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Currently available COVID-19 vaccines include inactivated virus, live attenuated

virus, mRNA-based, viral vectored and adjuvanted protein-subunit-based

vaccines. All of them contain the spike glycoprotein as the main immunogen

and result in reduced disease severity upon SARS-CoV-2 infection. While we and

others have shown that mRNA-based vaccination reactivates pre-existing, cross-

reactive immunity, the effect of vector vaccines in this regard is unknown. Here, we

studied cellular and humoral responses in heterologous adenovirus-vector-based

ChAdOx1 nCOV-19 (AZ; Vaxzeria, AstraZeneca) and mRNA-based BNT162b2

(BNT; Comirnaty, BioNTech/Pfizer) vaccination and compared it to a

homologous BNT vaccination regimen. AZ primary vaccination did not lead to

measurable reactivation of cross-reactive cellular and humoral immunity

compared to BNT primary vaccination. Moreover, humoral immunity induced by

primary vaccination with AZ displayed differences in linear spike peptide epitope

coverage and a lack of anti-S2 IgG antibodies. Contrary to primary AZ vaccination,

secondary vaccination with BNT reactivated pre-existing, cross-reactive immunity,

comparable to homologous primary and secondary mRNA vaccination. While

induced anti-S1 IgG antibody titers were higher after heterologous vaccination,

induced CD4+ T cell responses were highest in homologous vaccinated. However,

the overall TCR repertoire breadth was comparable between heterologous AZ-

BNT-vaccinated and homologous BNT-BNT-vaccinated individuals, matching

TCR repertoire breadths after SARS-CoV-2 infection, too. The reasons why AZ

and BNT primary vaccination elicits different immune response patterns to
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essentially the same antigen, and the associated benefits and risks, need further

investigation to inform vaccine and vaccination schedule development.
KEYWORDS

SARS-CoV-2, antigen-specific T-cells, cross-reactivity, heterologous vaccination,
humoral response
Introduction

The COVID-19 pandemic caused by severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) still challenges health care

systems and the economy globally. SARS-CoV-2 vaccines were

developed and approved at unprecedented speed. However,

contrary to initial hopes, they failed to induce sterile immunity (1,

2). These first-generation vaccines included lipid nanoparticle-

formulated, nucleoside-modified mRNA vaccines BNT162b2

(Comirnaty, BioNTech/Pfizer, in the following abbreviated as BNT)

and m-1273 (Moderna) as well as the adenovirus-vector-based

ChAdOx1 nCOV-19 vaccine (Vaxzeria, AstraZeneca, in the

following abbreviated as AZ), all encoding for the spike

glycoprotein (spike) (3, 4). The BNT vaccine was initially approved

for a 21-days interval, 2 dose regimen, whereas for the AZ vaccine,

three months between the first and the second dose were approved

(5). At first, Germany’s authorities recommended AZ only for the

younger adults (<60 years) due to lacking data on efficacy in the

elderly (6). Following reports of rare cases of vaccine-induced

immune thrombotic thrombocytopenia in young individuals in

relation to vaccination with AZ, recommendations for the younger

were changed to BNT at the end of March 2021, and resulted in a

small cohort of young, heterologous vector-mRNA-vaccinated

individuals (7–9). This cohort revealed not only good tolerance of

heterologous vaccination but also reported both higher antibody titers

and higher neutralization capacity against novel variants of concern

(VOCs) (10–13). Vaccination-induced cellular immune responses

were comparable between heterologous AZ-BNT vaccination and

homologous vector-based vaccination, and higher than following

homologous AZ-AZ vaccination (13–16). Accordingly, vector

vaccines later were recommended to be combined with mRNA also

for third and fourth doses (17, 18). Although the efficacy of mRNA-

based vaccines remained unmet, their need for deep cooling and

challenging production limits their global usage (5, 19). Additional

obstacles of both mRNA- and vector-based vaccines are the

administration by injection and especially the reduced effectiveness

of neutralizing and blocking antibodies against arising VOCs (20).

Some of these hurdles may get solved with the development of

second-generation nasal vaccines targeting mucosal immunity and

shifting the focus from RBD-specific antibodies to strengthening a

broader, pan-coronavirus immunity including optimized T cell

responses (21–24). Coronaviruses are widespread in the animal

kingdom and further spillover to humans can be expected in the

future (25). Prior to SARS-CoV-2, four other common cold

coronavirus (hCoV) strains (HKU1, OC43, NL63, 229E) circulated

with a seasonal pattern among humans. These are responsible for
02
normal colds and, accordingly, ubiquitous cellular immunity to

endemic coronaviruses (26–28). We and others could demonstrate

that hCoV induced pre-existing pan-coronavirus-reactive immunity

provides rapidly responding CD4+ and CD8+ T cells in blood and

mucosa upon SARS-CoV-2 infection or COVID-19 vaccination (29–

34). Within spike, due to homology, cross-reactivity focuses on the S2

subunit. Here, a conserved epitope (iCope) within the fusion domain

(aa 816–830) accounts for the majority of responsive CD4+ T cells and

cross-reactive neutralizing antibodies (28, 29, 35, 36). While infection

and homologous BNT vaccination has been shown to boost this

cross-reactive immunity (29, 37), the capacity of heterologous

vaccination to engage cross-reactive pre-existing immunity is

unknown. Therefore, here we comprehensively assessed the

quantity and quality of immune responses induced in AZ-BNT

vaccination and compare it to that induced by homologous BNT

vaccination regimen.
Results

Kinetics of cellular and humoral responses
in heterologous AZ-BNT vaccination

At first, we examined cellular and humoral response kinetics of 17

donors during heterologous vaccination with a primary dose of AZ

and, three months later, a secondary dose of BNT in a 3–4-day

sampling interval for the first two weeks and thereafter weekly until

day 28 (Figure S1). We stimulated PBMCs with a S1 spike peptide

pool (S-I) covering the N-terminal amino acid residues 1–643 and a

S2 peptide pool (S-II) covering the C-terminal amino acid residues

633–1273. In line with our previous findings (29), antigen-specific

CD40L+4-1BB+ cross-reactive CD4+ T cells with high TCR avidity

characterized by downregulated CD3 cell surface expression (CD3lo)

