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Deep immunological imprinting due to the ancestral
spike in the current bivalent COVID-19 vaccine
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Highlights
e Monovalent and BA.5 bivalent mRNA vaccine boosters
induced similar antibody responses

e BA.5 breakthrough infections yielded higher neutralizing
activity than vaccine boosters

e The ancestral spike in BA.5 bivalent vaccines caused deep
immunological imprinting

e Bivalent boosters did not yield superior antibody responses
due to immune imprinting
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In brief

Wang et al. report that bivalent COVID-19
boosters did not yield superior antibody
responses against SARS-CoV-2 Omicron
subvariants compared to the original
monovalent vaccines. This result is likely
due to immunological imprinting caused
by the inclusion of the ancestral spike,
which should be removed from future
vaccines.
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SUMMARY

To combat the evolving SARS-CoV-2 Omicron variants, bivalent COVID-19 mRNA vaccines, encoding both
ancestral and Omicron BA.5 spikes, have replaced monovalent vaccines in numerous countries. However,
fourth doses of either vaccine result in similar neutralizing antibody titers against Omicron subvariants,
raising the possibility of immunological imprinting. To address this, we investigate antibody responses in
72 participants given three doses of a monovalent mRNA vaccine, followed by a bivalent or monovalent
booster, or those with breakthrough infections with BA.5 or BQ. Bivalent boosters do not show notably higher
binding or virus-neutralizing titers against various SARS-CoV-2 variants compared to monovalent ones.
However, breakthrough infections lead to significantly better neutralization of Omicron subvariants. Multiple
analyses, including antigenic mapping, suggest that the ancestral spike in bivalent vaccines is causing deep
immunological imprinting, preventing broadening of antibodies to the BA.5 component, thereby defeating its

intended goal. Its removal from future vaccine compositions is therefore strongly recommended.

INTRODUCTION

The FDA recently amended the emergency use authorization
for the bivalent (ancestral/BA.5) COVID-19 mRNA vaccines to
streamline the vaccination schedule and to allow older and
immunocompromised individuals to receive additional booster
shots.” However, several studies have reported that serum-
neutralizing antibody titers against SARS-CoV-2 Omicron BA.5
and subsequent subvariants after a bivalent vaccine booster
were not discernibly better than after a monovalent (ancestral)
booster,”™ though some groups concluded the otherwise.*®
The component of the ancestral spike in the SARS-CoV-2 biva-
lent MRNA vaccines may result in the immunological imprinting.
However, the extent to which immunological imprinting occurs
with the ancestral spike remains unclear.

The concept of immunological imprinting, also known as orig-
inal antigenic sin, was initially described in the context of influ-
enza.’” It was observed that prior exposure to an influenza strain
could influence the immune response to subsequent influenza
exposure, whether through vaccination or infection. Notably,
antibody titers were found to be highest against influenza strains
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encountered during childhood.”® In our study, we have conduct-
ed an in-depth analysis of antibody profiles from various SARS-
CoV-2 vaccinee cohorts as well as breakthrough infected patient
cohorts to study the issue of immunological imprinting caused by
the ancestral spike in the current SARS-CoV-2 bivalent mRNA
vaccines. Our findings highlight that the ancestral spike exacer-
bates immunological imprinting and should be eliminated from
future vaccine compositions.

RESULTS AND DISCUSSION

We collected serum from 72 individuals who had received three
doses of vaccines followed by a monovalent or bivalent booster
or who had experienced a BA.5 or BQ breakthrough infection.
Clinical details for all cases are provided in Table S1 and summa-
rized in Table S2. We performed immunoassays to quantify
serum antibodies that bind the spike proteins of D614G, BA.5,
and BQ.1.1. Each serum sample was also tested in pseudovirus
assays to determine neutralizing antibody titers against the
ancestral D614G strain and a panel of Omicron subvariants,
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Figure 1. SARS-CoV-2 antibody responses to D614G and Omicron subvariants following monovalent booster, bivalent booster, or break-

through infection

(A) ECs0 titers of binding antibodies in the serum samples from participants who received four doses of a monovalent mRNA vaccine (4-dose monovalent), three

doses of a monovalent mMRNA vaccine followed by one dose of a bivalent vaccine

(3-dose monovalent + bivalent), and experienced BA.5 (BA.5 breakthrough) or

BQ (BQ breakthrough) breakthrough infections after two to four doses of vaccine.

