a t-test (two-sided). Categorical analyses
on vaccine responses were performed using the Fisher’s
test, sex/gender and adverse events were analysed using
Х2 test. Correlations between the immunological pa-
rameters were analysed using a correlation matrix ac-
cording to Spearman. Analysis was carried out using
GraphPad Prism 9.5.1 software (GraphPad, San Diego,
CA, USA). Categorical comparisons of the occurrence of
adverse events after the first and second vaccination in
the ipsilateral and the contralateral group, respectively,
was performed using the non-parametrical McNemar
test (including two-sided p-values) using IBM SPSS
Statistics 26. A p-value <0.05 was considered statistically
significant.

Role of funders
The funder did not have any role in study design, data
collection, data analyses, interpretation, or writing of
report.
Results
Study population
We recruited 303 immunocompetent individuals
(39.5 ± 15.1 years) with no known history of SARS-CoV-
2 infection who underwent COVID-19 vaccination with
two doses of the BNT162b2 vaccine (Comirnaty, Bio-
NTech/Pfizer), which were given 5.8 ± 0.7 weeks apart
as per German regulations. Among them, 147 in-
dividuals received the second dose on the ipsilateral
side, and 156 individuals had the second dose admin-
istered on the contralateral side (Table 1). Blood samples
were drawn 15 (IQR 2) days after the second vaccination
to determine differential blood counts, general
lymphocyte subpopulations, NCAP-specific IgG, spike-
specific IgG levels, IgG-avidity, and surrogate neutral-
izing antibody activity towards SARS-CoV-2 spike.
Although all individuals did not have any known history
of SARS-CoV-2 infection, 2 out of 303 individuals (from
the ipsilateral group) had a positive IgG titer towards the
nucleocapsid protein and were excluded from further
analyses. Among a subgroup of 143 participants (64
ipsilateral and 79 contralateral), we also determined
SARS-CoV-2 spike-specific CD4 and CD8 T-cell levels.
There was no difference in age and sex between the
ipsilateral and the contralateral group (Table 1). Like-
wise, general leukocyte and lymphocyte numbers and
their T- and B-cell subpopulations including plasma-
blasts did not differ between the two groups (Table 1).

Spike-specific antibodies and T-cells
SARS-CoV-2 spike-specific IgG antibodies were strongly
induced after the second vaccination, with no significant
difference in median antibody levels between the ipsi-
lateral (4590 (IQR 3438) BAU/ml) and the contralateral
group (4002 (IQR 3524) BAU/ml, p = 0.106, Fig. 1a).
Likewise, IgG-avidity did not differ between the two
groups (ipsilateral 39 5% (IQR 11.5%), contralateral
41.9% (IQR 10.5%), p = 0.056, Fig. 1a). However, the
median neutralizing activity of the antibodies was
significantly lower in the contralateral group (65.0%
(IQR 33.8%) versus ipsilateral 69 0% (IQR 33.0%),
p = 0.024). SARS-CoV-2 spike-specific T-cell levels were
quantified in subgroups of 64 individuals after ipsilat-
eral and 79 after contralateral vaccination, respectively.
Specific T-cells were stimulated directly ex vivo from
whole blood with overlapping peptide pools spanning
the S1 and S2 subunits of the spike protein. Specifically
activated T-cells were identified after intracellular
staining of IFNγ in CD69 positive CD4 and CD8 T-cells.
As shown in Fig. 1b, individuals in the ipsilateral and
the contralateral group did not differ in the median
percentages of SARS-CoV-2 spike-specific CD4 T-cells
(ipsilateral 0.141% (IQR 0.138%), contralateral 0.175%
(IQR 0.146%), p = 0.169). In contrast, spike-specific
CD8 T-cell levels were significantly lower in the
contralateral (0.026% (IQR 0.079%)) than in the ipsi-
lateral group (0.063% (IQR 0.147), p = 0.004). As a
result, the percentage of individuals with spike-specific
CD8 T-cell levels above the detection limit was signifi-
cantly lower after contralateral than after ipsilateral
vaccination (34/79 (43.0%) versus 43/64 (67.2%),
p = 0.004). CD4 and CD8 T-cell levels after polyclonal
www.thelancet.com Vol 95 September, 2023
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ipsilateral contralateral p-value

n = 145a n = 156

Years of age (mean ± SD) 38.5 ± 15.0 40.4 ± 15.3 0.286e

Sex/genderb, n (%) 0.518f

male 80 (55.2) 91 (58.3)

female 65 (44.8) 64 (41.0)

transgender 0 (0.0) 1 (0.6)

