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Although various variants of concerns (VoC) dominated the coro-
navirus pandemic at different times in different regions, all cur-
rently licensed vaccines are designed based on the spike (S)
protein of the original Wuhan strain. Currently, the Delta vari-
ant (B.1.617.2) is dominating in large parts of the world caus-
ing increasing infection rates even in those individuals that had
been completely vaccinated albeit at strongly reduced frequen-
cies compared to non-vaccinated individuals [1–3]. The adenovi-
ral vector vaccines Vaxzevria (ChAd) and Janssen COVID-19 Vac-
cine were reported to induce less Delta-neutralizing antibodies
compared to Spikevax (MOD) and Comirnaty (BNT) [1,2,4]. In
several European countries, vaccination campaigns faced an addi-
tional level of complexity since vaccination with ChAd was halted
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due to an increased risk of thrombotic events after millions of peo-
ple received their first shot. The affected vaccinees were offered
booster immunizations with mRNA-based vaccines or given the
opportunity to freely select their booster vaccine. Interestingly,
several studies reported that such heterologous prime-boost regi-
mens resulted in vigorous humoral and cellular immunity [5–7],
even against the Alpha, Beta, and Gamma VoC [8]. However, data
regarding the neutralization capacities against the Delta variant
induced by heterologous immunization protocols are rare.

In this study, sera of vaccinees collected during the course of
a clinical study conducted at the Medical Faculty of the Otto-von-
Guericke-University Magdeburg were tested for their potential to
neutralize the Delta variant applying a surrogate virus neutraliza-
tion test (sVNT). The sVNT is an ELISA-based assay that quan-
titatively determines the ability of serum antibodies to inhibit a
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Figure 1. Experimental setup. Schematic depiction of (A) a virus neutralization test (VNT) and (B) a surrogate virus neutralization test (sVNT). (C)
Examples for interaction inhibition of SARS-CoV-2 Delta RBD with plate-bound ACE2 by the addition of sera from vaccinees before boost (open
circles) and 14 days (filled circles) and 28 days (diamonds) after boost with the vaccination regimens indicated. Shaded area show mean ± 2SD of
pooled negative controls.

tagged spike receptor-binding domain (RBD) to bind to coated
ACE2 that serves as a cellular receptor for SARS-CoV-2 (Fig. 1a-
b). This assay, therefore, does not determine neutralizing antibod-
ies binding to the S protein outside the RBD domain. Participants
received prime injections with ChAd, MOD, or BNT. Homologous
booster doses were applied 28 and 41 days after MOD and BNT
primes, respectively. Following ChAd prime, participants could
choose to either receive a MOD or ChAd boost approximately
12 weeks post prime (Supporting Information Fig. S1 and Table
S1). These various boosting intervals corresponded to the recom-
mendations of the German Standing Committee on Vaccination
(Ständige Impfkommission, STIKO) at that time. Sera were taken
one day before boosting as well as mean 14 days and mean 28
days after boosting (Supplementary Fig. S1).

As reported before [9], a considerable proportion of ChAd pre-
boost sera did not contain a measurable Delta RBD-blocking activ-
ity (Fig. 1C; Fig. 2A). Although titers significantly increased at
days 14 and 28 after homologous boosting, the median neutral-
ization titer stayed at a 1/20 dilution at both time points ana-
lyzed (Fig. 2A). In contrast, after heterologous immunization with
MOD, the median RBD-blocking titers increased to 1/540 and
1/180 at day 14 and day 28 after boosting, respectively, indicating

a high immunogenicity of this mRNA vaccine for induction of neu-
tralizing antibodies against the Delta variant (Fig. 1C; Fig. 2A).
The effectiveness of MOD to induce antibodies that block Delta
RBD binding was even more pronounced after homologous immu-
nization. Here, the median blocking titer increased to 1/1620 on
both days 14 and 28 after boosting (Fig. 1C; Fig. 2A). As reported
before [9], with titers of 1/540 at day 14 and 28 after boosting,
the Delta RBD-blocking capacity after homologous BNT vaccina-
tion was also very efficient, but significantly less pronounced than
after homologous MOD vaccination (Fig. 1). Notwithstanding it
has to be taken into account that the mean boosting intervals
differ after ChAd priming (78 and 80 days), MOD priming (29
days), and BNT priming (41 days), which might be of particular
importance when comparing results from pre-boost sera (Fig. 1C;
Fig. 2A). We next compared the amount of anti-S1 day 28 serum
antibodies, as determined by quantitative ELISA, with their abil-
ity to block binding of Delta RBD (Fig. 2B). Overall, the ability to
block RBD binding to ACE2 went along - to a considerable degree
- with amounts of anti-S1 antibodies present in the sera. Here,
vaccinees receiving two injections of ChAd had the lowest, while
vaccinees receiving two injections of MOD had overall the highest
level of anti-S1 antibodies (Fig 2B).
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Figure 2. Strongest humoral immune responses against the SARS-CoV-2 Delta variant following homologous MOD / MOD vaccination. (A) Recip-
rocal titers of Delta RBD-blocking antibodies measured using a surrogate virus neutralization test (sVNT). Data are from n=38 biologically inde-
pendent samples from the ChAd/ChAd group, n=42 biologically independent samples from the ChAd/MOD group, n=25 biological independent
samples from the MOD/MOD group, and n=17 biological independent samples from the BNT/BNT group. Dots represent individual vaccinees, lines
represent group median. Open symbols: pre-boost (p.b.) sera; filled symbols, post-boost collected 14 days (d14) and 28 days (d28) after boost. For
better visualization of identical titer values, data were randomly and proportionally adjusted closely around the precise titer result. Chi-square
test for trend; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (B) Correlation of SARS-CoV-2 ant-S1 IgG serum antibodies with Delta RBD-blocking
activity of samples collected 28d after booster immunization from vaccinees immunized with vaccination regimens indicated.

Data from the present study confirm that homologous vacci-
nation with ChAd induces limited amounts of antibodies able to
neutralize the Delta VoC [9]. As reported before for BNT [9], the
immune response in ChAd-primed individuals could be strongly
increased by a boost immunization with another mRNA-based
COVID-19 vaccine, MOD. Interestingly, of all vaccination regi-
mens tested in the present study, homologous immunization with
the MOD vaccine appears to induce the highest levels of anti-
bodies able to neutralize the Delta variant of SARS-CoV-2 and
that even heterologous immunization with ChAd/MOD induces
titers similar to those found after vaccination with BNT/BNT. It is

currently unclear why only the median titers of the ChAd/MOD
group dropped by one dilution step from day 14 to day 28. Data
from additional cohorts have to show whether this heterologous
vaccination approach induces less long-lived humoral immunity
compared to other vaccination regimens. Although our data indi-
cate that individuals receiving homologous ChAd immunization
have lower levels of Delta-neutralizing antibodies, it is currently
unclear whether these vaccinees are more prone to vaccination
breakthroughs than those that developed higher titers of antibod-
ies due to homologous or heterologous immunization with mRNA-
based vaccines.
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In conclusion, MOD alone or in combination with Adenoviral
vector vaccines provides a powerful approach to combat the Delta
variant.
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