(B) IDsg titers of neutralizing antibodies in the serum samples from “4-dose monovalent,” “3-dose monovalent + bivalent,” “BA.5 breakthrough,” and “BQ
breakthrough” cohorts against D614G and Omicron subvariants. Breakthrough serum samples were separated into two sub-groups using two distinct symbols.
Square symbols indicate samples from individuals who received three doses of monovalent vaccines followed by a breakthrough infection. Round symbols

indicate samples from individuals who received four or five doses of monovalent
vaccination; dpi, days post infection. The numbers in parentheses represent the

vaccines and subsequently had a breakthrough infection. dpv, days post last
mean days post last vaccination (dpv) or the mean days post infection (dpi).

(C) Serum-neutralizing IDs titers against XBB.1.5, XBB.1.16, and XBB.1.5 carrying the individual spike mutations found in XBB.1.16. Values above symbols
indicate the geometric mean ECsq or ICsg titers for each cohort. The neutralization assay limit of detection (LOD) is 50 (dotted line), and the number of samples
below the LOD is denoted above the x axis. Comparisons were made against “3-dose monovalent + bivalent” cohort (A) or XBB.1.5 (B and C) by Mann-Whitney
tests. ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. Sample sizes (n) are shown in (B). See also Tables S1 and S2.

including BA.2, BA.5, BQ.1.1, CH.1.1, XBB.1.5, and the current
surging XBB.1.16.

Each cohort exhibited roughly similar (<2-fold difference)
serum binding antibody titers to D614G, BA.5, and BQ.1.1 spike
proteins (Figure 1A). As for serum SARS-CoV-2-neutralizing an-
tibodies, all cohorts had the highest titers against D614G but
substantially lower titers against the Omicron subvariants,
particularly the currently dominant XBB.1.5 and the emergent
XBB.1.16 (Figure 1B). Notably, the extent of antibody evasion ex-
hibited by XBB.1.16 and its spike point mutants (E180V and
K478R) was comparable to that of XBB.1.5 (Figure 1C). The
data in Figure 1B were further analyzed in three ways. First, anti-
genic cartography revealed that sera from the "monovalent" and
"bivalent" cohorts were substantially overlapping and centered
around the ancestral strain, whereas sera from BA.5 and BQ
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breakthrough cohorts were similarly shifted toward BA.5 and
BQ.1.1 (Figure 2A). Second, the above findings prompted replot-
ting of a subset of the data to specifically examine the issue of
immunological imprinting® (Figure 2B). Serum-neutralizing anti-
bodies against D614G were similar for all cohorts, with small dif-
ferences that did not reach statistical significance. However, ti-
ters against BA.5 or BQ.1.1 were significantly higher for BA.5
(3.4- to 3.7-fold) and BQ.1.1 (3.6- to 4.5-fold) breakthrough co-
horts. These findings made clear the role of the ancestral spike
in immunological imprinting in that exposure of the immune sys-
tem to both the ancestral and BA.5 spikes did not elicit discern-
ibly better BA.5-neutralizing antibodies, whereas exposure to
only BA.5 spike (through infection) in the absence of the ances-
tral spike did elicit such antibodies. That BQ.1.1 and BA.5 results
were similar should not be surprising since BQ.1.1 is a direct
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(C) Antigenic maps for individual cohorts against D614G, BA.5, and BQ.1.1. Arrows indicate the antigenic distances from D614G to BA.5 (green) and BQ.1.1

(magenta). See also Figure S1.

descendant of BA.5. Third, we created antigenic maps based on
the neutralization data for each of the clinical cohorts (Figure 2C).
The antigenic distances from D614G to BA.5 or to BQ.1.1 were
similar for the “monovalent” and “bivalent” vaccine cohorts. In
contrast, these antigenic distances were substantially shortened
with BA.5 or BQ breakthrough infection, and these differences
reached high-level statistical significance (Figure S1). This anal-
ysis graphically demonstrates that inclusion of the ancestral
spike in the bivalent vaccine precludes the broadening of
neutralizing antibodies to BA.5, which was clearly evident in
the breakthrough infection cases.