Weeks between 1st and 2nd vaccination, (mean ± SD) 5.8 ± 0.7 5.8 ± 0.8

Analysis time [days after 2◦ vaccination], median (IQR) 15 (2.0) 14.5 (1)

Differential blood cell counts n = 143 n = 153

Leukocytes (cells/μl), median (IQR) 6900 (2400) 7000 (1800) 0.825g

Granulocytes (cells/μl), median (IQR) 4080 (1711) 4092 (1539) 0.674g

Monocytes (cells/μl), median (IQR) 578 (225) 594 (192) 0.786g

Lymphocytes (cells/μl), median (IQR) 2356 (926) 2317 (826) 0.774g

Thrombocytes (cells/μl), median (IQR) 257,000 (87,000) 265,000 (86,000) 0.272g

General lymphocyte subpopulations n = 63c n = 77c

CD3 T-cells (cells/μl), median (IQR) 1670 (659) 1732 (665) 0.667g

CD4 T-cells (cells/μl), median (IQR) 991c (553) 1075 (447) 0.760g

CD8 T-cells (cells/μl), median (IQR) 436d (327) 482 (264) 0.139g

CD19 B-cells (cells/μl), median (IQR) 232 (218) 224 (144) 0.947g

Plasmablasts (cells/μl), median (IQR) 0.576 (0.807) 0.726 (0.643) 0.207g

aTwo out of 147 individuals who were included in the ipsilateral group had a positive NCAP-IgG titer (1 male, one female); these two individuals were excluded from further
analyses. bSelf-declared. cDetermined among subgroup of 143 individuals (64 ipsilateral and 79 contralateral) who were tested for both spike-specific antibodies and T-cells.
dn = 62. eUnpaired t-test. fХ2 test. gMann-Whitney test.

Table 1: Demographic and clinical characteristics of the study population.

Articles
stimulation with Staphylococcus aureus Enterotoxin B
(SEB) did not differ between the two groups (Fig. 1c),
which indicates that the effect is vaccine-specific. In
both the ipsilateral and the contralateral group, CD8
T-cell levels, IgG levels, and neutralizing activity showed
a significant correlation (Fig. 1d). In contrast, significant
correlations between CD4 T-cell levels and IgG or be-
tween CD4 T-cell levels and neutralizing activity were
only found in individuals after contralateral vaccination
(Fig. 1d).

Apart from the cytokine IFNγ, spike-specific T-cells
were further characterized for co-expression of IL-2 and
TNFα, and for expression of CTLA-4 as phenotypical
marker for recent antigen encounter. Although spike-
specific CD4 T-cells did not show any quantitative dif-
ferences between the groups (Fig. 1b), the cytokine
profile of spike-specific CD4 T-cells from individuals in
the contralateral group showed slightly more multi-
functional CD4 T-cells co-expressing IFNγ, IL-2 and
TNFα (p = 0.016, Fig. 2a). Likewise, spike-specific CD4
T-cells in the contralateral group had significantly
higher CTLA-4 expression levels (p = 0.011, Fig. 2b).
The cytokine profile of spike-specific CD8 T-cells or
SEB-reactive T-cells was distinct from that of spike-
specific CD4 T-cells. However, unlike for spike-specific
CD4 T-cells, the ipsilateral and the contralateral group
did not show any functional or phenotypical differences
for spike-specific CD8 T-cells or for CD4 or CD8 T-cells
after polyclonal stimulation with SEB.
www.thelancet.com Vol 95 September, 2023
Adverse events after vaccination
We also analysed vaccine-related adverse events in the
first week after the first and the second vaccination
based on self-reporting using a questionnaire. Both
vaccinations were generally well tolerated with pain at
the injection site and fatigue being most frequently re-
ported (Fig. 3a). Local and systemic adverse events after
the first dose expectedly did not differ between the two
groups, whereas fever was the only adverse event that
was more frequently observed in the ipsilateral group
after the second vaccination (15.2% versus 7.7%,
p = 0.046, Fig. 3a and Table S2). In general, most in-
dividuals in both groups felt more affected by the sec-
ond vaccination (p = 0.751, Fig. 3b). This is also
illustrated by a comparison between the first and the
second vaccination (Tables S3 and S4, McNemar
testing), where the proportion of individuals with local
redness and swelling, or systemic adverse events such as
headache, myagia and chills showed a significant
change from the first to the second vaccination in both
the ipsilateral and the contralateral group; a proportional
change in fever was only found in the ipsilateral group,
whereas proportional changes in local pain, nausea, fa-
tigue and swollen lymph nodes were only observed in
the contralateral group.