could be observed in response to S-II but not S-I stimulation prior to

vaccination (d0) (Figures 1A, B). After the second vaccination, both

S-I- and S-II-specific CD4+ T cells displayed a secondary response

kinetics peaking already at d10 with comparable frequencies and TCR

avidity which remained stable until week 12 after the third dose of

vaccine with BNT (Figures 1A, B, D). Utilizing HLA-DR and CD38,

we also monitored the proportion of recent in vivo activation among

S-I- and S-II-specific CD4+ T cells in the periphery (Figure 1C). The

frequencies of HLA-DR+CD38+ S-I- or S-II-specific CD4+ T cells

were highest upon the first dose of vaccine and displayed lower

frequencies after the second, and particularly following the third dose

of vaccine even though the overall frequency of CD40L+4-1BB+ CD4+

T cells were comparable at each peak between S-I and S-II
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stimulations. (Figure 1D). Primary AZ vaccination induced anti-S1

IgG titers in all donors at day 17, but only 66 % (10 of 15) displayed

detectable IgA titers above threshold (Figure 1E). The second and

third vaccine dose increased IgG titers, which however decreased

significantly over the observation period of three months. IgA

responses were highly heterologous across donors and displayed

faster reduction than IgG, already within weeks after the second dose.
Frontiers in Immunology 03
Heterologous vaccination results in slower
induction of CD4+ T cell responses, but
higher IgG responses compared to
homologous vaccination

Next, we investigated quantitative and qualitative differences in the

adaptive responses upon heterologous vaccination and compared them
B

C

D

E

A

FIGURE 1

Kinetics of adaptive immune responses upon heterologous vaccination. Immune response kinetics following heterologous SARS-CoV-2 vaccination of
unexposed young healthy donors (n=17) vaccinated with AZ at d0, then BNT 85(+/-3) days after first dose and 142(+/-7) days after second dose. (A) Ex
vivo stimulation of PBMCs with S-I and S-II peptide pools. The percentage of CD40L+4-1BB+ within CD4+ T cells among stimulated PBMCs was divided
by the percentage of these cells in the unstimulated control, resulting in the stimulation index (SI). Dotted lines indicate a SI of 1.5 and 3, separating non-
responders from responders with uncertainty and definite responders. (B) Frequencies of CD3lo cells among S-I- or S-II-reactive CD40L+4-1BB+ CD4+
T cells of T cell responses with a SI ≥ 1.5. (C) Frequencies of HLA-DR+CD38+ among CD40L+4-1BB+ CD4+ T cells. (D) Direct comparison of the SI,
frequencies of CD3lo and HLA-DR+CD38+ cells of CD40L+4-1BB+ CD4+ T cells at indicated time points upon stimulation with S-I or S-II peptide
pools. (E) Serum anti-SARS-CoV-2 S1 IgA and IgG titer ratios. Only significant differences are shown with *p < 0.05, **p<0.01, ***p<0.001 (A-C, E-F:
Wilcoxon matched-pairs signed-rank test between consecutive days, D: Mann-Whitney test). SI below 1 were excluded from further analysis, as they are
below the lower limit of detection. Black line indicates the median.
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to these of 16 age- and gender-matched donors from a previously

published cohort of homologous BNT-vaccinated individuals (29).

Note, while the heterologous AZ-BNT vaccination involved a three-

month interval between first and second vaccination, the second

vaccination in the BNT-BNT cohort was administered three weeks

after the first dose. We weekly assessed the response to the first dose,

the peak of response after the second dose (d7, d14) and the long-term

response at 12 weeks after the third dose of BNT vaccine, administered to

both cohorts 6-10 months after the second dose (Figure S1). Primary

BNT vaccination resulted in a more rapid T cell response, inducing

higher frequencies of S-I- and S-II-reactive T cells early at day 7 post

primary and after secondary vaccination. This difference, however,

vanished three months after the third dose of vaccine (Figure 2A). In

contrast to BNT-vaccinated, AZ-primed individuals did not display

higher frequencies of S-II-specific than S-I-specific T cells early (d7)

after primary vaccination (Figure 2B). The population’s TCR avidity

increased faster following first BNT vaccination in both cohorts, but

remained comparable thereafter (Figures 2C, D). Upon secondary BNT

vaccination, AZ-primed individuals displayed higher IgG levels, but

lower IgA levels compared to homologous vaccinated (Figure 2E).

These differences leveled out three months after the third dose of

vaccine. Neutralization against the Alpha variant was achieved as early

as 14 days following primary vaccination with AZ or BNT and remained

comparable following secondary and tertiary vaccination with BNT
Frontiers in Immunology 04
(Figure 2F). However, neutralization of the Omicron variant was

largely absent following primary vaccination and significantly higher

following homologous BNT vaccination (Figure 2F).
Lack of evidence for reactivation of
cross-reactive CD4+ T cells after primary
AZ vaccination

To investigate the recruitment of cross-reactive T cells in the

immune response following heterologous vaccination, we

longitudinally compared the S-II-specific CD4+ T cell response from

donors with cross-reactive (SI>3 at baseline) CD4+ T cells to donors

without cross-reactive CD4+ T cells (SI<3 at baseline) (Figure 3A).

Overall, S-II-specific CD4+ T cell frequencies remained higher in the

cross-reactive cohort and more stable over time. Next, we evaluated

CD4+ T cell responses against the dominant cross-reactive epitope

(iCope) within the fusion domain of spike (aa 816–830). Primary AZ

vaccination induced a quantitatively and qualitatively weak response,

that was boosted significantly by the second dose with BNT (Figure 3B).

