
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Constantino López-Macı́as,
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Heterologous vaccination strategies have shown superior efficacy over

homologous regimens in clinical studies, but the underlying immunological

mechanisms remain incompletely understood. Using a mouse model, we

investigated the immune responses induced by heterologous prime-boost

vaccination with adenoviral and mRNA vaccines. Heterologous vaccination

(adenoviral prime, mRNA boost) elicited higher neutralizing antibody titers and

stronger CD8+ T cell responses against Delta and Omicron-BA.5 variants

compared to homologous regimens. Single-cell transcriptomic analysis of

injection-site tissues revealed that adenoviral priming induced minimal

changes in cellular composition but established a pre-conditioned innate

immune environment. This effect was further amplified upon mRNA boosting,

particularly through fibroblast-driven chemokine responses that promoted

immune cell recruitment. These findings suggest that adenoviral priming

enhances local immune activation upon boosting, contributing to the

heightened adaptive immune response observed in heterologous vaccination.

This study provides mechanistic insights into the immunological effects of

heterologous prime-boost strategies against SARS-CoV-2 variants.
KEYWORDS

COVID-19, heterologous vaccination, cross immunity, mRNA vaccine, adenoviral
vaccine, single cell transcriptional analysis, immune response
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Introduction

Since 2019, severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) caused the global pandemic known as coronavirus

disease 2019 (COVID-19), which posed substantial public health

challenges. Vaccination has been one of the most effective strategies

against SARS-CoV-2, with various platforms, such as adenovirus-

based vectors, mRNA, and protein subunit vaccines, developed and

approved (1, 2). The unprecedented nature of the COVID-19

pandemic underscored the urgent need for diversifying vaccine

platforms, which has subsequently driven the development and

clinical testing of multiple vaccine technologies (3, 4).

The continued endemicity and zoonotic nature of SARS-CoV-2

have contributed to the emergence of new variants (5). Mutations in

the spike protein, the major antigen of SARS-CoV-2, necessitate

periodic updates of vaccine strains, posing a significant burden on

public health systems and challenging the ability of vaccine

manufacturers to maintain their long-term effectiveness and

efficacy (6, 7). As of April 2025, WHO lists JN.1 as the dominant

global variant and monitors its sub-lineages, including KP.3 (8).

During the COVID-19 pandemic, substantial international

interest in heterologous prime-boost vaccination strategies

emerged to deal with potential supply chain disruptions or

shortages that could otherwise slow down vaccine distribution

and herd immunity (2, 9–11). Clinical observations have

demonstrated that heterologous boosters, regardless of whether

the combination involves whole inactivated vaccines, subunit

vaccines, mRNA vaccines, or adenovirus-vectored vaccines, confer

superior serum neutralization titer (12–15) and cellular immune

response (16–18) compared to homologous boosters. Compared to

homologous vaccination, heterologous vaccination significantly

increased spike-specific CD8+ T cells, and neutralizing antibody

titers increased 4–20 times with homologous vaccination, whereas

heterologous vaccination reached a 6–73-fold increase (19). Animal

experimental data have also confirmed marked increases in both T

cell immune responses and neutralizing antibody titers (20, 21).

However, the immunological mechanisms underlying the observed

increase in the immune response remain to be elucidated.

Particularly, adenovirus-based vaccines may contribute to

heterologous efficacy through trained immunity (22–24). Trained

immunity refers to a memory-like state within the innate immune

system in which innate cells, especially monocytes and

macrophages, are epigenetically and metabolically reprogrammed

to respond more robustly to future challenges, even from unrelated

pathogens (25). Several studies have demonstrated that adenoviral

vaccines induce prolonged activation of monocytes, resulting in

enhanced cytokine production and antigen presentation capabilities

for up to 3 months post-vaccination (22, 23, 26). This phenomenon,

marked by increased expression of glycolytic enzymes and

inflammatory cytokines, primes the immune system to respond

more effectively to subsequent exposure, potentially boosting both

innate and adaptive immunity in a heterologous prime-boost

setting (27–29).

To investigate the immunological mechanisms underlying

heterologous prime-boost vaccination with adenovirus-vectored
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and mRNA COVID-19 vaccines, we conducted a study using a

mouse model, allowing direct comparison of vaccine platforms

under identical conditions. Humoral and cellular immune

responses were compared using serological assays and antigen-

specific T-cell responses against SARS-CoV-2 variants, including

Delta and Omicron-BA.5. In detail, single-cell RNA sequencing of

injection site tissues allowed for the observation of changes in

immune cell infiltration and associated inflammatory responses,

offering insights into the distinct immune reactions elicited by

different vaccine types and vaccination regimens. To our

knowledge, this is the first study to systematically confirm the

immunological benefits of heterologous vaccination (adenoviral

prime, mRNA boost) in a mouse model, complementing previous

clinical observations.
Materials and methods

Mice and immunization

Female BALB/c mice aged 4–6 weeks were acquired from

Samtako Bio (Korea). The mice were housed and bred in the

Animal Biosafety Level 2 facility of the National Institute of Health,

South Korea. Vaccines were administered to the hind limb muscles.

The mice were immunized under one of the following conditions:

two shots of either PBS, empty LNP (equivalent to the lipid content of

5 mg mRNA-LNP), 5 mg mRNA-LNP, or 2 × 108 viral particles of

adenovirus-vector vaccine. Additionally, a combination regimen was

tested, consisting of a priming dose with 2 × 108 adenovirus-vector

vaccine followed by a boost dose with 5 mg mRNA-LNP. All prime

and booster vaccines were administered 3 weeks apart. For collection

of samples, mice were anesthetized by intraperitoneal administration

of 10 mg/kg Rompun and 100 mg/kg Ketamine. Blood was obtained

by facial vein puncture under anesthesia. Euthanasia was performed

by CO2 inhalation at a flow rate of 30% of the chamber volume per

minute, ensuring a gradual displacement to minimize animal distress.