Discussion
We have studied the role of the ipsilateral and contra-
lateral vaccine side on immunogenicity after secondary
5
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Fig. 1: Spike-specific IgG, neutralizing antibodies, and CD4 and CD8 T-cells after ipsilateral and contralateral administration of the
second dose of the BNT162b2 vaccine. (a) Spike-specific IgG levels, IgG-avidity, and neutralizing activity (dilution 1:16) were determined from
all individuals (n = 301) after ipsilateral (n = 145) and contralateral (n = 156) vaccination. (b) Spike-specific CD4 and CD8 T-cells as well as (c)
SEB-reactive CD4 and CD8 T-cells were quantified in a subset of individuals (ipsilateral n = 64; contralateral n = 79) after stimulation based on
expression of CD69 and IFNγ. Stippled lines denote detection limits as defined by the manufacturer (panel a) or as established in previous
studies (panel b).6,12 Percentages in panel b refer to individuals with specific CD4 and CD8 T-cell levels above detection limit of 0.03%. Statistical
analysis was performed using the non-parametric Mann–Whitney test. Bars represent medians with interquartile ranges. (d) Correlation matrix
of spike-specific IgG levels, spike-specific neutralizing antibodies, and spike-specific CD4 and CD8 T-cells. Correlation coefficients (including p-
values) were calculated according to two-tailed Spearman and displayed using a color code. SEB, Staphylococcus aureus Enterotoxin B. A separate
presentation of the data of this figure for female and male study participants is shown in Figure S1.
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vaccination in a unique setting where the same type of
COVID-19 vaccine was administered in a SARS-CoV-2
naïve population. Both the ipsilateral and the contralat-
eral vaccination induced a strong humoral and cellular
immune response, and were overall similarly well
tolerated with adverse events being largely restricted to
pain at the injection side and fatigue. As most striking
observations, we found that spike-specific neutralizing
antibody activity was significantly lower after contralat-
eral vaccination, despite similar quantities of spike-
specific IgG and avidity between the groups.
Moreover, significantly fewer individuals mounted a
sufficient spike-specific CD8 T-cell response (43%
versus 67%). While the quantity of spike-specific CD4
T-cells was similar in both groups, their CTLA-4
expression level was significantly higher if induced on
the contralateral side. We also noted that interindividual
variability in specific immune responses was high.
However, considering that neutralizing antibody activity
contributes to protection against SARS-CoV-2 infection,
and specific T-cells mediate protection from severe
COVID-19 disease,15,16 the choice of arm for the second
www.thelancet.com Vol 95 September, 2023
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Fig. 2: Cytokine profile and CTLA-4 expression of spike-specific and SEB-reactive CD4 and CD8 T-cells. (b) Spike-specific and SEB-reactive
CD4 and CD8 T-cells were analysed for expression of IFNγ, TNFα and IL-2 alone or in combination after Boolean gating. This allowed distinction
of seven subpopulations expressing three, two or a single cytokine. All samples were analysed, but to ensure robust statistics, only individuals
with at least 30 cytokine-expressing spike-specific CD4 or CD8 T-cells after normalization to the negative control stimulation were considered
(with sample size indicated in the figures). Bars represent means and individual values are displayed by circles. Differences between the groups
were analysed using the t-test. (b) Spike-specific and SEB-reactive CD4 and CD8 T-cells were analysed for expression of CTLA-4, which is
expressed as median fluorescence intensity (MFI). All samples were analysed, but to ensure robust statistics, this analysis was restricted to
samples with at least 20 CD69+IFNγ+ CD4 or CD8 T-cells (with sample size indicated in the figures). Bars represent medians with interquartile
ranges. Differences between the groups were calculated using the Mann Whitney test.