Compared to the homologous BNT vaccination regimen, heterologous

vaccinated individuals exhibited a lower increase of iCope-specific T

cells early in the immune response at day 7 and peaked at lower levels

following primary immunization (Figure 3C). In line, comparison of SI
frontiersin.org
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FIGURE 2

Heterologous vaccination results in slower induction of CD4+ T cell responses, but higher IgG responses compared to homologous vaccination. (A) Ex vivo
stimulation of PBMCs from donors receiving heterologous AZ-BNT and homologous BNT-BNT vaccination with S-I and S-II peptide pools at indicated time
points. SI of antigen-specific CD40L+4-1BB+ CD4+ T cells is shown. (B) Ex vivo stimulation of PBMCs from AZ or BNT primary vaccinated donors with S-I
and S-II peptide pools early and at peak of immune response. SI of antigen-specific CD40L+4-1BB+ CD4+ T cells is shown. (C) Frequencies of CD3lo cells
among S-I- or S-II-reactive CD40L+4-1BB+ CD4+ T cells of T cell responses with a SI ≥ 1.5. (D) Ex vivo stimulation of PBMCs from AZ or BNT primary
vaccinated donors with S-I and S-II peptide pools early and at peak of immune response. Frequencies of CD3lo antigen-specific CD40L+4-1BB+ CD4+ T
cells are shown. (E) Serum anti-SARS-CoV-2 S-1 IgG and IgA antibody levels (OD) were determined at indicated time points. Upper and lower levels of
detection were set at 1 and 13 (IgG)/ 10 (IgA), respectively, indicated by dotted lines. (F) Anti-SARS-CoV-2 B.1.1.7 (Alpha) and B1.1.529 (Omicron) subtype BA.5
variant spike neutralizing capacity at d14 post primary, d14 post secondary and 12 weeks post booster vaccination. Positivity thresholds: >10 ID50 for spike
neutralization. Serum ID50 values less than the lowest serum dilution tested (1:10) were assigned a value of 5 for plotting the graph and for statistical analysis.
Only significant differences are shown with *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney test. SI below 1 were excluded from further analysis, as they
are below the lower limit of detection. Black line indicates the median.
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changes between d0 and d7 or d14 revealed an early response of cross-

reactive clones upon priming with the BNT vaccine whereas donors

vaccinated with AZ responded rather late around d14, indicative of

recruitment and expansion of only naïve T cell clones rather than

recruitment from a pre-existing cross-reactive repertoire (Figure 3D).

Compared to primary AZ vaccination, primary BNT vaccination also

elicited T cell responses of higher TCR avidity, indicated by higher

frequencies of CD3 surface downregulation (CD3lo) in activated CD4+

T cells. Among the few detectable iCope-reactive T cells in AZ-primed

individuals, a larger proportion displayed an in vivo activation

phenotype (HLA-DR+CD38+) at d14 compared to BNT-vaccinated

donors (Figure 3C). In the homologous BNT vaccination regimen, early

responses of cross-reactive CD4+ T cell clones correlated with higher

and more robust antibody titers, as already shown in Loyal et at., 2021

(29). However, we could not identify any correlation between early S-I,

S-II or iCope responses (d4, d7) with early and late IgG and IgA titers

upon vaccination (first dose d14, second dose d0 or second dose d28) in

heterologous vaccinated donors (Figure S2A). This lack of measurable

early reactivation of cross-reactive CD4+ T cells in primary AZ
Frontiers in Immunology 05
vaccination suggests that this immunization cannot leverage pre-

existing T cells to augment the primary response, which was

facilitated by BNT primary vaccination and is associated with

advantages for both cellular (higher TCR avidity) as well as the

humoral (earlier onset) immune response (Figure S2A, (29).

However, an overall robust IgG and IgA humoral response correlates

with a general good S-I but not S-II T cell reactivity later in the

response (Figure S2B).
Heterologous AZ-BNT vaccination recruits a
distinct antibody repertoire compared to
homologous BNT-BNT vaccination

Next, we compared de novo and cross-reactive humoral immune

responses in homologous BNT-BNT versus heterologous AZ-BNT

vaccination. We screened for linear epitope hot spots of humoral

immunity within spike by utilizing a peptide microarray displaying a

scan through the spike protein with linear 15mers (overlapping by
B C

DA

FIGURE 3

Cross-reactive cellular responses are not effectively induced by AZ primary vaccination. (A) Ex vivo stimulation of PBMCs with S-II peptide pool. Donors
were separated into cross-reactive responders according to an SI of >3 at d0 and non-cross-reactive responders (baseline SI <3). (B) Stimulation index of
antigen specific CD40L+4-1BB+ CD4+ T cells, frequencies of CD3lo cells among iCope-reactive CD40L+4-1BB+ CD4+ T cells of T cell responses with a SI
≥ 1.5, and HLA-DR+CD38+ among iCope-reactive CD4+ T cells are shown. (C) Comparison of SI, CD3lo and HLA-DR+CD38+ between heterologous (AZ-
BNT-BNT) and homologous (BNT-BNT-BNT) vaccinated donors.(D) Foldchange of the SI of iCope-specific T cells from d0 to d7 and d0 to d14. Only
significant differences are shown with *P < 0.05, **P < 0.01, ***P < 0.001. A, C-D: Mann-Whitney test B: Wilcoxon matched-pairs signed-rank test. SI
below 1 were excluded from further analysis, as they are below the lower limit of detection. Black line indicates the median.
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11 amino acids (aa)) and calculated the responsiveness per amino

acid. In both homo- and heterologous vaccinated cohorts we observed

three dominant immunogenic regions: aa 537–609, aa 624–676, and

aa 1144–1200 (Figures 4A; S2A, B). By contrast, convalescents (CS)

only responded weakly to a region at aa 19–43 located within the

NTD and strongest to two distinct regions between aa 777–829,

containing iCope and the fusion domain.

Homologous BNT vaccination induced antibodies only towards

the segment of aa809–829, whereas heterologous vaccination resulted

in a humoral response linear epitope pattern comparable with natural

infection but lower (Figures 4A; S3A, B). Longitudinal linear peptide-

specific antibody analysis revealed poor induction of cross-reactive
Frontiers in Immunology 06
humoral immunity against the conserved regions aa 813–827 and

1145–1159 by primary AZ vaccination, however, antibodies to the

latter were induced by secondary BNT vaccination (Figures 4A, S2B).