Following euthanasia, spleens were collected from the mice. To

evaluate cellular and humoral responses, six spleen and four blood

samples from each group were collected 3 weeks after booster

vaccination. No significant changes in weight or behavior were

observed in the mice following any of vaccination regimens. For

single-cell transcriptomic analysis of the injection site, one muscle

sample from each group was collected 16 h after both prime and

booster vaccinations. The animal experimental protocol used in this

study was reviewed and approved by the Institutional Animal Care

and Use Committee of the Korea Centers for Disease Control and

Prevention (KDCA-IACUC-22-004).
COVID-19 mRNA vaccine and adenovirus-
vector vaccine

The SARS-CoV-2 mRNA vaccine used in this study encodes the

Spike (S) antigen derived from SARS-CoV-2 isolate 2019-nCoV/

USA-WA1/2020 (GenBank: MN985325). The mRNA vaccine was
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prepared using a previously established method (30). Briefly, a

human codon-optimized S sequence with two proline substitutions

(K986P/V987P) was synthesized and cloned into an mRNA

production plasmid. A linearized DNA template containing an

open reading frame flanked by 5′ and 3′ untranslated regions and

120-nucleotide poly(A) tails was produced by PCR amplification.

mRNAs were synthesized in vitro using T7 RNA polymerase–

mediated transcription with complete replacement of uridine by

N1-methyl-pseudouridine-5′-triphosphate (m1Y). Capping of the

in vitro–transcribed mRNAs was performed co-transcriptionally

using the trinucleotide cap1 analog (m7(3’OMeG)(5’)ppp(5’)

2’OMeA)G). LNPs were prepared using a NanoAssembly

Benchtop Instrument (Precision Nanosystems Inc.). Ionizable

lipids (SM-102, 06040008800, SINOPEG), cholesterol (C3045-

100G, Sigma-Aldrich), distearoylphosphatidylcholine (DSPC,

850365P, Avanti), and PEG-lipid (DMG-PEG, 880151P-1g,

Avanti) were dissolved in ethanol, and the mRNA was diluted in

10 mM citrate (pH 3). The molar ratio of lipid components was SM-

102:DSPC: Cholesterol : PEG= 50:10:38.5:1.5. The final ionizable

lipid:RNA weight ratio was 10:1, and the final volume ratio was 1:3.

LNPs were formulated by microfluidic mixing of the prepared

solutions at a flow rate of 12 mL/min. The resulting LNPs were

diluted in a 40-fold volume of 1× PBS and concentrated

via ultrafiltration.

The adenovirus-vectored vaccine (AdCLD-CoV19-1) was

provided by Cellid Co (31). All replication-incompetent

recombinant adenovirus-vector vaccines used in this study had

the E1 and E3 genes of the adenovirus deleted, and the E4orf6 gene

was rearranged to the E1 region to minimize the incidence of

replication-competent adenovirus. The fiber, which is the cell

receptor-binding site of adenovirus serotype 5, was replaced with

the knob of adenovirus serotype 35. AdCLD-CoV19–1 is driven by

the CMV promoter and was constructed using the SARS-CoV-2

codon-optimized spike protein gene, pCMV3-SARS-CoV-2

(GenBank ID: QHD43416.1) (Sino Biological, Beijing, China),

located in the E1 deficient region. The transmembrane and

cytoplasmic domains of the spike protein were truncated for

extracellular secretion. The furin cleavage site was mutated

to GGGGS.
Cell and virus harvest

Vero E6 cells (ATCC, CRL-1586) were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% heat-inactivated

fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). The

cells were cultured at 37°C with 5% CO2 in an incubator. The SARS-

CoV-2 strains used in this study as infectious viruses, including

ancestral D614-like virus (D614), Delta, BA.5 variants

(NCCP43326, NCCP43390, NCCP43426), were provided by the

National Culture Collection for Pathogens (NCCP). The strains

were cultured and titrated in Vero E6 medium using plaque-

forming units (PFU). All experiments involving infectious viruses

were conducted in a biosafety level 3 facility in accordance with

recommended safety precautions.
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Enzyme-linked immunosorbent assay

To analyze SARS-CoV-2 specific IgG levels, each well of a 96-well

plate (442404, Thermo Scientific) was coated with 50 ng of SARS-

CoV-2 spike extracellular domain protein (40589-V08B1, Sino

Biological) in 50 mL at 4°C overnight. The wells were blocked with

50 mL PBS containing 10% skimmed milk at 37°C for 1 h, followed by

washing twice with PBS containing 1% Tween-20 (0.02% PBST;

BP065, BioSolution). Serum from the immunized mice was serially

diluted (three-fold) starting at 1:100 in PBS containing 3% skimmed

milk and added to the virus-coated wells. Each sample was tested in

duplicate and incubated at 37°C for 2 h. After washing three times

with 0.02% PBST, horseradish peroxidase (HRP)-conjugated anti-

mouse IgM (PA1-84383, Invitrogen), IgG (62-6520, Invitrogen),

IgG1 (PA1-74421, Invitrogen), and IgG2a (M32207, Invitrogen)

secondary antibodies were diluted 1:5000, added to the wells, and

incubated at 37°C for 1 h. The wells were washed five times with

0.02% PBST, and the TMB substrate (T3550-050, GenDEPOT) was

added to the wells and incubated at room temperature for 10 min.

The reaction between TMB and HRP-conjugated anti-mouse IgG

was stopped by adding the TMB stop solution (T4550-005,

GenDEPOT). The absorbance was measured at 450 nm using an

ELISA reader (SpectraMax i3x Molecular Device, USA), and the

endpoint titer was calculated. The endpoint titer was determined as

6X the average absorbance of the negative control at 450 nm.
Plaque reduction neutralization assay

PRNT was used to analyze the neutralizing antibodies against the

mRNA vaccine. The PRNT titer was determined as the highest serum

dilution that reduced the number of plaques by more than 50%

compared to the number of plaques in the absence of test serum.

