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The emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) Omicron variants has led to
concerns that ancestral SARS-CoV-2-based vaccines may not
be effective against newly emerging Omicron subvariants. The
concept of “imprinted immunity” suggests that individuals
vaccinated with ancestral virus-based vaccines may not
develop effective immunity against newly emerging Omicron
subvariants, such as BQ.1.1 and XBB.l. In this study, we
investigated this possibility using hamsters. Although natural
infection induced effective antiviral immunity, breakthrough
infections in hamsters with BQ.1.1 and XBB.l1 Omicron
subvariants  after receiving the 3-dose mRNA-lipid
nanoparticle vaccine resulted in only faintly induced humoral
immunity, supporting the possibility of imprinted immunity.
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The coronavirus disease 2019 (COVID-19) pandemic has led to
a global vaccination effort to protect against severe COVID-19
and further to possibly prevent SARS-CoV-2 infections.
First-generation COVID-19 vaccines were developed based
on the spike protein of the now-ancestral Wuhan-Hu-1 strain
of SARS-CoV-2 (ie, monovalent vaccines) [1]. As of June 13,
2023, 70.1% of the world population has received at least 1
dose of COVID-19 vaccine [2].

During the COVID-19 pandemic, a variety of SARS-CoV-2
variants with multiple mutations, particularly in the spike
gene, have emerged. The B.1.1 strain, which harbors the
D614G substitution in the spike protein, predominantly spread
worldwide in 2020 [3]. Subsequently, variants such as Alpha,
Beta, Gamma, Delta, and Omicron (B.1.529 and BA lineages)
emerged and spread around the world [4]. The Omicron variant
has greatly diversified, and various Omicron subvariants, such
as BA.2, BA.5, BQ.1.1, XBB.1, and XBB.1.5, have emerged one
after another. More importantly, these subvariants have ac-
quired greater immune escape ability than the ancestral B.1.1
strain and former variants [5-8]. The emergence of highly
immune-evasive Omicron variants led to the development of bi-
valent vaccines (ie, a combination of ancestral virus-based and
Omicron BA.1 or BA.4/5 based vaccines) to boost the immunity
against newly emerging Omicron subvariants [9]. Nevertheless,
booster shots with these bivalent vaccines tend to induce neu-
tralizing antibodies (NAbs) against the ancestral SARS-CoV-2
strain rather than those against newer Omicron subvariants of
concern [10]. Similarly, breakthrough infection (ie, natural in-
fection after vaccination) of Omicron subvariants more strongly
induces antiviral humoral immunity against the ancestral
SARS-CoV-2 strain than the Omicron subvariant naturally in-
fected [8]. These observations raise a possible concept called
“imprinted immunity”—prior exposure to a primary antigen
(eg, ancestral SARS-CoV-2 in this case) can attenuate the induc-
tion magnitude of immunity against certain secondary antigens
(eg, Omicron subvariants) [9, 11-13]. However, to date, the im-
munological background of humans against SARS-CoV-2 has
been highly diversified, because the vaccination status, history
of natural infection, the SARS-CoV-2 variant infected, and the
time after vaccination/natural infection in individuals vary sig-
nificantly. Moreover, because most people have been vaccinat-
ed, the comparison of immune status between vaccinated and
unvaccinated individuals after natural infection of certain
SARS-CoV-2 variants of concern is challenging. Therefore, di-
rectly addressing the possibility of imprinting immunity by vac-
cination using human samples is technically difficult. In this
study, we use an experimental hamster model to address the
possibility of imprinting immunity by vaccination.
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METHODS

Ethics Statement

All experiments with hamsters were performed in accordance
with the Science Council of Japan’s Guidelines for the Proper
Conduct of Animal Experiments. The protocols were approved
by the Institutional Animal Care and Use Committee of
National University Corporation Hokkaido University (ap-
proval ID: 20-0060).