Strikingly, AZ-primed donors predominantly reacted against linear

epitopes in the S1 part of spike that is less conserved among

coronaviruses (Figures 4A, S2A, B). We also assessed whether the

differences in linear epitope recognition was reflected in binding full

spike S1 or S2 protein subunits. S1 binding was comparable after

infection or primary vaccination with either AZ or BNT. However, S2

binding was comparable only between naturally infected and BNT-

primed individuals, while primary AZ vaccination resulted in low

levels of anti-S2 antibodies in 8 out of 16 donors (Figure 4B).
B

A

FIGURE 4

Cross-reactive humoral responses are not effectively induced by AZ primary vaccination. (A) Signal from sample incubation on peptide microarrays for
selected peptides following AZ-BNT (n=16), BNT-BNT (n=15) vaccination or infection (convalescents (CS), n=17). (B) Levels of anti-S1 or anti-S2 IgG
binding antibody intensity units in indicated cohorts. Dotted lines indicate lower cut-off at 18 for values classified as positive and upper cut-off at 172.
BL=baseline, FU=follow-up. ns=not significant, *P < 0.05, **P < 0.01, ***P < 0.001. Mann-Whitney test. Black line indicates the median.
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T cell clonotype repertoire breadth and
depth are comparable in heterologous and
homologous vaccination

To assess the capacity of de novo recruitment of naive T cells

(excluding cross-reactive clones targeting the S-II part) we compared

S-I-specific CD40L+4-1BB+ CD4+ T cells of donors undergoing

heterologous AZ-BNT-BNT with homologous BNT-BNT-BNT

vaccination and additionally to natural infection after BNT-BNT

vaccination (BNT-BNT-INF) by droplet scRNA-seq three months

post last antigen encounter. Diversity 50 (D50, i.e. the number of

dominant clones occupying 50 % of the total repertoire) and inverse
Frontiers in Immunology 07
Simpson index (38) indicated higher TCR breadth in the heterologous

vaccinated, but diversity was overall comparable between groups

(Figures 5A, B). None of the conditions resulted in a strong

enrichment of clonotypes (Figure 5C). Despite high diversity

between samples, some overlapping TCR clones could be found

both between donors of the same group and in-between groups.

Here, clonal overlap between BNT-BNT-BNT-vaccinated and BNT-

BNT-INF individuals was more than threefold higher than between

AZ-BNT-BNT-vaccinated and BNT-BNT-INF individuals

(Figure 5D). All donors demonstrated overlapping clones, both in

absolute and relative (normalized to the sample size) numbers

(Figures 5E, S4A). We also found no difference in the phenotypic
B C

D E

F

A

FIGURE 5

Three months post last antigen contact, single cell RNA sequencing of S-I-reactive CD4+ T cells reveals comparable TCR repertoire in heterologous
(AZ-BNT-BNT) vaccinated, homologous (BNT-BNT-BNT) vaccinated and homologous vaccinated and infected (BNT-BNT-INF) individuals. (A) D50 index
indicates the number of clones occupying 50 % of the repertoire. (B) Inverse Simpson Index indicates the TCRab repertoire diversity. High values
represent a more even distribution of clonotypes, whereas low values indicate enrichment of certain clonotypes. (C) Rare clonal proportion shows the
summary proportion of clonotypes with specific counts. (D) Venn diagram displaying the repertoire overlap between groups. (E) Circos plot giving the
numbers of shared clones between samples of the different cohort. (F) UMAP clustering of seven lymphocyte subsets based on marker genes and
distributions of groups across them. (A, B) Mann-Whitney test revealed no significant differences between groups (P > 0.05). Black line indicates the
median.
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distribution of S-I-specific clones across homo- and heterologous

vaccinated and vaccination-breakthrough-infection groups indicating

a comparable breadth and quality of antigen-specific CD4+ T cells in

all three groups (Figures 5F, S4B).
Discussion

Cross-reactive immunity, resulting from previous exposure to

common cold coronaviruses, has been shown to benefit early immune

responses during SARS-CoV-2 infection (29–32, 37, 39). We have also

shown that primary BNT vaccination engages these pre-existing cross-

reactive T cells within the first week following immunization resulting in

a more rapid response and higher frequencies of high-quality CD4+ T

cells compared with donors in whom such pre-existing, cross-reactive T

cells were not detectable (29, 40). However, the capacity of vector-based

AZ vaccines to elicit cross-reactive immunity was unknown. By

comprehensively characterizing a young, healthy cohort of volunteers

receiving an AZ-BNT vaccination regimen, we here found slower onset

of spike-specific CD4+ T cell responses suggesting that pre-existing cross-

reactive cellular immunity was not activated when primed with AZ.

Moreover, CD4+ T cell immunity towards the universal,

immunodominant coronavirus-specific epitope iCope (S816-830) was

only weakly induced by primary vector-based AZ vaccination compared

to primary mRNA-based BNT vaccination, and AZ induced significantly

fewer CD4+ T cells with high functional TCR avidity. However, following

a secondary BNT vaccination, iCope-responsiveness was readily

detectable in heterologous immunized individuals. Notably, humoral

immunity towards the S1 subunit was comparable between both

vaccination regimens, whereas humoral immunity towards the

conserved S2 subunit was reduced in AZ-primed individuals. This

suggests an altered B cell immune response upon priming with AZ,

which was rectified with the secondary BNT vaccination increasing anti-

S2 IgG titers to higher levels than homologous BNT-BNT vaccination.

Interestingly, spike peptide array analysis revealed distinct areas of

humoral epitope recognition, with different profiles depending on the

priming vaccine. Our findings are validated by Ng et al., who found AZ

vaccination to result in reduced B cell responses targeting distinct S2

regions of spike, especially those against iCope (S816-830) and S1145–

1159 (41). It has been shown that iCope-specific antibodies account for

20% of overall neutralization capacity in blood of convalescents,

potentially by altering the fusion peptide accessibility (41). S1144–1159

is located in the stem helix and antibodies targeting this area were

previously shown to inhibit spike-mediated membrane fusion for beta

coronaviruses (42, 43). Both epitopes are immunodominant and highly

conserved across human coronaviruses (44, 45) which suggests that the

respective areas of spike are probably indispensable for membrane fusion.