Much of the world’s population has been immunologically
exposed to the ancestral spike of SARS-CoV-2 through either
vaccination or infection or both. The inclusion of this spike in
our COVID-19 vaccines will continue to skew our antibody re-
sponses toward what we have already seen and away from
what we wish to elicit going forward. Therefore, based on
observations made herein, we put forth a strong recommen-
dation to remove the ancestral spike from future COVID-19
vaccines to improve variant-specific immunogenicity for the
foreseeable future. However, it is worth noting that imprinting
with pre-Omicron strains may not necessarily compromise
protection against severe disease,'® and complete elimination
of imprinting toward the ancestral strain may not be achiev-
able with a variant-specific monovalent vaccine.”

To date, there is no evidence suggesting that the virus is re-
gressing back to the ancestral strain; however, the impact of
changing the vaccine composition on viral evolution remains to
be seen. Continuous and intensive surveillance of the evolution
of SARS-CoV-2 will be essential for making appropriate revisions
to vaccine composition and maximizing the benefits of contem-
porary COVID-19 vaccines.

Limitations of the study

The study has limitations: (1) vesicular stomatitis virus-based
pseudoviruses were used instead of live viruses for the neutrali-
zation assay. While pseudovirus neutralization assays offer
advantages such as high throughput, formal qualification/valida-
tion, and biosafety benefits, they differ from live virus assess-
ments. Nevertheless, previous research'>"'* has demonstrated
significant correlations between pseudovirus and live virus
neutralization assays when evaluating antibody responses to
SARS-CoV-2. (2) Our cohorts were not completely controlled
for factors such as age and gender. Nonetheless, it is worth
noting that the number of days between the sample collection
and fourth vaccine doses was comparable between the mono-
valent and bivalent vaccine groups, indicating both should be
representative of peak antibody responses to the boosters.
The cohorts differed in terms of age and the proportion of Mod-
ernavaccines, with the bivalent cohort being younger and having
a higher proportion of Moderna vaccines. Given the higher
mRNA dose present in Moderna vaccines compared to the Pfizer
formulations, we would expect both of these factors to bias titers
in favor of the bivalent cohort. Additionally, breakthrough sera
samples were collected from individuals who received varying
doses of monovalent mMRNA vaccines. But, we separated these
samples into two sub-groups: those from individuals who
received three doses of monovalent mRNA vaccines and those
who had received four or five doses. We did not observe a signif-
icant difference in neutralizing titers between these sub-groups.
(3) We also acknowledge that the ideal control cohort in our study
would consist of participants who received three doses of the
original monovalent mRNA vaccine, followed by one dose of a
BA.5 monovalent vaccine. Since such a cohort is not available
in the real world, we instead used serum samples from patients
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with a BA.5 breakthrough infection, even though these cannot be
directly compared to samples from non-replicative mRNA vacci-
nations. (4) In this study, we tested only the serum neutralization
induced by monovalent and bivalent vaccines, as well as by
breakthrough infection. However, in addition to humoral re-
sponses, CD4* and CD8* T cell responses also may contribute
to protection, but these were not investigated in this study. (5)
Finally, we did not examine cellular or mucosal immunity, in
which data on imprinting are still lacking. Cellular immunity is
an anticipated contributor to vaccine efficacy, while mucosal im-
munity is the first line of defense having the potential ability of
blocking virus transmission.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Peroxidase AffiniPure goat anti-human IgG Jackson ImmunoResearch Cat# 109-035-003

