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Effects of cellular receptors on the 
vaccine efficacies of adenovirus 
vector-based vaccines following 
intramuscular and intranasal 
administration
Rika Onishi1, Aoi Shiota1, Hayato Nakatani1, Masashi Tachibana1,7, Kahori Shimizu1, 
Toshiro Hirai3,5,6,10, Yasuo Yoshioka2,3,5,6,10, Fuminori Sakurai1,8,9 & 
Hiroyuki Mizuguchi1,2,3,4

Adenovirus (Ad) vectors are a promising next-generation vaccine modality currently under 
development. An Ad particle is composed of three major capsid proteins—fiber, penton base, and 
hexon—that play critical roles in cellular entry. However, the extents to which the receptor-mediated 
cellular entry pathways influence the efficacy of Ad vector-based vaccines are not well understood. 
In this study, we examined the effects of the cellular uptake pathway on the vaccine efficacy of Ad 
vectors by using the β-galactosidase (β-gal)-expressing, capsid-modified Ad vectors that utilize the 
different cellular entry routes. Following intramuscular vaccination, all capsid-modified Ad vectors 
induced serum anti-β-gal antibody levels comparable to those induced by the conventional Ad vector. 
In contrast, after intranasal vaccination, the Ad vectors with mutations in the penton base or hexon 
elicited anti-β-gal antibody titers in the serum, bronchoalveolar lavage fluid (BALF), and nasal wash at 
levels comparable with the conventional Ad vector. On the other hand, the coxsackievirus-adenovirus 
receptor (CAR)-binding-ablated Ad vector exhibited a significant reduction in the anti-β-gal IgG titers 
in the serum and BALF, and anti-β-gal IgA titers in the BALF and nasal wash. These findings highlight 
that CAR-mediated transduction is crucial for efficient vaccination with an Ad vector after intranasal 
administration.

Keywords  Adenovirus vector vaccine, Cellular receptor, Capsid modification, Coxsackievirus-adenovirus 
receptor, αv-integrins, Factor X

The global outbreak of the novel coronavirus disease (COVID-19) has emphasized the critical importance 
of vaccines in combating infectious diseases worldwide. In particular, the unprecedented speed of vaccine 
development and clinical application during this pandemic has highlighted the need for vaccine platforms that 
can be rapidly adapted in response to emerging and re-emerging infectious threats1,2. Adenovirus (Ad) vector-
based vaccines have emerged as a promising vaccine platform to meet this challenge owing to their favorable 
characteristics.
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Ad vectors offer several advantages for vaccine development: high transduction efficiency; long-term stability 
at 4 °C; ease of genetic modification—which allows rapid adaptation to various pathogens via a simple exchange 
of the transgene encoding antigen; and a capacity that permits insertion of large antigen-coding sequences3–5. 
In addition, the Ad vector itself has the ability to act as an adjuvant through its genomic DNA, non-coding VA-
RNA, and capsid proteins, thereby activating both innate and adaptive immune responses6–10. The cellular entry 
pathway of Ad vectors is a crucial determinant of the innate immune responses and cellular tropism they elicit11. 
The Ad capsid is primarily composed of three major types of proteins—fiber, penton base, and hexon—each of 
which plays a distinct role in mediating the initial steps of viral attachment and internalization. The most common 
Ad vectors are based on Ad serotype 5 (Ad5), which has been widely used as a vaccine vector in both preclinical 
and clinical studies12,13. For Ad5 vectors, Ad fiber first attach to the coxsackievirus-adenovirus receptor (CAR), 
followed by interaction of the penton base with αvβ3- and αvβ5-integrins, which mediates internalization of the 
Ad vector through clathrin-dependent endocytosis14,15. In addition, coagulation factor X (FX) binds to the hexon 
protein of Ad, forming a bridge between the viral capsid and heparan sulfate proteoglycans on hepatocytes and 
other cell types16–19. Modifications to capsid proteins, especially the fiber knob and penton base, can significantly 
alter the vector’s cellular entry pathway and immunogenic profile20,21. Ablation of CAR-binding via modification 
of the fiber knob alters the transduction in cells, shifting it from mesothelial cells to liver parenchyma following 
intraperitoneal administration22. Another report showed that an αv-integrin-binding–ablated Ad vector 
administered intravascularly exhibited reduced spleen uptake and inflammatory activation23. Finally, an FX-
binding–ablated Ad vector was found to reduce the transduction of hepatocytes after intravenous injection and 
to attenuate the innate immune activation relative to a the conventional Ad vector23,24. However, it remains 
poorly understood how the infection receptors used for cellular entry of an Ad vector influence the efficacy of Ad 
vector-based vaccine. Clarifying how infection receptor-dependent entry affects vaccine efficacy is thus essential 
for rational vector design and for optimizing immune responses through route-specific delivery strategies.

In this study, we examined how receptor-dependent cellular entry pathways affect the efficacy of Ad vector-
based vaccines, using three types of Ad vectors with modifications in the capsid proteins critical for cellular 
binding. Our results showed that although the cellular entry pathway of the Ad vector did not affect the induction 
of antigen-specific antibody titers after intramuscular administration, CAR-mediated cellular entry was critical 
for effective vaccination by Ad vectors following intranasal immunization. These findings indicate that CAR 
binding Ad vectors are preferable for intranasal Ad vector-based vaccines and provide broader insights for the 
design of intranasal vaccine platforms.