In addition, antibodies targeting the S2-located, highly conserved HR1

domain were shown to act as pan-coronavirus fusion inhibitor (46, 47).

Accordingly, antibodies directed against these regions could play a critical

role in protecting against SARS-CoV-2 and other coronavirus infections

and hence in disease control. The search for vaccination regimens that

could specifically boost these antibodies might be important for future

pandemics involving novel coronavirus VOCs.

The significantly higher antibody titers observed following

heterologous vaccination may be attributed to the three-month

time window between first and second vaccine dose (AZ-BNT),
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allowing for prolonged germinal center maturation, resulting in

high affinity maturation of previously low to non-binding

antibodies (48, 49). AZ-AZ vaccination with a three month interval

was reported to mount lower titers than observed here and BNT-BNT

vaccination with a three week interval induced comparable titers in

relation to heterologous vaccination (13, 14, 50). This suggests that

other mechanisms may be responsible for the lower titers in

homologous AZ prime-boost vaccination regimens, such as vector

immunity (48, 49). Additionally, secondary BNT-immunization

containing a slightly different spike protein variant than the AZ

vaccine exposed the B cells to new epitopes not yet covered by AZ-

induced antibodies. However, while mutations in neutralizing

epitopes comparatively affect neutralization capacity in homo- and

heterologous vaccinated donors, homologous BNT vaccination shows

higher neutralization capacity against immune escape variant

Omicron BA.5 after the third dose. This finding highlights the

importance of in-depth understanding of the underlying immune

maturation mechanisms to design long-term protective vaccines and

vaccination schedules.

The observed differences in linear spike epitope antibody coverage

between AZ and BNT vaccination may originate from structural

differences of the spike protein expressed during the distinct

vaccination regimens. Underlying mechanisms could be sequence

modifications, different processing in target cells (receptor mediated

uptake in vector vaccines, random uptake in lipid nanoparticle

encapsulated mRNA vaccines), different glycosylation patterns and

protein stability. The transmembrane protein consists of three S2

subunits with three non-covalently attached S1 subunits (51). The N-

terminal S1 subunit harbors the N-terminal domain (NTD) and

receptor binding domain (RBD) and is relevant for ACE2

recognition on the host cell. Upon binding of ACE2, proteolytic

cleavage at the S2’ site results in the dissociation of S1 and a

conformation change of S2 into post-fusion conformation which

facilitates the membrane fusion (51–54). The fusion peptide region

harboring iCope is concealed by S1 in the pre-fusion status but becomes

exposed upon S2’ cleavage and S1 dissociation until it penetrates the

host membrane in the post-fusion conformation (55). Spontaneous S1

shedding has been described to occur in non-stabilized spike, whereas

two Prolines introduced in S2 at K986P and V987P in BNT162b2 as

well as Moderna’s mRNA-1273 vaccine prevent a conformational

switch into an elongated alpha helix of the post-fusion form (56, 57).

For both mRNA vaccines, the recruitment of pre-existing, cross-

reactive immunity into the immune response was previously shown

(29, 37). Therefore, lack of stabilizing mutations in AZ might result in

an altered accessibility to the fusion-peptide-derived epitopes. Whether

and how this changed conformation then translates into an apparently

less efficient priming of cross-reactive B and T cells remains to be

elucidated. We also observed delayed induction of cellular immune

responses in AZ vaccinees relative to primary BNT vaccination. This

may be due to the fact that the lipid nanoparticle-formulated,

nucleoside-modified delivered mRNA could be rapidly available to

the immune system, whereas vector-based antigen delivery additionally

requires infection of the host cell and transcription of the adenoviral

DNA (58). At day 14, the differences became smaller.

Our findings are limited by the lack of further cohorts, particularly

a homologous AZ vaccination and a homologous BNT vaccination

group with a three-month interval as control group, as well as
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relatively small cohorts for the kinetics and the single cell RNA-

sequencing. Additionally, it would be interesting to check for

differences in the TCR repertoire following only primary

vaccination and against the whole spike protein. Finally,

comparison of other pre-fusion stabilized versus non-stabilized

vaccines would prove the concept of optimal pan-coronavirus

immunity induction by stabilized variants independently of their

mRNA versus vector basis. To address the constant challenges of

newly arising VOCs, second generation vaccines should target pan-

coronavirus immunity, focusing on conserved regions and ideally

activating mutation-resilient immunity. We here demonstrate that

the AZ vector vaccine induces robust adaptive immune responses

however does not engage cross-reactive pan-coronavirus immunity

targeting the conserved S2 subunit of spike.
Materials and methods

Study participants

This study was approved by the Institutional Review board of the

Charité (EA/152/20). Written informed consent was obtained from all

included participants and the study was conducted in agreement with the

declaration of Helsinki. All vaccinated donors were assessed for age and

gender as indicated in Supplementary Table 1. The timepoints week 18

(w18) after second and week 12 (w12) after the third dose of vaccine

spans the days 131-165 and 85-126 respectively. Previous infection was

excluded by a questionnaire asking for SARS-CoV-2 related symptoms

and nucleocapsid IgG ELISA. Detailed specifications of the convalescent

cohort including the time points of the follow-up measurements (FU)

and symptoms are given in Loyal et al., Science, 2021 (29).
Coronavirus RT-qPCR

For all visits and donors, RNA was extracted from 140 ml of wet
nasopharyngeal swabs (Copan mini UTM) using the QIAamp Viral

RNA Mini Kit and QIAcube Connect with the manual lysis protocol.