Serum samples at 3 weeks post-booster vaccination were heat-

inactivated at 56°C for 30 min before use. The prepared serum

samples from immunized mice were serially diluted in serum-free

medium from 1:20 to 1:10240. The serially diluted serum was mixed

with an equal volume of diluted virus (50 PFU per well) to prepare the

virus-serum mixture, and the mixture was incubated at 37°C incubator

with 5% CO2 for 1 h. Vero E6 was seeded in 12-well plates (2 × 105

cells/well) and infected with the virus-serummixture, then incubated at

37°C incubator for 1 h. After viral adsorption, the cells were overlaid

with 1 mL of 1.2% agarose overlay medium. For the D614 and BA.5

variants, incubation was conducted for 2 days, while for the Delta

variants, incubation was conducted for 3 days in a 37°C incubator. The

overlay medium was removed from the 12 well plate, fixed and stained

with crystal violet solution (final concentration: crystal violet; 0.07%,

37% formaldehyde; 8%, ethanol; 5%). After removal and drying at room

temperature, the plaques were counted to calculate the PRNT50 titer.
Enzyme-linked immunospot assay

An ELISpot assay was conducted to verify cellular immune

responses. IFN-g-secreting cells were detected using the Mouse
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IFN-g ELISpot Kit (XEL485, R&D System). Experiments were

performed according to the manufacturer’s instructions. At 3

weeks post-booster vaccination, splenocytes were dissociated by

mechanical disruption using a GentleMAX machine (Miltenyl

Biotec, Germany). The cells were filtered through a 40 µm pore

size strainer, and red blood cells were removed using ACK lysis

buffer (BP10-548E, Lonza). The splenocytes were suspended in

RPMI containing 10% FBS and 1% P/S and seeded at 2.5 × 105 cells

per 100 mL into 96-well polyvinylidene fluoride-based microplates

coated with a mouse IFN-g-specific monoclonal antibody (890894,

R&D System). Splenocytes were stimulated with 100 ng/well of the

SARS-CoV-2 spike glycoprotein peptide pool: D614 (RP30020,

GenScript), Delta (RP30033, GenScript), and BA.5-Omicron

(RP30020, GenScript). The assay included a negative control with

only medium and a positive control with a cell-stimulation cocktail

(00-4970-93; eBioscience™). Cells were incubated in a 37°C

incubator for 18−24 h. After incubation, cells were removed from

the plates, washed with a washing buffer (895308, R&D Systems),

and treated with a biotinylated monoclonal antibody specific for

mouse IFN-g (890895, R&D Systems) for 2 h at room temperature.

After washing, the plates were incubated with alkaline phosphatase-

conjugated streptavidin (895358; R&D Systems) for 2 h. Spots were

developed using a 5-bromo-4-chloro-3-indolyl phosphate/nitro

blue tetrazolium (BCIP/NBT) substrate (895867, R&D Systems)

for 1 h at room temperature. Spots were counted using a Cellular

Technology Limited ImmunoSpot analyzer (S6 Universal M2 v.7.0

Immunospot, USA).
Flow cytometry analysis

Spleens were collected 42 days after priming (21 days after

boost), and the cells were mechanically dissociated using a

GentleMAX machine. The cells were filtered through a 40 µm

strainer, and red blood cells were removed using ACK lysis buffer.

The cells were suspended in RPMI containing 10% FBS and 1% P/S

and seeded at 2.5 × 105 cells per 100 µL in a 96-well U-bottom plate.

The cells were stimulated with 100 ng/well of SARS-CoV-2 spike

glycoprotein crude D614 (RP30020, GenScript), Delta (RP30033,

GenScript), or BA.5-Omicron (RP30020, GenScript) in complete

RPMI 1640 medium. GolgiPlug (51-2301KZ, BD) was added to

each well, and the cells were incubated at 37°C for 18−24 h.

Stimulated cells were collected in tubes and washed with PBS. For

Live/Dead staining, the cells were stained with Aqua Fluorescent

Reactive Dye (1:300 dilution, L34965, Invitrogen) and incubated at

4°C for 30 min. After washing, the cells were stained with the

following surface marker antibodies: anti-CD3 (1:200 dilution;

APC/Cyanine7; 100222, BioLegend), anti-CD8 (1:200 dilution;

PerCP/Cyanine5.5; 100734, BioLegend), anti-CD4 (1:200 dilution;

Brilliant Violet 421™; 100437, BioLegend) and added to the cells in

flow cytometry staining buffer (00-4222-26, eBioscience) and

incubated at 4°C for 30 min. For intracellular cytokine staining,

the cells were washed with Cytofix/Cytoperm solution (51-2090KZ,

BD) containing staining buffer and incubated at 4°C for 1 h. The

cells were then washed twice with 1X perm/wash buffer (51–2091
Frontiers in Immunology 04
KZ, BD). Anti-IFN-g antibody (1:100 dilution, APC, 554413, BD),

and anti-TNF-a antibody (1:100 dilution, PE-Cy™7, 557644, BD)

were added to the cells and incubated at 4°C for 1 h. Finally, the cells

were washed with 1X Perm/Wash buffer and resuspended in flow

cytometry staining buffer. Data were collected on a CytoFLEX LX

flow cytometer (Beckman Coulter) and analyzed using FlowJo

software v10.
Preparation of single-cell RNA sequencing
samples

Muscles at the injection site were dissected and washed with 1X

PBS. For tissue digestion, the samples were incubated with Type II

collagenase (LS004177, Worthington) at 37°C for 40 min while

shaking. To improve cell yield and quality, the cells were further

incubated with Type II collagenase and Dispase II (04942078001,

Roche) at 37°C for an additional 20 min while shaking. To break

down the remaining muscle fragments, the samples were passed

several times through a 5 mL syringe fitted with an 18-gauge needle.