Cell Culture

HOS-ACE2/TMPRSS2 cells (HOS cells stably expressing human
ACE2 and TMPRSS2) were maintained in Dulbecco’s modified
Eagle’s medium ([DMEM] high glucose) (Sigma-Aldrich,
Catalog Number 6429-500ML) containing 10% fetal bovine se-
rum ([FBS] Sigma-Aldrich, Catalog Number 172012-500ML)
and 1% penicillin-streptomycin ([PS] Sigma-Aldrich, Catalog
Number P4333-100ML). VeroE6/TMPRSS2 cells (VeroE6 cells
stably expressing human TMPRSS2; JCRB Cell Bank,
JCRB1819) were maintained in DMEM (low glucose) (Wako,
Catalog Number 041-29775) containing 10% FBS, G418
(1 mg/mL; Nacalai Tesque, Catalog Number G8168-10ML),
and 1% PS.

mRNA Vaccination in Hamsters

Syrian hamsters (male, 4 weeks old) were purchased from Japan
SLC Inc. (Shizuoka, Japan). Spikevax (0.2 mg/mL; Moderna)
was thawed at room temperature in darkness and diluted in sa-
line to vaccinate a hamster at 5 pg/50 uL per hamster intramus-
cularly. The vaccination was performed 3 times at a 28-day
interval starting from 5 weeks old. All hamsters were moni-
tored daily and weighed once a week. They did not show any
clinical manifestations during the vaccination period.

Severe Acute Respiratory Syndrome Coronavirus 2 Infection in Hamsters
Animal experiments were performed as previously described,
and sera for the unvaccinated hamster group were obtained
from a previous study [5-7]. Syrian hamsters (male, 4 weeks
old) were purchased from Japan SLC Inc. for the unvaccinated
group. For the virus infection experiments, hamsters were
anaesthetized by intramuscular injection of a mixture of
0.15 mg/kg medetomidine hydrochloride, 2.0 mg/kg alphax-
aone (Alfaxana, Jurox), and 2.5 mg/kg butorphanol. The
clinical isolates of SARS-CoV-2 B.1.1 (strain TKYE610670;
GISAID ID: EPI_ISL_479681) [5], Omicron BA.2 (strain
TY40-385; GISAID ID: EPI_ISL_9595859) [5], Omicron
BQ.1.1 (strain TY41-796-P1; GISAID ID: EPI_ISL_15579783)
[6], or Omicron XBB.1 (strain TY41-795; GISAID ID:
EPI_ISL_15669344) [7] (10000 50% tissue culture infective
dose in 100 pL), or saline (100 pL) were intranasally inoculated
under anesthesia. Sera of infected hamsters were collected at 16
days postinfection (d.p.i.). using cardiac puncture under anes-
thesia with isoflurane and used for neutralization assay.

Reverse-Transcription Quantitative Polymerase Chain Reaction
Reverse-transcription quantitative polymerase chain reaction
(RT-gPCR) (Figure 1B) was performed as previously described
[5]. Briefly, 5-uL culture supernatant was mixed with 5 pl of
2x ribonucleic acid (RNA) lysis buffer [2% Triton X-100;
Nacalai Tesque, Catalog Number 35501-15], 50 mM KClI,
100 mM Tris-HCI [pH 7.4], 40% glycerol, and 0.8 U/pL recom-
binant RNase inhibitor [Takara, Catalog Number 2313B]) and
incubated at room temperature for 10 minutes. RNase-free water
(90 pL) was added, and then a diluted sample (2.5 pL) was taken
as the template for real-time RT-PCR (targeting nucleoprotein-
coding plus-strand RNA) performed according to the manufac-
turer’s protocol using One Step TB Green PrimeScript PLUS
RT-PCR kit (Takara, Catalog Number RR096A) and the follow-
ing primers: Forward N, 5-AGC CTC TTC TCG TTC CTC
ATC AC-3’; and Reverse N, 5-CCG CCA TTG CCA GCC
ATT C-3'. The viral RNA copy number was standardized with
a SARS-CoV-2 direct detection RT-qPCR kit (Takara, Catalog
Number RC300A). Fluorescent signals were acquired using a
CFX Connect Real-Time PCR Detection system (Bio-Rad).

Neutralization Assay

Pseudoviruses were prepared as previously described [5].
Briefly, lentivirus (human immunodeficiency virus
[HIV]-1)-based, luciferase-expressing reporter viruses were
pseudotyped with SARS-CoV-2 S proteins. HEK293T cells
(1000000 cells) were cotransfected with 1 pg psPAX2-IN/
HiBiT, 1 png pWPI-Luc2, and 500 ng of plasmids expressing pa-
rental S or its derivatives using PEI Max (Polysciences, Catalog
Number 24765-1) according to the manufacturer’s protocol.
Two days posttransfection, the culture supernatants were
harvested and centrifuged. The pseudoviruses were stored at
—80°C until use.