SARS-CoV-2 RNA detection was performed using a simultaneous

two duplex one-step real-time RT-PCR assay with primers and probes

(in-house protocol, primers and probes ordered at Metabion and

Thermo Fischer Scientific (MGB probe)) for SARS-CoV-2 E Gene

and SARS-CoV-2 ORF1ab according to the RKI/ZBS1 SARS-CoV-2

protocol as described before (59). Each one is duplexed with a control

that either indicates potential PCR inhibition or proves the successful

extraction of nucleic acid from the clinical specimen. As positive

controls genomic SARS-CoV-2 RNA and genomic SARS-CoV RNA

were used for the ORF1ab and the E-Gene assay, respectively,

adjusted to the Ct values 28 and 32. PCR was conducted with the

AgPath-ID™ One-Step RT-PCR Reagents kit (Applied Biosystems)

using a Bio-Rad CFX96 or Bio-Rad Opus real-time PCR cycler.
SARS-CoV-2 IgG and IgA S1 ELISA

Anti-SARS-CoV-2 IgG and IgA ELISA specific for the S subunit 1

(S1) was performed using the commercial kits (QuantiVac for IgG),
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manufacturer’s instructions. Upper and lower cut-off were set at a

ratio of 1 and 13 for IgG, respectively, and at 1 and 10 for

IgA, respectively.
Epitope-specific antibody ELISA

400nM of biotinylated peptide S809-826 (Biotin-Ttds-

PSKPSKRSFIEDLLFNKV-OH, Ttds linker: N-(3-{2-[2-(3-Amino-

propoxy)-ethoxy]-ethoxy}-propyl)-succinamic acid, JPT Peptide

Technologies) was immobilized on a 96-well Streptavidin plate

(Steffens Biotechnische Analysen GmbH) for 1 hour at RT. After

blocking (1 hour, 30°C) serum samples were diluted 1:100 and

incubated for 1 hour at 30°C. HRP-coupled, anti-human-IgG

secondary antibody (Jackson Immunoresearch) was diluted 1:5000

(Jackson Immunoresearch) and added to the serum samples for

1 hour at 30°C, then HRP substrate was added (TMB, Kem-En-

Tec). The reaction was stopped by adding sulfuric acid and absorption

was measured at 450 nm using a FlexStation 3.
SARS-CoV-2 spike epitope-specific
peptide microarray

The peptides were synthesized using SPOT synthesis, cleaved

from the solid support and chemoselectively immobilized on

functionalized glass slides. Each peptide was deposited on the

microarray in triplicates. The peptide microarrays were incubated

with human sera (applied dilution 1:200) in a 96-well microarray

incubation chamber for one hour at 30°C, followed by incubation

with 0.1 mg/ml fluorescently labeled anti human IgG detection

antibody (Jackson Immunoresearch). Washing steps were

performed after each incubation step with 0.1 % Tween-20 in 1x

TBS. After the final incubation step the microarrays were washed and

dried. Each microarray slide was scanned using a GenePix Scanner

4300 SL50 (Molecular Devices). Signal intensities were evaluated

using GenePix Pro 7.0 analysis software (Molecular Devices). For

each peptide, the MMC2 value of the three triplicates was calculated.

The MMC2 value was equal to the mean value of all three instances on

the microarray except when the coefficient of variation (CV) –

standard-deviation divided by the mean value – was larger than 0.5.

In this case the mean of the two values closest to each other (MC2)

was assigned to MMC2. Further data analysis and generation of the

bar plots was performed using the statistical computing and graphics

software R (Version 4.1.1, (60)).
SARS-CoV-2 pseudovirus
neutralization assay

The SARS-CoV-2 pseudovirus neutralization assay was

conducted as previously described in (61). Shortly, SARS-CoV-2

pseudoviruses were generated by co-transfection of plasmids

encoding HIV Tat, HIV Gag/Pol, HIV Rev, luciferase followed by

an IRES and ZsGreen, and the alpha and omicron BA.5 SARS-CoV-2

spike protein into HEK 293T cells using FuGENE 6 Transfection
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Reagent (Promega). Virus culture supernatant was harvested at 48 h

and 72 h post transfection and stored at -80°C till use. Harvested virus

was titrated by infecting 293T expressing ACE242 and after a 48-hour

incubation at 37°C and 5 % CO2, luciferase activity was determined

after addition of luciferin/lysis buffer (10 mM MgCl2, 0.3 mM ATP,

0.5mM Coenzyme A, 17 mM IGEPAL (all Sigma-Aldrich), and 1 mM

D-Luciferin (GoldBio) in Tris-HCL) using the Tristar microplate

reader (Berthold). Neutralization assays were performed as described

before. Briefly, 3-fold serial dilutions of serum (1:10 starting dilution)

were co-incubated with pseudovirus supernatants for 1 h at 37°C,

following which 293T-ACE-2 cells were added. After 48 h at 37°C and

5% CO2, luciferase activity was determined using the luciferin/lysis

buffer. Background relative light units (RLUs) of non-infected cells

was subtracted and 50% inhibitory dilution (ID50) were calculated as

the serum dilution resulting in a 50% reduction in RLU compared to

the untreated virus control wells. ID50 values were calculated by

plotting a non-linear fit dose response curve in GraphPad Prism 7.0.
Blood and serum sampling and
PBMC isolation

Whole blood was collected in lithium heparin tubes for peripheral

blood mononuclear cells (PBMC) isolation and SST™II advance

(Vacuette®, Greiner Bio One and Vacutainer BD) tubes for serology.

SST™II advance tubes were centrifuged for 10 min at 1000 g prior to

removing serum. Serum aliquots were frozen at -20°C until further use.