Cells were filtered through a 40 mm strainer, rinsed with wash

buffer, and centrifuged at 525 g for 5 min at room temperature. To

remove the red blood cells (RBCs), the cell pellet was treated with

RBC lysis buffer for 3 min at room temperature. After RBC lysis, the

cells were washed and resuspended in 10 mL of complete RPMI

medium. Cells were filtered using Flowmi Cell Strainers with a 40

mm pore size (136800040, Merck) to completely remove debris.

Similar to the muscle preparation, the draining iliac and

inguinal lymph nodes near the injection site were collected at the

same time points. Lymph nodes were digested with collagenase D

(11088866001, Roche) at 37°C for 20 min. Samples were placed on a

40 mm strainer and mashed to create a single-cell suspension. After

adding the RBC lysis buffer and waiting for 3 min, the cells were

washed with RPMI medium. The cells were resuspended in 10 mL

of complete RPMI and counted using a hemocytometer.

To generate single-cell suspensions for scRNA-seq, cell pellets

were resuspended up to 106 cells per milliliter of 0.04% bovine

serum albumin (130-091-376, Miltenyi Biotec). scRNA-seq libraries

were prepared using the Chromium Next GEM Single Cell 3’

Library Kit v3.1 (1000268, 10x Genomics). Single-cell gel beads in

emulsions were created with a Chromium Controller (100171, 10x

Genomics), with a targeted cell recovery of 10,000 cells. Following

reverse transcription, cDNAs were pre-amplified with 11 reaction

cycles. Fragmentation, adaptor ligation, and SPRI select processes

were conducted according to the manufacturer’s guidelines.

Fragment sizes of the constructed libraries were measured with

Bioanalyzer (2100, Agilent Technologies). Sequencing of the

constructed libraries was performed with Novaseq 6000

(Illumina), with a per-sample library size of approximately 100 Gb.
Single-cell RNA-seq data analysis

Single-cell count matrices were generated using the CellRanger

(v.6.0.2) pipeline, using mm10 reference, and downstream analysis
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was performed based on the Scanpy (32) pipeline (v.1.9.1). For

quality control, low-quality cells meeting any one of the following

criteria were excluded from downstream analysis (1): UMI gene

count <1000, (2) number of genes detected <500, (3) number of

genes detected >7000, and (4) fraction of mitochondrial genes

>10%. Additionally, predicted doublets from Scrublet (33)

(v.0.2.3) simulations also were removed. The transcript counts

were normalized (10,000 counts per cell) and log-transformed

(log1p). Highly variable genes (n=2,619) were selected with the

highly_variable_genes function in the Scanpy package.

Subsequently, the expression matrix of the highly variable genes

was standardized using the scale function of the preprocessing

module in the Scanpy package. PCA (number of PCs = 50) was

conducted based on the scaled expression values of highly variable

genes. Neighborhood graphs of the cells were constructed with the

BBKNN (34), and we used the UMAP function in the tool module

of the Scanpy package to calculate UMAP embeddings. For

detection of spike mRNA component of the mRNA vaccine and

the adenoviral vaccine transcripts, raw sequence files were aligned

to a custom-built references containing information about mRNA

and adenoviral vector construct using CellRanger (v.6.0.2), and cut-

off values of mRNA and adenoviral component detection were set

to 10 and 1, respectively.
Differential abundance testing and
differentially expressed gene analysis

Differential cell composition testing was conducted with

scCODA (35), a Bayesian model for differential cell composition

analysis in single-cell transcriptome data. The cut-off value for the

false discovery rate (FDR) was set to 0.05, and only the log-fold

changes below the FDR cut-off value were used. DEG analysis was

performed using the rank_genes_groups function in Scanpy

(v.1.9.1) package. Log-normalized counts of the cells were

compared using the Wilcoxon rank-sum method, and P values

were corrected with the Benjamini-Hochberg method. Genes with

adjusted P < 0.05 and log2FC > 1 were considered as DEGs.
DEG vector analysis

We conducted DEG vector analysis as described previously

report (30). Briefly, using the saline-injected sample as a reference,

we conducted DEG analysis on each cell type in each treatment

sample. DEG vectors were constructed in two steps. First, we

fetched log-fold change (logFC) vectors and adjusted P value

vectors of genes from the DEG results, which is generated by

rank_genes_groups from ‘tl’ module in the Scanpy package. Next,

for the genes with adjusted P > 0.05, values in the logFC vectors

were replaced with 0 to ensure robustness of the logFC values. The

DEG vectors were projected on previously identified axes of

transcriptional responses (30). The projection matrix, which

consists of coefficients fitted in the previous study, was used for

the PC projection of the DEG vectors in this study.
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Gene set enrichment analysis

Gene set enrichment analysis was performed using the enrich

function in the GSEApy (36) package (v.1.0.4). For upregulated or

downregulated DEGs, we used genes with adjusted P < 0.05 in each

direction. Gene set used for analysis with GSEA was the Molecular

Signature Database (MSigDB) hallmark collection (37). To calculate

gene set signature scores, we calculated average expression (log-

transformed normalized counts) of genes included in each gene set.
Statistical analysis

Statistical analyses were performed using GraphPad Prism

software (version 10.0; GraphPad Software Inc., San Diego, CA,

USA). Data for grouped pairs were analyzed using a two-way

analysis of variance test and expressed as the standard deviation

of independent experiments. Differences were considered

statistically significant at a P-values < 0.05.
Results

Heterologous vaccination enhances
neutralizing antibodies against SARS-CoV-
2 variants in BALB/c mice