The neutralization assay was prepared as previously de-
scribed [5-8]. Briefly, the SARS-CoV-2 S pseudoviruses
(counting ~20 000 relative light units) were incubated with
serially diluted (120-fold to 87 480-fold dilution at the final
concentration) heat-inactivated sera at 37°C for 1 hour.
Pseudoviruses without sera were included as controls. Then,
a 40-puL mixture of pseudovirus and serum/antibody was added
to HOS-ACE2/TMPRSS2 cells (10 000 cells/50 pL) in a 96-well
white plate. At 2 d.p.i., the infected cells were lysed with a
Bright-Glo Catalog

Number E2650), and the luminescent signal was measured us-

luciferase assay system (Promega,
ing a GloMax explorer multimode microplate reader 3500

(Promega).

RESULTS

Preparation of Hamster Antisera by Severe Acute Respiratory Syndrome
Coronavirus 2 Infection With and Without Prior Vaccination

To investigate the effect of vaccination on the induction of
NADbs after breakthrough infection, we prepared (1) 4 groups
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Impact of immune imprinting by vaccination. (A) Schematic time course of animal experiment in this study. The number of hamsters in each group (/) is indicated

in parenthesis. (B) Viral ribonucleic acid (RNA) loads in the oral swab. The copy numbers of viral RNA in the oral swab of breakthrough infection hamsters at 2 days post-
infection were quantified by reverse-transcription quantitative polymerase chain reaction. The presented data are expressed as the average + standard error of the mean, and
each dot indicates the result of an individual hamster. Statistically significant differences versus BA.2 (*, P< .05) or BQ.1.1 (#, P< .05) were determined by two-sided Mann-
Whitney U tests. (Cand D) Neutralization assay. The assay was performed with pseudoviruses harboring the S proteins of B.1.1 (the D614G-bearing ancestral virus), BA.2,
BQ.1.1, XBB.1, and XBB.1.5. The following sera were used: (C) the sera obtained from hamsters infected with B.1.1 (12 hamsters), BA.2 (12 hamsters), BQ.1.1 (6 hamsters), and
XBB.1 (6 hamsters) without vaccination; (D) and the sera obtained from hamsters receiving 3-dose mRNA vaccination before severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, uninfected (ie, only vaccinated; 9 hamsters), and breakthrough-infected with BA.2 (8 hamsters), BQ.1.1 (7 hamsters), and XBB.1 (8 hamsters). Assays
for each serum sample were performed in triplicate to determine the 50% neutralization titer (NTsg). Each dot represents 1 NTsg value, and the geometric mean and 95%
confidential interval are shown. Statistically significant differences versus B.1.1 (*P < .05) or infected variant (#FP < .05) were determined by two-sided Wilcoxon signed-rank
tests. The color of the asterisks indicates the variant compared. The horizontal dashed line indicates the detection limit (120-fold).
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of unvaccinated Syrian hamsters (Figure 1A, top) and (2) 4
groups of hamsters that intramuscularly received a 3-dose vac-
cination with monovalent mRNA-LNP (Spikevax, Moderna) at
a 28-day interval (Figure 1A, bottom). Then, hamsters were
challenged with SARS-CoV-2 ancestral strain B.1.1, Omicron
BA.2, Omicron BQ.1.1, or Omicron XBB.1. To verify successful
breakthrough infection in vaccinated hamsters, the viral RNA
copy number via oral swabs at 2 d.p.i. was measured by
RT-qPCR. As shown in Figure 1B, the viral RNA loads in the
oral swabs of the BA.2- and BQ.1.1-infected hamsters were
comparable, whereas that of XBB.1-infected hamsters was sig-
nificantly lower than that of other groups. These RNA loads in-
dicate breakthrough SARS-CoV-2 infection was established in
the vaccinated hamsters.

Evaluation of Antiviral Humoral Immunity Induced by Severe Acute
Respiratory Syndrome Coronavirus 2 Infection With and Without Prior
Vaccination

At 16 d.p.i., the sera were collected from infected hamsters
(Figure 1A). We then performed neutralization assays using
the sera and HIV-1-based pseudoviruses harboring the spike
protein of B.1.1, BA.2, BQ.1.1, XBB.1, and XBB.1.5. The anti-
sera obtained from unvaccinated hamsters exhibited neutrali-
zation activity against the variant infected, whereas antisera
from hamsters infected with XBB.1 also cross-reacted with
XBB.1.5 (Figure 1C). Consistent with our previous findings
[5-7], natural SARS-CoV-2 infection efficiently induced antivi-
ral humoral immunity against the variant infected.