Results
Preparation of capsid-modified Ad vectors
To determine the effects of the infection route of the Ad vectors on the vaccine efficacy, we produced three 
types of capsid-modified Ad vectors expressing luciferase and β-galactosidase (β-gal) (Table 1, Fig. 1). CAR-
binding ablated Ad vectors and αv-integrin-ablated Ad vectors had been developed in our previous study25. 
The CAR-binding ablated Ad vector, Ad/ΔF-LacZ, contained a deletion of four amino acids in the FG loop of 
the fiber knob region (T489, A490, Y491, and T492). The αv-integrin-binding ablated Ad vector, Ad/ΔP-LacZ, 
contained a deletion of the RGD (arginine-glycine-aspartate) motif in the penton base. We prepared the FX-
binding ablated Ad vectors, Ad/ΔH-Luc and Ad/ΔH-LacZ, which contained the mutations on hypervariable 
region 7 (HVR7) of the hexon (I421G, T423N, E424S, L426Y and E451Q) referring to Alba R. et al26. All the 
Ad vectors, including the conventional Ad vectors, Ad-Luc and Ad-LacZ, were propagated in HEK293 cells (a 
human embryonic kidney cell line) and reached comparable titers.

Capsid-modified Ad vector-mediated transduction in vitro
In order to examine whether the mutation in the fiber knob reduced CAR-mediated transduction with Ad vectors, 
we utilized H1299 (a human non-small cell lung carcinoma cell line) and HepG2 cells (a human hepatocellular 
carcinoma cell line), which sufficiently express both CAR and αv integrin27–29. H1299 and HepG2 cells were 
transduced with Ad-LacZ, Ad/ΔF-LacZ, Ad/ΔP-LacZ, and Ad/ΔH-LacZ. Ad/ΔF-LacZ showed 16-fold and 115-
fold lower transduction efficiency in H1299 cells and HepG2 cells, respectively, compared with conventional 
Ad-LacZ (Fig. 2A). Ad/ΔP-LacZ showed slightly lower levels of transduction efficiency in H1299 and HepG2 
cells compared with Ad-LacZ. In addition, Ad/ΔH-LacZ expressed 1.2-fold and 1.5-fold lower transduction 
efficiency in H1299 cells and HepG2 cells, respectively, compared with Ad-LacZ. Next, to investigate whether 
the penton base mutation reduced αv integrin-mediated transduction with Ad vectors, we utilized LN444 cells 
(a human glioblastoma cell line)30, which are CAR-negative but αv integrin-positive27,31. Ad/ΔF-LacZ showed 
an approximately eightfold higher transduction efficiency in LN444 cells compared with Ad-LacZ (Fig. 2B). Ad/

Ad vectors Transgene Mutation area

Ad-Luc Luciferase
−

Ad-LacZ β-galactosidase

Ad/ΔF-LacZ β-galactosidase Fiber

Ad/ΔP-LacZ β-galactosidase Penton

Ad/ΔH-Luc Luciferase
Hexon (HVR7)

Ad/ΔH-LacZ β-galactosidase

Table 1.  Ad vectors used in this study.
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ΔP-LacZ exhibited a 14-fold lower transduction efficiency in LN444 cells compared with Ad-LacZ. Ad/ΔH-LacZ 
and Ad-LacZ showed comparable transduction efficiency in LN444 cells.

In order to determine whether the mutation in the hexon led to the ablation of binding to FX, LN444 cells were 
transduced with Ad/ΔH-LacZ in the absence or presence of FX. Ad-LacZ mediated 6.5-fold higher transduction 
efficiencies in the presence of FX compared with Ad-LacZ in the absence of FX (Fig. 2C). On the other hand, 
the transduction efficiency of Ad/ΔH-LacZ did not increase upon addition of FX, suggesting that FX binding to 
the hexon was successfully ablated in Ad/ΔH-LacZ. Consistent with this finding, reduced luciferase expression 
was observed in the livers of mice intravenously administered Ad/ΔH-Luc (Supplementary Fig. 1). Ad vectors 
are known to transduce the liver predominantly via the hexon-FX route after intravenous administration16,19,32.