Articles
vaccination represents a previously unappreciated factor
that may contribute to overall vaccine effectiveness on a
population level.

The observed differences in immunogenicity may
result from the fact that priming and secondary boosting
of the immune response after ipsilateral vaccination
occurs in the same draining axillary lymph nodes with
limited involvement of the contralateral side. Concep-
tually, this is supported by 18F-FDG PET/CT studies
among BNT162b2-vaccine recipients demonstrating
Fig. 3: Adverse events after the first and the second vaccination. (a) Lo
and second vaccination, respectively, were self-reported using a question
adverse event in the ipsilateral or the contralateral group. More detailed st
of relative severity of the two vaccine doses after ipsilateral or contralatera
affected by the first or by the second vaccination or whether both were

www.thelancet.com Vol 95 September, 2023
that the ipsilateral lymph nodes on the side where the
vaccine had been applied were significantly larger in
size and showed higher metabolic activity compared to
the contralateral lymph nodes.17 Moreover, studies on
fine needle aspirates of lymph nodes after ipsilateral
vaccination indicated that follicular helper (Tfh) cells,
germinal center (GC) B-cells in general, and spike-
specific GC B-cells were induced after the first vacci-
nation and strongly increased after the second.18–20 As
mRNA and spike antigen after ipsilateral vaccination
cal and systemic adverse events in the first seven days after the first
naire. Shown is the percentage of individuals who reported a given
atistical analyses are shown in Tables S2–S4. (b) Individual perception
l administration is shown based on whether individuals had felt more
scored similar. Analyses was performed using Х2 test.
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was shown to persist in GC of the axillary draining
lymph nodes up to 8 weeks after vaccination,21 this may
in part result from antigen persistence on follicular
dendritic cells that may facilitate B-cell proliferation and
affinity maturation of antibodies upon secondary chal-
lenge. It was also found that spike-specific GC B-cells
and plasmablasts remained detectable in the draining
lymph nodes for at least 12 weeks.20 Interestingly, the
vaccine-related induction of these cells after ipsilateral
vaccination was restricted to the ipsilateral side, as Tfh
cell- and GC B-cell levels in the contralateral lymph node
did not increase, and spike-specific GC B-cells were
completely absent.18 These data are in line with obser-
vations in rhesus macaques vaccinated with an mRNA
encoding the H10 hemagglutinin, where priming of
influenza-specific CD4 T cells exclusively occurred in
the vaccine-draining lymph nodes.22 Similar analyses of
lymph nodes after contralateral vaccination have not
been performed. However, based on our results, it
seems conceivable that administration of the second
vaccination on the contralateral side may at least to
some extent require de novo induction of specific B and
T-cells and germinal center formation in lymph nodes
not previously involved in the first vaccination, which
overall may result in a less pronounced immune
response as compared to ipsilateral vaccination. In this
regard, the fact that the correlation between CD4 T-cells
and antibodies was primarily found in the contralateral
group, and lower levels of CD8 T-cells after contralateral
vaccination are reminiscent of immune responses after
primary induction.23 In addition, higher levels of CD8 T-
cells after ipsilateral vaccination may result from antigen
retention on lymphatic endothelial cells followed by
capture and cross-presentation of these antigens to
migratory dendritic cells upon secondary challenge,
which strongly induced specific CD8 T-cells in mice.24,25

While the significance of the slightly altered cytokine
profile of spike-specific CD4 T-cells warrants further
study, the higher expression levels of CTLA-4 on CD4 T-
cells may result in a less pronounced activation and
proliferation of B-cells thereby adversely affecting anti-
body responses. Our data are supported by recent data
in mice.26 As with our study, overall IgG levels were
similar in mice after secondary influenza vaccination on
the ipsilateral and contralateral hock. Consistent with
differences in neutralizing activity in our study, the
quality of the antibodies also differed, as mice after
ipsilateral vaccination had significantly higher numbers
of B-cells with high-avidity B-cell receptors.26