(H + L) antibody RRID: AB_2337577

Bacterial and virus strains

VSV-G pseudotyped AG-luciferase Kerafast Cat# EH1020-PM

Biological samples

“4-dose monovalent” sera This paper N/A

“3-dose monovalent + bivalent” sera This paper N/A

“BA.5 breakthrough” sera This paper N/A

“BQ breakthrough” sera This paper N/A

Chemicals, peptides, and recombinant proteins

Polyethylenimine (PEI) Polysciences Inc. Cat# 23966-100

SARS-CoV-2 D614G S2P Wang et al.™® N/A

SARS-CoV-2 BA.5 S2P Wang et al.™® N/A

SARS-CoV-2 BQ.1.1 S2P Wang et al.'® N/A

Critical commercial assays

Luciferase Assay System Promega Cat# E4550

QuikChange Lightning Site-Directed Agilent Cat# 210518

Mutagenesis Kit

TMB substrate Sigma-Aldrich Cat# T0440

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216;
RRID: CVCL_0063

Vero-E6 ATCC Cat# CRL-1586;

RRID: CVCL_0574

Recombinant DNA

pCMV3-D614G Wang et al.”® N/A
pCMV3-BA.2 Wang et al.™® N/A
pCMV3-BA.4/5 Wang et al.™® N/A
pCMV3-BQ.1.1 Wang et al.'® N/A
pCMV3-CH.1.1 Wang et al.'® N/A
pCMV3-XBB.1.5 This paper N/A
pCMV3-XBB.1.16 This paper N/A
pCMV3-XBB.1.5-E180V This paper N/A
pCMV3-XBB.1.5-K478R This paper N/A

Software and algorithms

GraphPad Prism 9 GraphPad Software Inc https://www.graphpad.com/
scientific-software/prism/

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Author

David D. Ho (dh2994@cumc.columbia.edu).

Materials availability
All reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability
Data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and vaccinees

The sera analyzed in this study were obtained from four cohorts: the "4-dose monovalent”, “3-dose monovalent + bivalent”, “BA.5
breakthrough” and “BQ breakthrough”. The first cohort consisted of individuals who received four doses of the monovalent COVID-
19 mRNA vaccine, whereas the second cohort received three doses of the monovalent COVID-19 mRNA vaccine followed by one
dose of the Pfizer or Moderna bivalent mRNA vaccine. The last two cohorts comprised of patients who had Omicron BA.5 or BQ
breakthrough infection after vaccination. All individuals with breakthrough infections after vaccination with ancestral spike were
documented as having a symptomatic disease, either confirmed by sequence or PCR. The participants on immunosuppressant
medications were excluded from this study. To determine prior SARS-CoV-2 infection status, serum samples were evaluated using
anti-nucleocapsid protein (NP) ELISA.

The study collected sera from two sources. The first source of sera was obtained from the Immunity-Associated with SARS-CoV-2
Study (IASO), an ongoing cohort study that began in 2020 at the University of Michigan.'” The participants in the IASO study provided
written informed consent, and the serum samples were collected under a protocol approved by the Institutional Review Board of the
University of Michigan Medical School. The second source was Columbia University Irving Medical Center, where a subset of
vaccinee and breakthrough sera were collected. All subjects provided written informed consent, and the serum collections were per-
formed under protocols reviewed and approved by the Institutional Review Board of Columbia University. More detailed information
for each case can be found in Table S1, while a summary is provided in Table S2.

Cell lines

The Vero-E6 cells (CRL-1586) and HEK293T cells (CRL-3216) were obtained from the American Type Culture Collection (ATCC). The
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The cells were maintained in a 5% CO, atmosphere at 37°C.

METHOD DETAILS

Construction of SARS-CoV-2 spike plasmids

Plasmids that encode the spike proteins of various SARS-CoV-2 variants, including D614G, BA.2, BA.5, BQ.1.1, and XBB.1.5, were
previously created.®'®"%81° The spikes XBB.1.16, XBB.1.5-E180V, and XBB.1.5-K478R were generated using the QuikChange I
XL site-directed mutagenesis kit according to the manufacturer’s instructions (Agilent). Before use in experiments, the sequences of
all constructs were verified by Sanger sequencing.