Induction of anti-β-gal antibody production after intramuscular administration of capsid-
modified Ad vectors
Next, to assess whether the cellular entry pathway of Ad vectors influenced vaccine efficacy after intramuscular 
administration, we measured the β-gal-specific antibody titers in the serum of mice injected into the bicep femoris 
muscle with capsid-modified Ad vectors at a dose of 1 × 1010 virus particle (VP)/mouse. The injected dose in this 
study was comparable or relatively high, compared with those in the previous studies33–35. Statistically significant 
levels of anti-β-gal antibody titers in the serum were detected with all Ad vectors administered, including the 
capsid-modified Ad vectors, at all serum dilutions tested (Fig. 3A, B). Also, no significant differences in the anti-
β-gal antibody titers were observed between conventional Ad-LacZ and the capsid-modified Ad vectors. These 
results demonstrate that systemic vaccine efficacy was not affected by cellular entry pathways after intramuscular 

Fig. 1.  Schematic diagram of the capsid-modified Ad vectors used in this study. Ad/ΔF-LacZ, a CAR-binding 
ablated Ad vectors, contain mutations in the FG loop of the fiber protein. Ad/ΔP-LacZ, an αv-integrin-binding 
ablated Ad vectors, have a deletion of the RGD peptide in the penton base. Ad/ΔH-Luc and Ad/ΔH-LacZ, 
a FX-binding ablated Ad vectors, have mutations in the HVR7 of the hexon. Either a luciferase or LacZ 
expression cassette was inserted into the E1-deleted region of the Ad vector genome. CMV, cytomegalovirus 
immediate-early promoter; Luc, firefly luciferase gene; LacZ, β-galactosidase gene; BGHpA, bovine growth 
hormone poly A signal.
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administration. The time-course of body weight changes following intramuscular vaccination was similar to 
that of the PBS-treated group (Supplementary Fig. 2 A). Furthermore, since intramuscular injection is currently 
the predominant route for Ad vector vaccination in clinical setting, we evaluated cytotoxicity in the muscle 
to ensure the safety profiles of the modified Ad vectors. Muscle cell toxicity was assessed by measuring levels 
of creatine phosphokinase (CPK), an enzyme released into the bloodstream when muscle tissue is damaged. 

Fig. 2.  In vitro transduction efficiency of Ad vectors in human tumor cell lines. H1299 and HepG2 cells were 
transduced with Ad vectors at 100 VP/cell (A), and LN444 cells were transduced at 3000 VP/cell (B). β-gal 
activity was measured at 48 h after transduction. For FX-binding analysis, Ad-LacZ or Ad/ΔH-LacZ was 
pre-incubated with FX (5 μg/mL) before addition to LN444 cells, and β-gal activity was measured after 48 h 
(C). Data are expressed as means ± S.D. (n = 4). RLU: relative luminescence units. **p < 0.01, ****p < 0.0001 
compared with the Ad-LacZ-treated groups. For FX-binding analysis,  ***p < 0.01 compared with the 
corresponding Ad vector without FX pre-incubation.
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All Ad vectors, including the capsid-modified Ad vectors, exhibited the low serum CPK levels comparable to 
those of PBS-treated mice, indicating that intramuscular injection of Ad vectors did not damage muscle tissue 
(Supplementary Fig. 3). Collectively, these results suggest that intramuscularly administered Ad vectors exhibit 
a favorable safety profile.

Transduction efficiencies of capsid-modified Ad vectors in the muscle following intramuscular 
administration
In order to examine the effects of cellular entry pathways on the transduction efficiencies of Ad vectors in the 
muscle after intramuscular administration, Ad vectors were intramuscularly administered to mice, and the 
transduction efficiencies in the muscle were determined 2 days after administration. Significant β-gal production 

Fig. 3.  Anti-β-gal antibody titers in serum following intramuscular immunization with Ad vectors. Mice 
were intramuscularly administered Ad vectors at a dose of 1.0 × 1010 VP/mouse on day 0 and day 21. Titers of 
anti-β-gal IgG in serum were evaluated 14 days after the final administration. Anti-β-gal antibody titers were 
measured at the indicated dilution (A), and antibody titers at serum dilution of 1/6400 are described in (B). 
The data are represented as means ± SEM (n = 7). *p < 0.05, **p < 0.01 compared with the PBS or conventional 
Ad-LacZ treated mice.
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was not found in the muscle following Ad/ΔP-LacZ administration (Fig. 4A). On the other hand, Ad/ΔF-LacZ 
and Ad/ΔH-LacZ mediated a high level of β-gal expression at levels comparable to that by conventional Ad-
LacZ. These results indicated that αv-integrin binding by the Ad vector was crucial for the transduction in the 
muscle after intramuscular injection, whereas binding to CAR or FX did not affect the transduction efficiencies 
in the muscle.

We assessed β-gal expression in other tissues, including the liver and spleen, to determine whether the Ad 
vector disseminated systemically from the muscle and drove transgene expression following intramuscular 
administration. None of the Ad vectors mediated significant levels of β-gal expression in the liver or spleen 
(Supplementary Fig. 4), suggesting the Ad vectors did not disseminate to these organs or mediate transduction 
after intramuscular administration.

Next, in order to examine the Ad vector accumulation in the muscle, the Ad vector genome copy numbers 
in the muscle were measured by quantitative PCR analysis. Conventional Ad-LacZ, Ad/ΔF-LacZ, and Ad/ΔH-
LacZ exhibited comparable levels of Ad vector genome copies in the muscle after intramuscular administration 
(Fig.  4B). On the other hand, approximately 5.7-fold lower levels of Ad vector genome copy numbers were 
found in the muscle following injection of an αv-integrin-ablated Ad vector, Ad/ΔP-LacZ, compared with 
Ad-LacZ. These results showed the similar tendency with the β-gal expression levels in the muscle, suggesting 
that Ad/ΔP-LacZ was less efficiently taken up in the muscle and that the numbers of Ad vector genome in 
the muscle correlates with the transgene expression levels. Taken together, the results indicated that RGD-αv-
integrin-binding is important for the gene expression in the muscle after intramuscular administration of an Ad 
vector; however, transgene expression levels in the muscle did not correlate with the transgene product-specific 
antibody titers in the serum.