In this study, we investigated the immunogenicity of SARS-

CoV-2 spike (from the original strain, D614) vaccines delivered

using adenoviral vectors and lipid nanoparticle (LNP) mRNA

platforms in homologous and heterologous prime-boost formats

(Figure 1). To assess the binding and neutralizing antibody

responses, ELISA and PRNT assays were conducted on sera

collected 3 weeks after the booster shot. Spike-specific

immunoglobulin M (IgM) levels remained low and were

comparable across all groups, with a response in the empty LNP

group likely reflecting non-specific activation (Supplementary

Figure 1). Spike-specific total IgG titers were higher in the

heterologous vaccination group (Ad-mRNA) than in the

homologous vaccination group (Ad-Ad), whereas there was no

significant difference in titers between the homologous mRNA-

mRNA and Ad-mRNA groups (Figures 2A). This indicates that

antigen-specific IgG antibody levels, which undergo isotype class

switching from IgM to IgG, were not compromised in the

heterologous Ad-mRNA vaccination group compared to the

homologous mRNA-mRNA vaccination group.

Neutralizing antibody (nAb) levels were measured using the

PRNT assay against the D614 (Figure 2), Delta (Figure 2), and

Omicron-BA.5 (Figure 2) variants. For the D614 and Delta variants,

no significant differences in nAb titers were observed between the

homologous mRNA (mRNA-mRNA) and adeno-vaccine groups

(Ad-Ad), whereas the heterologous vaccination group showed

significantly higher titers. For the Omicron-BA.5 variant, the nAb

titers were highest in the heterologous group, followed by the

homologous mRNA and homologous adeno groups. These
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findings suggest that the heterologous vaccination regimen induces

robust nAbs across SARS-CoV-2 variants compared with

homologous regimens.
Heterologous vaccination induces robust
antigen-specific T-cell responses against
SARS-CoV-2 variants

Cellular immune responses were assessed using ELISpot and

flow cytometry on splenocytes from vaccinated mice 3 weeks after

booster vaccination. For the ELISpot analysis, the splenocytes were

stimulated with a D614, Delta, or BA.5 strain-based SARS-CoV-2-

spike glycoprotein peptide pool, and then interferon gamma (IFN-

g)-producing T cells were detected. IFN-g production in responses

to stimulation with D614, Delta, and Omicron BA.5 variant

peptides was consistently higher in the heterologous group than

in the homologous groups (Figure 3), suggesting a strong T-cell-

mediated immune response across all tested variants. Consistent

with previous clinical studies, the adenovirus vaccine group (Ad-

Ad) showed higher cellular immunogenicity than the mRNA

vaccine group (mRNA-mRNA) (38, 39).

Flow cytometry analysis further confirmed that the heterologous

group exhibited elevated levels of antigen-specific CD8 T cells

producing IFN-g and tumor necrosis factor-alpha (TNF-a)
(Figures 3B). Additionally, the frequency of IFN-g and TNF-a
double-positive CD8 T cells was significantly higher in the

heterologous group, indicating robust antigen-specific activation and

cytotoxic immune responses (Supplementary Figure 2A). In contrast,
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antigen-specific CD4 T cells producing IFN-g and TNF-a showed no

statistically significant differences between heterologous vaccination

(Ad-mRNA) and homologous vaccination (mRNA-mRNA or Ad-Ad)

for each variant peptide (Supplementary Figures 2B, C), although a

trend toward increased cytokine co-expression was observed in the

heterologous group (Supplementary Figure 2D). These findings suggest

a robust enhancement of CD8 T cell responses, while CD4 T cell

activation showed an upward trend that did not reach statistical

significance. The analysis of the spike-specific IgG subtypes, IgG1

and IgG2a, showed an IgG2a/IgG1 ratio close to 1 across all three

vaccine groups (Figure 3). This observation indicates that the three

vaccination regimens maintain a similar Th1/Th2 immune response

balance, supporting both humoral and cellular immunity (40, 41).

Overall, these results demonstrate that while the homologous

and heterologous regimen exhibit comparable Th1/Th2 immune

response balance, the heterologous vaccination generally induced

stronger cellular and humoral immunity compared to the

homologous vaccination. This enhanced immune response aided

in broader neutralization capacity against SARS-CoV-2 variants,

underscoring the efficacy of the heterologous regimen in inducing

robust and balanced immunity.
Single-cell analysis reveals distinct
injection-site immune responses to mRNA
and adenoviral vector vaccination

Innate immune responses are critical for shaping adaptive

immunity, as shown in recent studies (42–45), including our
Muscle
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Boosting
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Ad(S) - mRNA
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FIGURE 1

Experimental design and sampling schedule (created with BioRender.com). BALB/c mice were intramuscularly immunized with two doses of
phosphate-buffered saline (PBS), lipid nanoparticle (LNP), or 5 mg of mRNA vaccine (mRNA) and 2 x 108 adenovirus-vector vaccine (Ad(S)) for the first
dose, followed by 5 mg of mRNA vaccine for the second dose. Muscle tissues at the injection site used for single-cell RNA sequencing were sampled
16 h after the first vaccination and 16 h after the booster vaccination. Spleen and blood samples were collected 3 weeks after the boost vaccination
and were evaluated to confirm cellular response (ELISpot, FACS) and antigen-specific humoral response (PRNT, ELISA), respectively. ELISpot,
enzyme-linked immunospot; ELISA, enzyme-linked immunosorbent assay; PRNT, plaque reduction neutralization test.
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previous work highlighting stromal activation at the injection site

(30). To further investigate the innate immune dynamics

underlying these enhanced responses, we analyzed the injection

site microenvironment using single-cell transcriptomics

[Figures 4A; LNP and LNP-mRNA single-cell sequencing data

from the injection site atlas study (30)]. Both the mRNA vaccine

and empty LNP injection induced substantial changes in innate and

adaptive immune cells, notably monocytes and neutrophils. In

contrast, the adenoviral vector vaccination maintained a relatively

stable immune cell composition after the first administration,

suggesting a less reactive immune environment (Figure 4). After

the second adenoviral vector vaccination (Ad-Ad), an increased

monocyte count was observed, similar to the response observed

with the LNP-only and mRNA vaccinations. However, unlike LNP-

only and mRNA vaccinations, no changes were observed in

adaptive immune cells, including CD4+ T cell, CD8+ T cell, or B

cell populations, following adenoviral vector boost.