Pseudovirus production

The pseudotyped SARS-CoV-2 variants were created by replacing the native glycoprotein of the vesicular stomatitis virus (VSV) with
the spike protein of the relevant SARS-CoV-2 variant.® To achieve this, HEK293T cells were transfected with a plasmid that encodes
the relevant spike protein using polyethyleneimine (PEI) at a concentration of 1 mg/mL. The transfected cells were then incubated at
37°Cina5% CO, atmosphere for 24 h, followed by infection with the VSV-G pseudotyped AG-luciferase (G*AG-luciferase, Kerafast).
Following a 2-h incubation period at 37°C, the infected HEK293T cells were washed three times and cultured in fresh medium for an
additional 24 h. The resulting supernatants were collected, centrifuged to remove any precipitates, and stored at —80°C. To prevent
any contamination from VSV-G pseudotyped AG-luciferase, the viral stock was pre-incubated with 20% I1 hybridoma (anti-VSV-G)
supernatant (ATCC; CRL-2700) for 1 h at 37°C before infecting the target cells.

Pseudovirus neutralization

To ensure consistent viral input, the pseudovirus titers were standardized before conducting the neutralization assay. The heat-in-
activated sera were then tested in triplicate using 96-well plates and were serially diluted 4-fold in media, beginning with a 1:50
dilution. After the sera were diluted, they were combined with the pseudoviruses and incubated at 37°C for 1 h. Vero-E6 cells
were then added to each well at a density of 3 x 10* cells/well and were incubated at 37°C with 5% CO, for 10 h. Following the in-
cubation, the cells were lysed, and luciferase activity was measured using the Luciferase Assay System (Promega) and SoftMax Pro
v.7.0.2 (Molecular Devices), according to the manufacturer’s instructions.
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ELISA

The S2P spike trimer protein of D614G, BA.5, and BQ.1.1 were generated according to previously described methods.'® To deter-
mine the binding titers of serum samples to D614G, BA.5, and BQ.1.1 spikes, we immobilized 50 ng/well of S2P trimer onto ELISA
plates and incubated them overnight at 4°C. Subsequently, the ELISA plates were blocked with 300 L blocking buffer (1% BSA and
10% bovine calf serum (BCS) (Sigma)) in PBS at 37°C for 2 h. Afterward, serum samples were serially diluted by 5-fold from 100 x
using dilution buffer (1% BSA and 20% BCS in PBS) and incubated in the ELISA plates at 37°C for 1 h. After incubation, 10,000-fold
diluted Peroxidase AffiniPure goat anti-human IgG (H + L) antibody (Jackson ImmunoResearch) was added and incubated for 1 h at
37°C. The plates were washed between each step with PBST (0.5% Tween 20 in PBS). Finally, the TMB substrate (Sigma) was added
and incubated before the reaction was stopped using 1 M sulfuric acid. Absorbance was measured at 450 nm ECsq values was calcu-
lated as the dilutions at which the OD450 readings reached half of the maximal using GraphPad Prism v.9.2.

Antigenic cartography

Antigenic distances between SARS-CoV-2 variants were estimated by integrating the neutralization potency of each serum sample
using a previously described antigenic cartography method.?' The map was generated with the Racmacs package (https://acorg.
github.io/Racmacs/, v.1.1.4) in R, using 2,000 optimization steps and setting the minimum column basis parameter to 'none’. The
mapDistances function in the Racmacs package was employed to calculate antigenic distances, and the average distances for
all sera to variants were used to represent the final distances. D614G served as the center of sera for each group, the seeds for
each antigenic map were manually adjusted to ensure that BA.5 was displayed in the horizontal direction relative to the sera.

QUANTIFICATION AND STATISTICAL ANAYLYSIS

Serum neutralization IDsq values and antibody and hACE2 neutralization ICsq values were calculated using a five-parameter dose-
response curve in GraphPad Prism v.9.2. Evaluations of statistical significance were performed employing two-tailed Wilcoxon
matched-pairs signed-rank tests using GraphPad Prism v.9.2 software. Levels of significance are indicated as follows: ns, not sig-
nificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. The SPR data was processed and fit to a 1:1 binding model using
Biacore Evaluation Software.
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