Fig. 4.  In vivo transduction efficiencies of Ad vectors in the muscle following intramuscular administration 
to mice. Ad vectors were intramuscularly administered to mice at a dose of 1.0 × 1010 VP/mouse. β-gal activity 
levels in the muscle were determined at 48 h after administration (A). Ad genome copy number in the muscle 
were determined at 48 h after administration (B). These data are expressed as means ± S.E.M. (n = 4–7). 
*p < 0.05, **p < 0.01, ***p < 0.001 compared with the PBS or conventional Ad-LacZ treated mice.
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Induction of anti-β-gal antibody production by intranasal administration of capsid-modified 
Ad vectors
In order to examine the vaccine efficacies of capsid-modified Ad vectors after intranasal immunization, mice were 
immunized intranasally with the capsid-modified Ad vectors. All modified Ad vectors induced significantly high 
levels of β-gal-specific IgG in the serum (Fig. 5A). However, anti-β-gal IgG titers in the serum were significantly 
lower in the mice immunized with Ad/ΔF-LacZ than in those immunized with conventional Ad-LacZ. There 
were no significant differences in the serum anti-β-gal titers between Ad-LacZ and the other capsid-modified Ad 
vectors (Ad/ΔP-LacZ and Ad/ΔH-LacZ).

Furthermore, to evaluate the anti-β-gal antibody titers induced at mucosal sites, BALF and nasal wash 
samples were collected from the mice following immunization with each Ad vector. Similar with the serum 
IgG results, immunization with Ad-LacZ, Ad/ΔP-LacZ and Ad/ΔH-LacZ induced comparable levels of both 

Fig. 5.  Anti-β-gal antibody titers in serum, BALF, and nasal wash following intranasal administration of Ad 
vectors. Mice were intranasally immunized with Ad vectors at a dose of 1 × 1010 VP/mouse on days 0 and 21. 
Fourteen days after the final administration, anti-β-gal IgG titers were measured in serum diluted 1/6400 (A), 
anti-β-gal IgG and IgA titers were measured in BALF diluted 1/25 (B), and nasal wash diluted 1/2 (C). The data 
are represented as means ± SEM. (n = 4–8). *p < 0.05, **p<0.01, ***p < 0.001, ****p < 0.0001 compared with the 
PBS or conventional Ad-LacZ-treated mice.
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anti-β-gal IgG and IgA in the BALF and nasal wash (Fig. 5B, C). In contrast, Ad/ΔF-LacZ induced significantly 
lower levels of anti-β-gal IgG and IgA in the BALF compared with conventional Ad-LacZ. Notably, statistically 
significant differences in anti-β-gal IgA titers were not found in the BALF of PBS-treated and Ad/ΔF-LacZ-
immunized mice. Similar trends were observed in nasal wash, where Ad/ΔF-LacZ immunization reduced anti-
β-gal IgG and IgA levels, although the reduction in IgG titers did not reach statistical significance compared 
with Ad-LacZ. Numbers of both CD4+ and CD8+ tissue-resident memory T (TRM) cells were higher in BALF 
and the lung of Ad-LacZ-immunized mice, compared with those of PBS-immunized mice (Supplementary Fig. 
5A, B). In contrast, the numbers of TRM cells in BALF of mice immunized with Ad/ΔF-LacZ were significantly 
lower than those immunized with conventional Ad-LacZ. There were no statistically significant differences in 
the numbers of TRM cells in the lung of Ad/ΔF-LacZ and PBS-immunized mice. In addition, numbers of IgA+ 
B cells in the lung were significantly lower in the mice immunized with Ad/ΔF-LacZ than in those immunized 
with conventional Ad-LacZ (Supplementary Fig. 5C). Body weight changes after intranasal vaccination were 
similar to those of PBS-treated mice (Supplementary Fig. 2B). Taken together, these results suggest that cellular 
entry via CAR is critical for the induction of transgene product-specific antibody responses in serum IgG, BALF 
IgG and IgA, and nasal wash IgA following intranasal administration of Ad vector vaccines.