For spike mRNA detection, the mRNA vaccine showed a much

higher detection rate (1–2% of counted cells) than the adenoviral

vector vaccine (~0.2%) (Figure 4). This difference arises from

distinct mechanisms of action: mRNA vaccines deliver spike

mRNA directly to the cytoplasm for immediate translation,

whereas adenoviral vectors require transcription from DNA,

leading to slower and less direct spike mRNA expression.

Regardless of this difference in detection rates, spike mRNA was
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predominantly enriched in fibroblasts and macrophages at the

injection sites of both vaccines (Figures 4E). This indicates that

these cell types may play a crucial role in the local immune response

and spike protein expression, regardless of the vaccine platform.
Adenoviral priming establishes an innate
immune environment, enhanced by mRNA
boosting

Single-cell transcriptomic analysis demonstrated that the

adenoviral vector booster vaccination triggered significantly

stronger transcriptional changes than the first shot (Figure 5). To

compare the immune responses between prime and boost

vaccinations, we analyzed differentially expressed genes (DEGs)

across various cell types. The adenoviral vector boost shot induced a

substantially larger number of DEGs than the prime dose, with

fibroblasts and endothelial cells showing the most pronounced

changes (Figure 5).

Principal component analysis (PCA) of the DEG vectors further

highlighted distinct response patterns. The PC1 axis, which reflects

stromal cell activity (including fibroblasts, endothelial cells, and

mural cells), showed a marked increase following the adenoviral

boost compared to the prime. Similarly, the PC2 axis, associated

with migratory dendritic cell (mDC) activity, showed notable
A B

C D E

FIGURE 2

Heterologous vaccination enhances humoral immunity in BALB/c mice. (A), Kinetics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) spike specific binding antibody responses against total immunoglobulin G (IgG). The blood samples of vaccinated mice were collected 3 weeks
after the booster vaccination. (B), Sera of vaccinated mice were analyzed for SARS-CoV-2 specific total IgG using enzyme-linked immunosorbent
assay (ELISA). (C–E), The neutralizing antibody titers in the serum of the vaccinated mice were analyzed via a plaque reduction neutralization test
(PRNT) using the SARS-CoV-2 virus variants against (C) D614, (D) Delta, and (E) BA.5. P-values were determined using two-way analysis of variance
(ANOVA) and Tukey’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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amplification after the adenoviral boost (Figures 5C). These

findings indicate that the adenoviral booster vaccination

effectively enhances stromal and dendritic cell-mediated immune

responses compared to the initial priming dose, suggesting robust

local activation of innate immune pathways. However, as

anticipated from the comparison between a single dose of

adenoviral vector or mRNA, the magnitude of these responses

was notably lower than the heterologous regimen (Ad-mRNA).

Interestingly, the heterologous vaccination appeared to enhanced

responses along the PC1 axis compared with the homologous

mRNA regimen, driven by the elevated PC1 axis activity in
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fibroblasts and other stromal cell types. While the average PC2

axis responses did not increase in the heterologous group, mDC

activity along this axis was observed to be the highest, indicating

role for DCs in the immune responses induced by the heterologous

regimen. These findings suggest that adenoviral priming may

induce a lasting innate immune activation at the injection site,

creating a strong local immune environment that enhances

responses upon booster vaccination. This effect is more

pronounced with heterologous mRNA boosting, suggesting that

pre-conditioned innate activation contributes to the greater

immunological synergy observed in heterologous vaccination.
A B

C D

FIGURE 3

Heterologous vaccination induces robust CD8+ T cell responses in BALB/c mice. (A), IFN-g ELISpot analysis was measured for T cell responses.
Splenocytes from immunized mice were collected 3 weeks after the final vaccination and stimulated with D614, Delta, and BA.5 spike glycoprotein
peptide pool and compared to those in unstimulated cells. Sample wells with spots were measured using a CTL Immunospot reader. (B, C), Flow
cytometry analysis of intracellular cytokines (B) IFN-g, (C) TNF-a. Antigen-specific CD8 T cells were obtained from mouse spleen samples on day 42
post-vaccination. The IFN-g, TNF-a CD3+CD8+ cells were stimulated with D614, Delta, and BA.5 spike glycoprotein peptide pool. (D), The IgG
subtypes in the sera of vaccinated mice were assessed by ELISA for SARS-CoV-2 spike-specific IgG1 and IgG2a. Endpoint titers and endpoint titer
ratios of IgG2a to IgG1 were calculated. P-values were determined using two-way ANOVA and Tukey’s multiple comparison test (ns: nonsignificant,
* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001).
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Heterologous vaccination enhances
fibroblast-mediated inflammatory response
and stromal activation

When comparing primary and boost vaccinations, fibroblasts

exhibited the high spike mRNA detection and the most significant

DEG changes among all cell types analyzed (Figure 6), prompting

further investigation of their functional roles. Pathway enrichment

analysis revealed significant upregulation of inflammatory

pathways, majorly in interferon responses, in fibroblasts following

the homologous adenoviral booster dose (Figure 6). Notably, DEGs

in the heterologous mRNA booster dose were primarily linked to a
Frontiers in Immunology 09
stronger inflammatory response, characterized by enhanced

TNF-alpha signaling and interferon responses, compared to the

homologous mRNA booster vaccination.