Our results on a stronger induction of specific im-
munity after ipsilateral vaccination are in line with a
higher percentage of antibody responders after rabies
vaccination in an adult population,9 whereas the differ-
ences between ipsilateral and contralateral vaccination
in a large study among infants were less clear.10 The
reasons for the differences in the results warrant further
study, but may result from the fact that repeated
vaccinations, in part with longer spacing, were carried
out in the infant study which may have offset potential
differences seen after the initial doses. Moreover, it may
be due to the use of arms in adults (deltoid muscle) and
legs in children (vastus lateralis muscle), and attendant
anatomical differences between lymphatic vessels
draining the upper and lower extremities. The separa-
tion of the lymphatic territories of the right and left legs
is not strict, since they merge in the region of the lesser
pelvis and drain together into the thoracic duct. This
contrasts with a lymphatic watershed in the upper ex-
tremities, where the right arm has its own drainage via
the right lymphatic duct, and the left arm -like the legs-
drains via the thoracic duct.27 Together this may indicate
that the beneficial effects of ipsilateral vaccination are
more pronounced in adults, where the use of the upper
extremities is the commonly recommended practice.

Our study is limited by the lack of analyses after the
first vaccination to exclude that the ipsilateral group by
chance had more high-responders. Moreover, we did
not perform any serial analyses after the second vacci-
nation. Therefore, the observed differences between
ipsilateral and contralateral administration may in part
result from different dynamics in the induction of spike-
specific antibodies and T-cells. Although we performed
several assays to assess the magnitude and functionality
of vaccine-induced antibodies and T cells, our neutral-
izing activity was performed with a surrogate assay only.
However, this assay was shown to correlate well with
live viral assays towards the parental SARS-CoV-2 strain
based on previous observations.14 Finally, as adverse
events may affect immunogenicity,28,29 adverse events
after the first vaccination may in principle influence the
choice of arm for the second vaccination. However,
assignment of the vaccine arm was randomly made
based on the day of vaccination in the majority of cases.
The minor percentage of study participants where
assignment was based on the individual’s discretion,
adverse events after the first vaccination was not the
reasoning for assignment. Particular strengths of our
study are the large sample size and the use of COVID-19
as a unique setting where the same vaccine was
administered to an immunologically naïve population.
Moreover, the rate of infections in our study period was
low due to widespread contact restrictions and mask
mandates, and all individuals did not report any history
of SARS-CoV-2 infection with only 2/303 individuals
having a presumed history of infection based on a
positive antibody titer towards the NCAP protein.
Therefore, infections are considered unlikely as a
confounder for the observed side-specific effects on the
induction of specific immune responses.

Knowledge on individual factors on how to best
induce and improve humoral and cellular immune re-
sponses may be relevant for elderly individuals or
immunocompromised patients with poor vaccine re-
sponses, and for evaluation of effectiveness. During the
www.thelancet.com Vol 95 September, 2023
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SARS-CoV-2 pandemic and global introduction of
COVID-19 vaccinations, several factors have been
identified that influence immunogenicity and effective-
ness to varying degrees. Those include the type of
vaccine with various delivery principles such as viral
vectors, mRNA or proteins. In this respect, vector vac-
cines generally induced lower antibody levels, and
protein-based vaccines were less potent in inducing
specific CD8 T-cells.6,30,31 Heterologous combinations of
vector- and mRNA-vaccines were found to eliciting
stronger antibody and T-cell responses as compared to
homologous vector regimens.6,30,31 Moreover, longer
time between first and second vaccination resulted in
better immunogenicity and effectiveness.32 The impact
of vaccine dosage is illustrated by the fact that the
mRNA-1273 vaccine elicited slightly higher antibody
and T-cell levels as compared to the BNT162b2 vac-
cine.33 Finally, increasing age or extent of immunodefi-
ciency is associated with lower response rates.23,34 Our
study now identified the vaccine side as an additional
factor affecting immunogenicity. Despite large interin-
dividual variability in specific antibody- and T-cell
responses within each group, the lower neutralizing
antibody activity and strikingly lower levels of specific
CD8 T-cells after contralateral vaccination may have
implications for protection on a population level and
support current preference for ipsilateral administra-
tion. Moreover, the findings of this study can immedi-
ately be translated into clinical practice without
additional costs or adverse events, and may have general
relevance for other vaccines applied as a dual-dose
regimen.
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