Transduction efficiencies of the capsid-modified Ad vectors in the lung following intranasal 
administration
To examine whether the reduction in the vaccine efficacy of intranasally administered Ad/ΔF-LacZ was due to 
the decrease in transduction efficiency, we compared the β-gal expression levels in the lung following intranasal 
administration of conventional Ad-LacZ and Ad/ΔF-LacZ. Ad/ΔF-LacZ-mediated β-gal expression levels in the 
lung were significantly lower, at approximately 3.6-fold, than those of conventional Ad-LacZ (Fig. 6A). Similarly, 
the reduction in the Ad/ΔF-LacZ-mediated transduction efficiencies was also observed in the mRNA levels of 
the β-gal gene in the lung after intranasal administration of Ad-LacZ and Ad/ΔF-LacZ (Fig. 6B). Furthermore, 
histochemical analysis using X-gal staining was performed on the lung tissues 24 h after intranasal administration 
of Ad-LacZ and Ad/ΔF-LacZ (Fig. 6C). In the lungs administered Ad/ΔF-LacZ, only a limited number of X-gal-
positive foci were found, whereas lungs receiving Ad-LacZ exhibited more intense β-gal expression with a 
localized distribution pattern. Collectively, these findings indicate that the fiber-CAR interaction plays a vital 
role in mediating Ad vector transduction and subsequent vaccine efficacies following intranasal delivery.

Discussion
The aim of this study was to reveal the effects of cellular entry routes of Ad vectors on vaccine efficacy. In this 
study, we utilized the three types of capsid-modified Ad vectors with mutations in the capsid proteins that are 
critical for Ad vector internalization to cells (Fig. 1). Utilizing these three Ad vectors, we analyzed in more detail 
the vaccine efficacies of the Ad vectors following intramuscular and intranasal immunization.

To induce vaccine-mediated immunity, the antigen of interest must first be expressed and presented to the 
immune system in vivo36. Intramuscular injection is the most widely adopted route of vaccine administration 
in the clinical setting37,38. Therefore, we first evaluated the transduction efficiencies and vaccine efficacies of the 
capsid-modified Ad vectors following intramuscular administration. After intramuscular administration of the 
capsid-modified Ad vectors, the transduction efficiency in the muscle was significantly reduced when cellular 
entry via αv-integrin was ablated (Fig. 4A). Skeletal muscles are known to express sufficient levels of αv-integrin 
but low levels of CAR on the cell surface39–41; therefore the Ad vector mainly used the RGD peptide on its penton 
base to be taken up into muscle cells. In our previous report, the insertion of the RGD peptide on the fiber knob 
of Ad serotype 35 had significantly improved its transduction efficiency in the muscle tissue, suggesting that the 
RGD peptide is important for the Ad vector-mediated transduction in the muscle42.

Although an αv-integrin-ablated Ad vector, Ad/ΔP-LacZ, showed significant reduction in its transgene 
expression levels in the muscle following intramuscular administration, the antigen-specific antibody IgG 
titers induced by intramuscular immunization of the capsid-modified Ad vectors, including Ad/ΔP-LacZ, 
were comparable to those of conventional Ad-LacZ (Fig. 3B). It remains unclear why Ad/ΔP-LacZ induced the 
antigen-specific antibody IgG titers at levels comparable to the other Ad vectors, even though the transduction 
efficiency of Ad/ΔP-LacZ in the muscle was relatively low. It is possible that the β-gal expression levels at this 
dose (1 × 1010 VP/mouse) of the Ad vectors in this study caused a saturation of anti-β-gal antibody production, 
and that high titers of anti-β-gal antibody was produced even with the lower transduction efficiency of Ad/
ΔP-LacZ, compared with those of the other Ad vectors. Another possible explanation could be that the cells 
transduced with Ad/ΔP-LacZ via an αv-integrin-independent pathway played an important role in the induction 
of the antigen-specific antibody titers. An Ad vector mainly transduces muscle fiber cells, which are αv-integrin-
positive but express low levels of CAR, following intramuscular administration41. In the present study, Ad/ΔP-
LacZ was not found to efficiently transduce muscle fiber cells after intramuscular administration. Collectively, 
these results indicate that the level of transgene expression by Ad vectors in muscle fibers did not correlate with 
the antigen-specific antibody IgG titers.

Intranasal vaccines are gaining significant attention because they can induce both systemic and respiratory 
mucosal immune responses, which are essential for preventing pathogen entry at mucosal surfaces43–45. In 
contrast, intramuscular vaccines can effectively induce systemic immune responses, but are generally ineffective 
at eliciting sufficient mucosal immunity. Ad vector-based vaccines are well suited to intranasal vaccination. 
Recent studies have reported that intranasal administration of rhesus adenovirus-derived Ad vector vaccines 
elicited superior mucosal immune responses, compared with mRNA vaccines46–48. In this study, intranasal 
administration of Ad-LacZ resulted in efficient induction of transgene-specific IgG and IgA at the mucosal 
surface. In contrast, intranasal administration of Ad/ΔF-LacZ led to an apparent reduction in antigen-specific 
IgG antibody titers in the serum and BALF compared with conventional Ad-LacZ (Fig. 5A, B). Moreover, no 
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statistically significant elevation of antigen-specific IgA antibody was observed in the BALF or nasal wash of mice 
immunized with Ad/ΔF-LacZ. The significant reduction of BALF IgA titers in the mice immunized with Ad/ΔF-
LacZ, compared with conventional Ad-LacZ, can be attributed to the decrease of IgA+ B cells (Supplementary 
Fig. 5 C).