Cytokine and chemokine expression analyses in fibroblasts

revealed markedly increased chemokine expression after the

adenoviral vector boost compared to the prime shot (Figure 6,

dark blue bars). A similar pattern was observed in heterologous

vaccination, where the mRNA vaccine boost after adenoviral vector

priming induced significantly higher chemokine expression than

homologous mRNA boosting (Figure 6, orange bars).

Taken together, these results establish fibroblasts as key

mediators of booster-induced inflammatory responses, with
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FIGURE 4

Single-cell transcriptomic analysis reveals distinct injection-site immune responses. (A), UMAP visualization of injection site cells across all vaccine
groups. Clusters are numbered on the plot, with corresponding cell types annotated in the accompanying panel based on canonical marker
expression. (B), Major cell type markers are presented in a dot plot. Colors indicate min-max normalized average expression levels in each cell type,
and dot sizes represent the ratio of cells expressing marker genes in each cell type. (C), Proportion of cell types according to the injection type.
Proportions of each cell type are presented in the left panel, and the right panels show differential abundances (log2 fold changes) of cell types in
each injection type (compared to the PBS injection condition). (D), Target molecule detection rate across samples. The mRNA and adenoviral
vaccines in the homologous vaccination group represent the combined results of prime and boost, while the heterologous vaccination group
includes results of the boosting of adenovirus vaccination with the mRNA vaccine. For each group, spike-positive cell counts and total cell counts
are shown on the bars. (E), Target enrichment profile across cell types. (F), Comparison of target enrichment pattern in mRNA and adenoviral
injection condition.
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heterologous vaccination more effectively amplifying both stromal

activation and dendritic cell activity. These findings provide

mechanistic insight into the enhanced immune responses

observed in heterologous prime-boost regimens.
Discussion

Our study highlights the immunological advantages of

heterologous vaccination regimens, specifically, the combination of

adenoviral andmRNA vaccines, in a controlledmousemodel. Through

a direct comparison of vaccine platforms, we demonstrated that

heterologous vaccination yielded stronger humoral and cellular

immune responses against the prototypical D614 virus and SARS-

CoV-2 variants, particularly Delta and Omicron. These results are

consistent with the existing clinical observations that a heterologous

regimen can induce comparable or stronger humoral and/or cellular

immune responses than both the homologous adenoviral vector

regimen (46–52) and the homologous mRNA vaccine regimen (16,

47–51, 53, 54). Likewise, comparative effectiveness was found between

heterologous adenoviral vectors andmRNA vaccines than homologous

adenoviral vector vaccine (55), underscoring the benefit of using

different vaccine types together to enhance protection against SARS-

CoV-2 variants.

Our data corroborated that heterologous vaccination leads to

significantly higher neutralizing antibody titers against the D614,

Delta, and Omicron variants than homologous vaccination. This

outcome may be due to the cross-stimulation of immune pathways,
Frontiers in Immunology 10
as adenovirus-vectored vaccines are prone to induce a strong T-cell

response but are weak in generating neutralizing antibodies, and

vice versa for mRNA vaccines. Additionally, efficient antibody class

switching was observed in the heterologous group. The elevated IgG

titers and balanced IgG2a/IgG1 ratio suggest that heterologous

vaccination achieves an optimal Th1/Th2 balance, which is

beneficial for sustained antibody production and memory

formation (56). This balanced response may provide broader

protection not only through neutralization but also through

enhanced antibody-dependent cellular cytotoxicity, which is

especially important in the context of evolving SARS-CoV-2

variants. Notably, while the homologous mRNA and heterologous

vaccine regimens elicited comparable levels of spike-specific total

IgG, the heterologous group exhibited significantly higher

neutralizing antibody titers. This discrepancy suggests that the

heterologous regimen may have induced greater expansion of the

nAb population or superior affinity maturation. Recent studies have

shown increased BCR clonal diversity and somatic hypermutation

in heterologous vaccine recipients (54, 57, 58). Future work

incorporating BCR repertoire and antibody quality assessments

will be essential to confirm this mechanism.

Heterologous vaccination elicited robust T cell responses, as

evidenced by the increased numbers of IFN-g- and TNF-a-
producing CD8 T cells. The magnitude of the CD8+ T cell

response was greater than that observed with either homologous

vaccine regimen, suggesting that combining the two vaccine

platforms had a synergistic effect in enhancing the cellular

immune response. This finding is crucial, as the CD8+ T cell
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response plays a critical role in eliminating virus-infected cells,

which may reduce viral replication early in infection and provide

broader protection against potential variants (59, 60). The ability of

heterologous vaccination regimens to elicit such responses may be

particularly beneficial for populations at higher risk, providing a

more comprehensive and durable immune defense compared to

single-platform regimens (4, 61, 62). However, as our analysis was

limited to a single post-boost time point (day 21), the durability of

the observed responses remains to be determined. Longitudinal

studies tracking memory T cell subsets will be necessary to assess

immune persistence.

To investigate how differences in the local tissue environment

contribute to systemic immune responses, we performed single-cell

profiling of the injection site. Single-cell transcriptomic analysis

revealed distinct differences in the immune microenvironment at

the injection site between the mRNA and adenoviral vaccines. The

adenoviral vector vaccine induced fewer changes in cellular

composition and lower level of spike transcripts at the injection

site than the mRNA vaccine which prominently recruited

monocytes, neutrophils, and CD8 T cells due to LNP component

(30). These results align with the facts that ability of mRNA vaccines

to initiate instant mRNA translation and to induce a robust early
Frontiers in Immunology 11
immune response driven by the localized adjuvant-like effect (63,

64), contrasting to the slower gene expression and antigen

presentation of adenoviruses due to the time of delivering DNA

to the cell nucleus (65). Regardless of the type of vaccine and

regimen, the enrichment of spike transcripts was highest in

fibroblasts, indicating that fibroblasts play a key role in the local

production of antigens at the injection site.