In the case of hamster sera with a 3-dose vaccination (with-
out SARS-CoV-2 infection), neutralization activity against the
ancestral B.1.1 variant was observed (Figure 1D). However,
these antisera did not exhibit neutralizing activity against other
Omicron subvariants such as BA.2, BQ.1.1, XBB.1, and XBB.1.5
(Figure 1D). These observations mirror findings in humans
[8, 12]. We then assessed whether the breakthrough infections
of 3 Omicron subvariants (BA.2, BQ.1.1, and XBB.1) induced
the neutralization activity against the variant infected, as ob-
served in unvaccinated hamsters above. However, although
anti-B.1.1 (ancestral SARS-CoV-2) neutralization activity was
observed, the sera obtained from breakthrough infection ham-
sters did not exhibit prominent antiviral effects against the var-
iant infected (Figure 1D). Although the 50% neutralization titer
(NTsp) of the sera obtained from BA.2 breakthrough infection
hamsters against BA.2 was significantly lower than that against
B.1.1 (4.3-fold), all sera obtained from 8 breakthrough infection
hamsters with BA.2 exhibited anti-BA.2 activity (Figure 1D).
However, the NTs, values of the sera obtained from BQ.1.1
and XBB.1 breakthrough infection hamsters against the variant
infected were profoundly lower than that against B.1.1
(Figure 1D). Moreover, the NTs, values of the sera of 3 and 5
hamsters’ breakthrough infection with BQ.1.1 and XBB.1, re-
spectively, were below detection limit (Figure 1D). These

observations suggest that the induction of antiviral humoral im-
munity against a SARS-CoV-2 variant of infection is attenuated
by comparatively ancestral vaccine inoculation before infection.

DISCUSSION

In this study, we investigated the impact of vaccination on the
induction of humoral immunity against the SARS-CoV-2 var-
iants infected using an experimental animal model and ad-
dressed the possibility of immune imprinting by vaccination.
We showed that the hamsters infected with a variety of
SARS-CoV-2 Omicron subvariants exhibited specific humoral
immunity against the SARS-CoV-2 variant infected. On the
other hand, the infection of SARS-CoV-2 Omicron subvar-
iants, particularly BQ.1.1 and XBB.1, in the hamsters that re-
ceived 3 doses of monovalent mRNA vaccine did not induce
specific humoral immunity against the SARS-CoV-2 variant in-
fected. Consistent with findings in human samples [8, 12], these
results suggest that breakthrough infections tend to boost the
humoral immunity against the vaccine strain (ie, ancestral
SARS-CoV-2) rather than the variant infected after vaccina-
tion. In particular, although the immunogenicity of XBB.1
was comparable to those of the other variants (Figure 1C), vac-
cination before XBB.1 infection failed to effectively induce an-
tiviral humoral immunity against XBB.1 (Figure 1D). Because
the antigenicity of XBB.1 is prominently different from that
of ancestral SARS-CoV-2 [7, 8, 12], imprinted immunity can
be observed when variants of SARS-CoV-2 breakthrough infec-
tions have different immunogenicity from the vaccine strain.
In this study, we showed experimental data suggesting the
existence of imprinted immunity by vaccination in hamsters.
However, it should be noted that our results do not necessarily
suggest the ineffectiveness of anti-SARS-CoV-2 mRNA vac-
cines to date. First, these findings are brought from experi-
ments using an animal model, and the antibody repertoire
induced by SARS-CoV-2 infection should differ between ham-
sters and humans. Therefore, it is unclear to what extent the
results shown in this study can be extrapolated to humans.
Second, we only analyzed monovalent vaccine effects, which
is based on ancestral SARS-CoV-2, and therefore the impact
of BA.1 or BA.5 bivalent vaccines remains unclear. Third, we
only evaluated the possibility of immune imprinting on humor-
al immunity. In studies using human samples, it is evident that
monovalent mRNA vaccines can induce efficient cellular immu-
nity against multiple SARS-CoV-2 subvariants [14]. Therefore,
mRNA vaccines can contribute to prevent COVID-19 severity.
Fourth, although the time interval in this study is fixed
(28-day interval for vaccination, 28-day interval for infection af-
ter the third dose of vaccine, and the serum collection at 16
d.p.i.), previous studies using human samples suggest the time
interval between vaccination and breakthrough infection can
impact the magnitude of humoral immunity [15, 16].
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Therefore, the time interval between vaccinations and break-
through infection after the last vaccination may modulate the

magnitude of immune imprinting by vaccination.

CONCLUSIONS

In our study, experimental data using hamsters indicates the
possibility of imprinted immunity as an effect of vaccination.
With this in mind, the potential impact of imprinted immunity
in humans requires extensive investigation.
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