Even though we focused mostly on humoral immune response as the primary correlate of protection in 
this study, it is well known that Ad vector vaccines induce T cell activation12,49. The magnitude of the initial T 
cell expansion and the number of subsequent memory T cells are directly correlated with the antigen load50. 
Therefore, the reduction in β-gal expression in the lung of Ad/ΔF-LacZ-immunized mice likely led to the 
reduction in the numbers of TRM cells in both BALF and the lung (Supplementary Fig. 5 A, B). In addition, CD4+ 
T cells are critical for Ad vector-induced immunity, since CD4+ T cells play an important role in both robust 
antibody production51,52 and the maintenance of functional CD8+ T cell responses53. Since the numbers of CD4+ 
TRM decreased following intranasal administration of Ad/ΔF-LacZ, compared with Ad-LacZ, this may have led 

Fig. 6.  In vivo transduction efficiencies in the lung following intranasal administration of Ad vectors. Ad-LacZ 
and Ad/ΔF-LacZ were intranasally administered to mice at a dose of 1.0 × 1010 VP/mouse. β-gal activity in the 
lung and X-gal staining of lung tissues were assessed at 24 h after administration (A, C). Relative LacZ mRNA 
levels in the lung were measured at the indicated time points (B). The relative LacZ mRNA levels of the Ad-
LacZ-treated group measured at 6 h following administration was normalized to 1. These data are expressed as 
means ± S.E.M. (n = 4–6). *p < 0.05, **p < 0.01.
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to the significant reduction of antigen-specific antibody titers following intranasal administration of the CAR 
binding-ablated Ad vector, compared with conventional Ad vector. Taken together, these findings suggest that 
transduction of CAR-positive cells in the lung is important for inducing antigen-specific antibody titers and the 
T cell response following intranasal administration of an Ad vector.

CAR-binding Ad vector vaccines showed elicited effective antigen-specific antibody titers following 
intranasal administration. Currently, clinically approved intranasal Ad vector vaccines, such as Convidecia Air 
in China and Sputnik V in Russia, both of which use CAR for entry, have been shown to efficiently induce 
transgene-specific antibody production54,55. Another approved intranasal Ad vector vaccine, iNCOVACC from 
India, is based on chimpanzee Ad serotype 36 (ChAd36)33,56. Although the cellular receptor for ChAd36 has 
not yet been identified, ChAd36 and chimpanzee Ad Y25—the backbone of ChAdOx157—, belong to the same 
species, simian Ad species E35. ChAdOx1 has been shown to utilize CAR as a high-affinity receptor58. It is 
therefore plausible that ChAd36 also employs CAR for entry. Taken together, these observations suggest that 
CAR-mediated delivery of Ad vector vaccines is crucial for the efficacy of intranasally administered Ad vector 
vaccines.

Vaccine-induced immune thrombotic thrombocytopenia (VITT) is a concern associated with the use of 
Ad vector-based vaccines, as rare but severe thrombotic events have been reported following vaccination with 
ChAdOx1 and Ad26.COV2.S59–61 A recent study reported that the RGD motif on penton base directly interact 
with platelet integrin αIIbβ3, resulting in a mechanistic link to thrombosis62. Since many Ad serotypes contain 
the penton RGD motifs21,63, this finding implies that thrombotic risk may not be restricted to ChAdOx1 but 
could be a broader concern for other serotype-based Ad vector vaccines containing the penton RGD motif. In 
this study, deletion of the RGD on the penton base did not significantly impair the anti-β-gal antibody induction 
following either intramuscular or intranasal immunization. These data suggest that modified Ad vector vaccines 
lacking the penton RGD motif are a promising framework as a vaccine vector because Ad vector-induced 
thrombotic risk is minimized.

A limitation of the present study is that we did not examine the contributions of distinct cell populations 
within the muscle tissue following intramuscular administration of Ad vectors. The muscle microenvironment is 
composed of not only the muscle cells but also of resident immune cells64, which are considered to be involved in 
vaccine efficacies. Evaluating the transduction efficiencies and subsequent activation of these immune cell subsets 
following intramuscular administration of modified Ad vectors remains important for future investigations.

In summary, we demonstrate that, although the cellular entry pathway does not significantly influence 
antigen-specific IgG titers in serum after intramuscular administration of Ad vector vaccines, CAR-mediated 
cellular entry is important for Ad vector-mediated effective vaccination following intranasal immunization. 
These findings offer valuable insights for the development of intranasal vaccine platforms.

Materials and methods
Cell lines
HEK293A (Thermo Fisher Scientific, San Jose, CA), HepG2 (RCB1648, JCRB Cell Bank, Tokyo, Japan), 
and LN444 cells (kindly provided by Dr. Tada, Hokkaido University, Hokkaido, Japan)30 were cultured with 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2  mM 
glutamine, and antibiotics. H1299 cells (American Type Culture Collection, Manassas, VA) were cultured with 
RPMI-1640 supplemented with 10% FBS and antibiotics. All cells were cultured at 37℃ in 5% CO2 atmosphere.