PBMCs were isolated by gradient density centrifugation according to

the manufacturer’s instructions (Leucosep tubes, Greiner;

Biocoll, Bio&SELL).
Ex vivo T cell stimulation

Freshly isolated PBMC were cultivated at a concentration of

5*106 PBMC/ml in AB-medium containing RPMI 1640 medium

(Gibco) supplemented with 10 % heat inactivated AB serum (Pan

Biotech), 100 U/ml of penicillin (Biochrom), and 0.1 mg/ml of

streptomycin (Biochrom). Stimulations were conducted with

PepMix™ overlapping peptide pools (15 aa length with 11 aa overlaps,

JPT Peptide Technologies) covering the proteins of interest (all JPT

Peptide Technologies). iCope single peptide stimulation was conducted

with iCope (N ’-SFIEDLLFNKVTLAD-C’ (all JPT Peptide

Technologies)). All stimulations (peptide pools and single peptides)

were performed at final concentrations of 1 µg/ml per peptide. For

negative control the stimulation peptide solvent DMSO diluted 1:1 in

PBS was used at the same concentration as in peptide-stimulated tubes.

The CEFX Ultra SuperStim pool (1 µg/ml per peptide) (JPT Peptide

Technologies) was used as positive stimulation control. For optimized

costimulation, purified anti-CD28 (clone CD28.2, BD Biosciences) was

added to each stimulation at a final concentration of 1 µg/ml. Incubation

was performed at 37°C, 5% CO2 for 16 hours in the presence of 10 µg/ml

Brefeldin A (Sigma-Aldrich) during the last 14 hours. CD4+ T cell

activation was calculated as a stimulation index (SI). Stimulation index is

the ratio of CD40L+4-1BB+ CD4+ T cells in the stimulation to the

percentage of CD40L+4-1BB+ CD4+ T cells in the unstimulated control.

Stimulation index between 1.5 and 3 indicate a response with uncertainty,
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an index of 3 and higher a definite response. Both limits are indicated by

dotted lines in the respective figures.
Flow cytometry

Stimulations were stopped by incubation in 2mM EDTA for 5 min.

Surface staining was performed for 15 min in the presence of 1 mg/ml of

Beriglobin (CSL Behring) with the following fluorochrome-conjugated

antibodies titrated to their optimal concentrations as specified in

Supplementary Table 2: anti-CD3-FITC (Miltenyi), anti-CD4-VioGreen

(Miltenyi), anti-CD8-VioBlue (Miltenyi), anti-CD38-APC (Miltenyi), and

anti-HLA-DR-PerCpVio700 (Miltenyi). During the last 10 min of

incubation, Zombie Yellow fixable viability staining (Biolegend) was

added. Fixation and permeabilization were performed with

eBioscience™ FoxP3 fixation and PermBuffer (Invitrogen) according to

the manufacturer’s protocol. Intracellular staining was carried out for

30 min in the dark at room temperature with anti-4-1BB-PE (Miltenyi),

anti-CD40L-PEVio770 (Miltenyi) and anti-CD40L-PECy7 (Biolegend),

anti-IFN-g-A700 (Biolegend) and anti-TNF-a-BV605 (Biolegend). All

samples were measured on a MACSQuant®Analyzer 16 (Miltenyi).

Instrument performance was monitored prior to every measurement

with Rainbow Calibration Particles (BD Biosciences).
Single-cell RNA sequencing

For single-cell RNA sequencing, PBMC of three BNT-BNT-BNT-

vaccinated, three AZ-BNT-BNT vaccinated, and three BNT-BNT-

infected donors were stimulated with 1 µg/ml S-I peptide pool in the

presence of purified anti-CD28 (clone CD28.2, BD Biosciences) and anti-

CD40 (clone HB14, Miltenyi Biotec). CD4+ T cells were enriched by

MACS (Miltenyi Biotec) and CD40L+4-1BB+ CD4+ T cells FACS sorted

using an FACS Melody (BD). The cells were loaded with a maximum

concentration of 1000 cells/µl and amaximum cell number of 17.000 cells

on a Chromium Chip G (10x Genomics). Gene expression and TCR

libraries were generated according to the manufacturer’s instruction

using the Chromium Next GEM single cell 5’Library and Gel bead Kit

V1.1 and Chromium Single Cell V(D)J Enrichment Kit for human T cells

(10x Genomics). Sequencing was conducted with a NovaSeq 6000

cartridge (Illumina) with 20.000 reads per cell for GEX libraries and

5.000 reads per cell for TCR libraries.
Single-cell transcriptome analysis

Single cell RNA expression data were mapped to reference

genome GRCh38-2020-A and preprocessed using the Cell Ranger

Software v6.1.2 (10x Genomics). Quality control and analysis of data

was done in R 4.0.5 (R Core Team (2021). R: A language and

environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. URL https://www.R-project.org/) using

the “Seurat” package (62). To remove low quality cells, doublets and

empty cells thresholds were set to 840–4000 RNA features and less

than 5 % mitochondrial RNA per cell. Data were normalized by using

the LogNormalize function of the Seurat package and genes detected

in less than 0.1% of the cells were excluded. For gene expression
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analysis the TCR genes were excluded from the data set to avoid TCR

biased clustering. A heatmap with the scaled expression values of

selected genes was generated using the DoHeatmap() function of the

Seurat package. Furthermore, the expression values of these genes

were aggregated according to the experimental groups and shown in a

heatmap generated with GraphPad Prism.
Single cell TCR analysis

Single cell TCR data were preprocessed using the Cell Ranger

Software v6.1.2 (10x Genomics) and the GRCh38-2020-A reference

genome. Data was further processed in R using the “immunarch”

package (63). Only cells which passed the quality controls in the gene

expression analysis and containing exactly one TCR alpha and one TCR

beta chain were used for further analysis. D50 Index, Inverse Simpson

Diversity index and rare clonal proportions were calculated using the

corresponding functions of the immunarch package. Overlaps of

clonotypes between experimental groups were determined using the

repOverlap function and visualized as heatmap and with the vis_circos

functions of the immunarch package. Numbers for the Venn diagram

were calculated using the calculate.overlap function of the VennDiagram

package Version 1.7.3 (64).
Data analysis and statistics

Study data were collected and managed using REDCap electronic

data capture tools hosted at Charité (65, 66). Flow cytometry data

were analyzed with FlowJo 10.6 (FlowJo LLC), and statistical analysis

conducted with GraphPad Prism 9. If not stated otherwise, data are

plotted as median. N indicates the number of donors. P-values were

set as follows: *P <0.05, **P <0.01, and ***P<0.001.
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et al. Immunogenicity and reactogenicity of BNT162b2 booster in ChAdOx1-s-primed
participants (CombiVacS): a multicentre, open-label, randomised, controlled, phase 2
trial. Lancet (2021) 398(10295):121–30. doi: 10.1016/S0140-6736(21)01420-3

51. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al. Cryo-
EM structure of the 2019-nCoV spike in the prefusion conformation. Science (2020) 367
(6483):1260–3. doi: 10.1126/science.abb2507

52. Madu IG, Roth SL, Belouzard S, Whittaker GR. Characterization of a highly
conserved domain within the severe acute respiratory syndrome coronavirus spike
protein S2 domain with characteristics of a viral fusion peptide. J Virol (2009) 83
(15):7411–21. doi: 10.1128/JVI.00079-09

53. Xu C, Wang Y, Liu C, Zhang C, Han W, Hong X, et al. Conformational dynamics
of SARS-CoV-2 trimeric spike glycoprotein in complex with receptor ACE2 revealed by
cryo-EM. Sci Adv (2021) 7(1):eabe5575. doi: 10.1126/sciadv.abe5575

54. Cai Y, Zhang J, Xiao T, Peng H, Sterling SM, Walsh RM, et al. Distinct
conformational states of SARS-CoV-2 spike protein. Science (2020) 369(6511):1586–92.
doi: 10.1126/science.abd4251

55. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 entry into
cells. Nat Rev Mol Cell Biol (2022) 23(1):3–20. doi: 10.1038/s41580-021-00418-x
Frontiers in Immunology 13
56. Kirchdoerfer RN, Wang N, Pallesen J, Wrapp D, Turner HL, Cottrell CA, et al.
Stabilized coronavirus spikes are resistant to conformational changes induced by receptor
recognition or proteolysis. Sci Rep (2018) 8(1):15701. doi: 10.1038/s41598-018-34171-7

57. Brun J, Vasiljevic S, Gangadharan B, Hensen M, V. Chandran A, Hill ML, et al.
Assessing antigen structural integrity through glycosylation analysis of the SARS-CoV-2
viral spike. ACS Cent Sci (2021) 7(4):586–93. doi: 10.1021/acscentsci.1c00058

58. Heinz FX, Stiasny K. Distinguishing features of current COVID-19 vaccines:
knowns and unknowns of antigen presentation and modes of action. NPJ Vaccines (2021)
6(1):1–13. doi: 10.1038/s41541-021-00369-6

59. Michel J, Neumann M, Krause E, Rinner T, Muzeniek T, Grossegesse M, et al.
Resource-efficient internally controlled in-house real-time PCR detection of SARS-CoV-
2. Virol J (2021) 18(1):110. doi: 10.1186/s12985-021-01559-3

60. R: The r project for statistical computing (2022). Available at: https://www.r-project.org/.

61. Vanshylla K, Di Cristanziano V, Kleipass F, Dewald F, Schommers P, Gieselmann
L, et al. Kinetics and correlates of the neutralizing antibody response to SARS-CoV-2
infection in humans. Cell Host Microbe (2021) 29(6):917–929.e4. doi: 10.1016/
j.chom.2021.04.015

62. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al. Integrated
analysis of multimodal single-cell data. Cell (2021) 184(13):3573–3587.e29. doi: 10.1016/
j.cell.2021.04.048

63. Popov A. Immunomind/immunarch: Immunarch 0.7.0. Zenodo (2022). Available
at: https://zenodo.org/record/6984421.

64. Chen H, Boutros PC. VennDiagram: a package for the generation of highly-
customizable Venn and Euler diagrams in r. BMC Bioinf (2011) 12:35. doi: 10.1186/1471-
2105-12-35

65. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O’Neal L, et al. The
REDCap consortium: Building an international community of software platform
partners. J BioMed Inform. (2019) 95:103208. doi: 10.1016/j.jbi.2019.103208

66. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)–a metadata-driven methodology and workflow
process for providing translational research informatics support. J BioMed Inform.
(2009) 42(2):377–81. doi: 10.1016/j.jbi.2008.08.010
frontiersin.org

https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1080/14728222.2020.1820482
https://doi.org/10.1038/s41586-021-04060-7
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1016/S0140-6736(21)01420-3
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1128/JVI.00079-09
https://doi.org/10.1126/sciadv.abe5575
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41598-018-34171-7
https://doi.org/10.1021/acscentsci.1c00058
https://doi.org/10.1038/s41541-021-00369-6
https://doi.org/10.1186/s12985-021-01559-3
https://www.r-project.org/
https://doi.org/10.1016/j.chom.2021.04.015
https://doi.org/10.1016/j.chom.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://zenodo.org/record/6984421
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.3389/fimmu.2023.1056525
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Primary ChAdOx1 vaccination does not reactivate pre-existing, cross-reactive immunity
	Introduction
	Results
	Kinetics of cellular and humoral responses in heterologous AZ-BNT vaccination
	Heterologous vaccination results in slower induction of CD4+ T cell responses, but higher IgG responses compared to homologous vaccination
	Lack of evidence for reactivation of cross-reactive CD4+ T cells after primary AZ vaccination
	Heterologous AZ-BNT vaccination recruits a distinct antibody repertoire compared to homologous BNT-BNT vaccination
	T cell clonotype repertoire breadth and depth are comparable in heterologous and homologous vaccination

	Discussion
	Materials and methods
	Study participants
	Coronavirus RT-qPCR
	SARS-CoV-2 IgG and IgA S1 ELISA
	Epitope-specific antibody ELISA
	SARS-CoV-2 spike epitope-specific peptide microarray
	SARS-CoV-2 pseudovirus neutralization assay
	Blood and serum sampling and PBMC isolation
	Ex vivo T cell stimulation
	Flow cytometry
	Single-cell RNA sequencing
	Single-cell transcriptome analysis
	Single cell TCR analysis
	Data analysis and statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