Notably, the homologous adenoviral booster amplified innate

immune responses more significantly while the homologous mRNA

booster remained similar level, likely owing to trained immunity.

This observation may explain the higher cellular and humoral

response observed with the heterologous prime-boost regimen,

where adenoviral vector vaccine predominantly induces cellular

immunity and mRNA vaccine strongly induces humoral immunity

(66). Furthermore, the synergy between the characteristics of

adenoviral priming and mRNA boosting leads to nAb titers. The

slow and sustained antigen release from the adenoviral priming

dose allows for immune responses not only to dominant epitopes

but also to subdominant one (67). This is complemented by the

potent cellular and humoral immune activation triggered by the

mRNA booster, emphasizing the complementary mechanisms of

these two platforms.
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Heterologous vaccination amplifies fibroblast-driven inflammation and stromal activation. (A), Number of differentially expressed genes (prime vs
boost shot) across cell types in each injection condition. (B), Gene set enrichment analysis using MSigDB Hallmark gene sets. Pathway enrichment
analyses were conducted on the upregulated genes in fibroblasts: (top) adenoviral vector boost shot injection vs adenoviral vector prime shot,
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Significant influence on these immune responses seems to be

mediated by fibroblasts, which act as key contributors to injection

site inflammation. Fibroblasts exhibit upregulation of inflammatory

pathways and chemokine production, particularly following the

homologous adenoviral boosting and heterologous vaccination.

Given that fibroblast are the primary targets of adenoviral vectors

at the injection site (68), our data suggest that adenoviral priming

induces transcriptional changes in these cells, potentially imprinting

an innate memory-like state. These imprinting may enhance

chemokine responses and facilitate the recruitment and activation

of other immune cells during boost vaccination, regardless of

whether the booster is a homologous adenoviral vector or a

heterologous mRNA vaccine. The ability of fibroblasts to establish

an inflammatory milieu and potentially adopt an innate memory-

like state may provide a mechanistic basis for the superior immune

response observed with heterologous regimens.

Beyond their role in initiating local inflammation, fibroblast

activation may influence broader immune organization at the tissue

level. Fibroblasts are increasingly recognized as active regulators of

immune responses across diverse tissue environment, where they

contribute to immune cell positioning, chemokine signaling, and the

structural organization of local immune niches (69, 70). Under

inflammatory conditions, fibroblasts can acquire stromal organizer–

like properties, guiding leukocyte clustering and supporting antigen

presentation (71). In our study, the elevated expression of Ccl3, Ccl9,

and Ccl19 in injection-site fibroblasts following adenoviral priming and

mRNA boosting suggests that these cells contribute to the recruitment

and coordination of innate and adaptive immune responses. Rather

than acting as passive bystanders, fibroblasts may help shape a tissue

microenvironment that promotes effective immune activation in the

context of heterologous vaccination. These findings support a model in

which stromal priming by the initial vaccine dose enhances the

immunological impact of subsequent boosting.

Although our single-cell analysis does not fully account for the

systemic enhancement of humoral or CD8+ T cell responses, it

provides important mechanistic context. Recent findings by Kim

et al. (30) demonstrated that fibroblast-derived IFN-b at the

injection site is essential for activating dendritic cells and

initiating vaccine-induced T cell responses. These results support

the biological plausibility of our model, in which stromal priming

through adenoviral vaccination alters the tissue microenvironment

and enhances responsiveness to mRNA boosting.

In conclusion, this study provides compelling evidence that

heterologous vaccination, an adenoviral prime followed by an

mRNA boost, elicits stronger and more comprehensive immune

responses than homologous regimens. The observed combination of

robust humoral immunity, balanced Th1/Th2 responses, and enhanced

CD8+ T cell activation highlights the immunological advantages of

platform mixing in overcoming the challenges posed by emerging

SARS-CoV-2 variants. Our findings are consistent with prior clinical

observations and offer mechanistic insight into how heterologous

prime-boost strategies can optimize immune activation by shaping

the local stromal and cellular environment at the injection site.

Taken together, these results lay a foundation for future

immunization strategies that harness the complementary
Frontiers in Immunology 12
strengths of different vaccine platforms to enhance both the

magnitude and breadth of protective immunity. Although this

study was not designed to assess direct protective efficacy or to

functionally validate all proposed mechanisms, future studies

incorporating in vivo protection models and in vitro validation

will be essential to further elucidate these pathways and evaluate

their translational potential.
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SUPPLEMENTARY FIGURE 1

Kinetics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike specific binding antibody responses against total immunoglobulin

M (IgM).

SUPPLEMENTARY FIGURE 2

(A), Flow cytometry analysis of intracellular cytokines IFN-g, TNF-a double

positive CD3+CD8+ T cells. Antigen-specific CD8 T cells were obtained from

mouse spleen samples on day 42 post-vaccination. (B, C), (B) IFN-g and (C)
TNF-a positive CD3+CD4+ cells were stimulated with D614, Delta, and BA.5

spike glycoprotein peptide pool. Antigen-specific CD4 T cells were obtained
frommouse spleen samples on day 42 post-vaccination. (D), Flow cytometry

analysis of intracellular cytokines IFN-g, TNF-a double positive CD3+CD4+

T cells.
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27. Palgen JL, Feraoun Y, Dzangué-Tchoupou G, Joly C, Martinon F, Le Grand R,
et al. Optimize prime/boost vaccine strategies: trained immunity as a new player in the
game. Front Immunol. (2021) 12:612747. doi: 10.3389/fimmu.2021.612747

28. Namgaladze D, Brüne B. Rapid glycolytic activation accompanying innate
immune responses: mechanisms and function. Front Immunol. (2023) 14:1180488.
doi: 10.3389/fimmu.2023.1180488
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