Development of Ad vector plasmids
The Ad vector plasmid, pAdHM309-HVR7.1, was constructed according to the strategy of Alba 
et al.24 and used to generate the FX-binding–ablated Ad vector. Briefly, the peptide motif in 
HVR7 of the hexon, GGVINTETLTKVKPKTGQENGWEKDATEFSDKNE, was changed into 
GGVGNNSTYTKVKPKTGQENGWEKDATEFSDKIE (mutated amino acids are underlined), resulting in 
pAdHM309-HVR7.1. I-CeuI/PI-SceI-digested pAdHM309-HVR7.1 was ligated with I-CeuI/PI-SceI-digested 
pCMVL1 and pHMCMVLacZ265, which contained a cytomegalovirus (CMV) promoter-driven firefly 
luciferase or β-gal expression cassette, respectively, obtaining pAdHM309-HVR7.1-CMVL2 and pAdHM309-
HVR7.1-CMVLacZ2. CAR- or αv-integrin-binding ablated Ad vector plasmids expressing β-gal were similarly 
constructed using pAdHM26 and pAdHM3225, respectively, obtaining Ad/ΔF-LacZ and Ad/ΔP-LacZ. The 
luciferase-expressing Ad vector plasmids for a conventional Ad vector, Ad-Luc (same as Ad-L2 in the previous 
study), a CAR-binding ablated Ad vector, were previously constructed25,66. A β-gal-expressing conventional Ad 
vector plasmid for Ad-LacZ (same as Ad5-LacZ in the previous study) had also been constructed previously42. 
Details of the plasmid construction methods are available upon request.

Preparation of Ad vectors
All Ad vectors were constructed by means of an improved in vitro ligation method described previously65,67. Ad 
vector plasmids were digested with PacI and transfected into HEK293 cells using Lipofectamine 2000 (Thermo 
Fisher Scientific, San Jose, CA). All Ad vectors were propagated in HEK293 cells, purified by two rounds of 
cesium chloride-gradient ultracentrifugation, dialyzed, and stored at −80 °C. The VP titers were determined by 
the method of Maizel et al68.

Ad vector-mediated transduction into cultured cells
Cells were seeded at 1 × 104 cells/well onto a 96-well plate. On the following day, the cells were transduced with 
Ad-LacZ, Ad/ΔF-LacZ, Ad/ΔP-LacZ, and Ad/ΔH-LacZ at 100 VP/cell (for H1299 and HepG2 cells) or at 3000 
VP/cell (for LN444 cells). After 48 h of incubation, β-gal production in the cells was determined using a Galacto-
Light Plus β-galactosidase reporter gene assay system (Thermo Fisher Scientific). For the analysis of FX binding 
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to Ad vector, Ad-LacZ and Ad/ΔH-LacZ were incubated with human FX (Prolytix, Essex Junction, VM) at the 
concentration of 5 μg/mL for 1 h at room temperature, and then were added to LN444 cells at 3000 VP/cell. After 
a 48-h incubation, β-gal expression in the cells was determined as described above.

Ad vector-mediated transduction efficiency in mice following intramuscular and intranasal 
administration
Ad-LacZ, Ad/ΔF-LacZ, Ad/ΔP-LacZ, and Ad/ΔH-LacZ (1 × 1010 VP/50 μL/mouse) were intramuscularly 
administered to C57BL/6  J mice (female, 6  weeks old) (Japan SLC Co. Ltd., Shizuoka, Japan), which are 
anesthetized with 2% isoflurane (FUJIFILM Wako Pure Chemical, Osaka, Japan). Mice were euthanized by 
inhalation of 5% isoflurane until respiratory arrest, and the muscles were isolated from the mice at 48 h after 
administration and homogenized, followed by three rounds of freezing and thawing. The homogenates were 
then centrifuged at 21,900 × g for 15  min at 4  °C. β-gal expression in the supernatants was measured using 
the Galacto-Light Plus β-galactosidase reporter gene assay system (Thermo Fisher Scientific). To evaluate 
the transduction efficiencies of Ad vectors in the lung, Ad-LacZ and Ad/ΔF-LacZ (1 × 1010 VP/30 μL/mouse) 
were administered intranasally to mice. The lungs were isolated from the mice at 24 h after administration and 
homogenized, followed by three rounds of freezing and thawing. The β-gal activity in the supernatants was 
similarly measured as described above. The protein concentration in the supernatants was measured with a Bio-
Rad Protein Assay Kit (Bio-Rad, Hercules, CA) using bovine serum albumin as a standard.

In vivo imaging of Ad vector-mediated luciferase expression in mice
Mice were anesthetized with 2% isoflurane, and Ad vectors were administered intravenously at a dose of 1 × 1010 
VP/mouse. Forty-eight h after administration, mice were intraperitoneally administered D-luciferin potassium 
salt (FUJIFILM Wako Pure Chemical), as a luciferase substrate, at a dose of 3 mg/mouse. Fifteen minutes later, 
mice were imaged using a NightOWL II LB 983 in vivo imaging system (Belthold Technologies, Bad Wildbad, 
Germany). Luciferase activity was visualized as pseudocolor images, with the maximum signal shown in light 
blue and the minimum in blue.

Ad vector-mediated vaccination of mice following intramuscular or intranasal administration
Mice were anesthetized with 2% isoflurane, and Ad-LacZ, Ad/ΔF-LacZ, Ad/ΔP-LacZ, and Ad/ΔH-LacZ 
were intramuscularly (1 × 1010 VP/50 μL/mouse) or intranasally (1 × 1010 VP/30 μL/mouse) administered to 
C57BL/6 J mice (female, 6-weeks old) on days 0 and 21. Mice were euthanized by inhalation of 5% isoflurane 
until respiratory arrest on day35. On day 35, anti-β-gal antibody titers in the serum, bronchoalveolar lavage fluid 
(BALF), and nasal wash were determined by ELISA. In brief, the ELISA plates were coated with recombinant 
β-gal (1 μg/mL) (Sigma-Aldrich, St. Louis, MO) in carbonate buffer overnight at 4 °C and then incubated with 
fivefold diluted ImmunoBlock (DS Pharma Biomedical, Osaka, Japan) for 1 h at room temperature. Serum, BALF, 
and nasal wash samples, diluted in 20-fold diluted ImmunoBlock, were added to the antigen-coated plates. After 
incubation for 2 h at 37 °C, the coated plates were incubated with a goat anti-mouse IgG (H + L)-BIOT (dilution 
1:5000; Southern Biotech, Birmingham, AL) or goat anti-mouse IgA (H + L)-BIOT (dilution 1:5000; Southern 
Biotech) as secondary antibodies for 2 h at 37 °C. Finally, the plates were incubated with a horseradish peroxidase 
(HRP)-labeled streptavidin (dilution 1:5000; Southern Biotech), for 1 h at room temperature. The color reaction 
was developed using a Substrate Reagent Pack (catalog numbers: DY999, R&D System, Minneapolis, MN), 
stopped with 0.5 N HCl, and the absorbance was measured at OD450 on a plate reader.

Quantitative PCR analysis
Ad vectors were intramuscularly administered as described above. Mice were euthanized by inhalation of 5% 
isoflurane until respiratory arrest, and the tissues were isolated at 48 h following Ad vector administration. Total 
DNA, including Ad genomic DNA, was extracted from the muscles by using DNAzol (Molecular Research 
Center, Cincinnati, OH). The Ad genome copy numbers were quantified by PCR analysis (StepOnePlus System, 
Thermo Fisher Scientific) using the primers for the Ad5 E4 genes69, and THUNDERBIRD Next SYBR qPCR Mix 
reagents (TOYOBO, Osaka, Japan). The values were normalized by the copy numbers of a housekeeping gene, 
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Ad vectors were intranasally administered as described above. Mice were euthanized by inhalation of 5% 
isoflurane until respiratory arrest, and the lungs were isolated at 6 or 24 h following Ad vector administration, 
followed by RNA isolation using Isogen (Nippon Gene, Tokyo, Japan). Real-time RT-PCR analysis was performed 
using THUNDERBIRD Next SYBR qPCR Mix reagent and a StepOnePlus System. The values were normalized 
by the mRNA levels of a housekeeping gene, mouse GAPDH. The sequences of the primers are available on 
request.

β-gal staining of the lung following intranasal administration of Ad vectors
Fresh tissues were embedded in O.C.T. compound (Sakura Fintech, Tokyo, Japan), snap-frozen, and stored at 
−80 °C. Tissues were sectioned at 7 μm thickness using a cryostat (Leica, Nussloch, Germany). Prior to staining, 
tissue sections were fixed in cold 0.5% glutaraldehyde diluted in PBS for 10  min and incubated with β-gal 
staining solution (2% X-gal, 30 mM potassium ferrocyanide, 30 mM potassium ferricyanide, 1 M MgCl2, 5 M 
NaCl, 0.5 M HEPES) overnight at 37 °C. The following day, the sections were washed three times with PBS, then 
counterstained with nuclear fast red-aluminum sulfate solution (Sigma-Aldrich) for 5 min at room temperature. 
After washing in PBS for 5 min, the sections were dehydrated in a graded ethanol series and cleared in xylene. 
After drying, the samples were examined under a microscope.
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Flow cytometry
The lungs were surgically excised and incubated in 2% FBS/PBS supplemented with DNase I (New England 
Biolabs, Ipswich, MA) and collagenase type I (Fujifilm Wako Pure Chemical) at 37°C for 80 min. The digested 
lungs were dissociated by extrusion through a 70 μm cell strainer (AS ONE, Osaka, Japan) and washed with 
2% FBS/PBS. After red blood cells were lysed, the lung lymphocytes were collected using Lympholyte-M 
(CEDARLANE, Burlington, ON, Canada) according to the manufacturer’s instructions. Isolated cells were 
stained and analyzed using MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) as described 
in our previous study70. The fluorescently labeled antibodies used for flow cytometry are listed in Supplementary 
Table 1.

Statistical analyses
Two-tailed unpaired Student’s t-test,  one way-ANOVA, or two way-ANOVA followed by Tukey’s post hoc 
test, Dunnett’s post hoc test, or Bonferroni’s post hoc test was used for statistical analyses. These analyses 
were conducted using Graph Pad Prism software (GraphPad Software, San Diego, CA). Data are presented as 
means ± SD or SEM.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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