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ABSTRACT 

Background: Oncolytic adenoviruses (OAds) mediate superior antitumor effects both by inducing 

direct oncolysis and activating antitumor immunity. Previously, we developed a novel OAd fully 

composed of human adenovirus serotype 35 (OAd35). OAd35 efficiently killed a variety of human 

tumor cells; however, OAd35-mediated activation of antitumor immunity remains to be evaluated. In 

this study, we examined whether OAd35-induced activation of immune cells contributes to the 

antitumor effects of OAd35. 

Methods: Tumor infiltration and activation of immune cells following intratumoral administration 

of OAd35 in tumor-bearing immune-competent and nude mice were analyzed. The involvement of 

natural killer (NK) cells in the tumor growth-suppression effects of OAd35 was evaluated in NK cell-

depleted mice. The key signals for the OAd35-mediated tumor infiltration of NK cells were examined 

in interferon (IFN) alpha and beta receptor subunit 2 (IFNAR2) knockout and toll-like receptor 9 

(TLR9) knockout mice. 

Results: OAd35 efficiently induced tumor infiltration of activated NK cells. NK cell depletion 

apparently hindered the OAd35-mediated tumor growth suppression. In IFNAR2 knockout mice, 

OAd35-induced tumor infiltration of activated NK cells was significantly attenuated. OAd35 did not 

induce tumor infiltration of NK cells in TLR9 knockout mice, although OAd35 significantly activated 

NK cells and showed tumor growth suppression in TLR9 knockout mice. 

Conclusions: OAd35 significantly promoted activation and tumor infiltration of NK cells, leading to 

OAd35-mediated efficient tumor growth suppression. The type-I IFN signal was crucial for the 

OAd35-mediated tumor infiltration and activation of NK cells. The TLR9 signal was highly related 

to tumor infiltration of NK cells, but not NK cell activation and antitumor effects of OAd35. OAd35 

is expected to become a promising cancer immunotherapy agent via its enhancement of the antitumor 

activities of NK cells. 

 

BACKGROUND 

Oncolytic viruses (OVs) are natural or genetically modified viruses that specifically infect and 

kill tumor cells without harming normal cells. Clinical trials using OVs have been conducted 

worldwide and have shown favorable results.1,2 The attractive feature of OVs is their ability to convert 

immunosuppressive “cold” tumors into immunologically active “hot” tumors by activating antitumor 

immunity. In addition to the replication-dependent direct oncolysis, OVs directly activate innate 

immunity in immune cells, including dendritic cells and macrophages, following phagocytosis of 

OVs in immune cells. Moreover, OV-mediated tumor cell lysis results in the release of not only 

tumor-associated antigens but also pathogen-associated molecular patterns (PAMPs), such as virus 

genome and damage-associated molecular patterns (DAMPs), including high mobility group box 1 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 12, 2022. ; https://doi.org/10.1101/2022.12.09.519732doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.09.519732
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

(HMGB1)3 and heat shock proteins (HSPs),4 from tumor cells. The OV-induced immune responses 

described above lead to the activation of antitumor immunity.5–7 In pre-clinical and clinical trials, 

combination therapy of OVs and immunotherapies, such as immune checkpoint inhibitors, exhibited 

superior therapeutic efficacies in various types of tumors.8,9 

Among the various types of OVs, the oncolytic adenovirus (Ad) (OAd) is the type most widely 

used in clinical trials of OVs.10,11 Although more than 100 types of human Ad serotypes have been 

identified,12 almost all OAds are based on human Ad serotype 5 (Ad5) (OAd5). OAd5 has various 

advantages as an OV; however, two major concerns of OAd5—namely, the high seroprevalence in 

adults13,14 and the low expression of the primary infection receptor, coxsackievirus-adenovirus 

receptor (CAR), on the malignant tumor cells,15,16—may limit the therapeutic efficacy of OAd5. In 

order to overcome these concerns regarding OAd5, we previously developed a novel OAd fully 

composed of human Ad serotype 35 (Ad35) (OAd35).17 We chose Ad35 for the development of a 

novel OAd because while only 20% or fewer adults have anti-Ad35 antibodies18,19 and the Ad35 

infection receptor, human CD46, is highly expressed on a variety of human tumor cells.20,21 OAd35 

has been shown to evade pre-existing anti-Ad5 neutralizing antibodies and to kill both CAR-positive 

and -negative tumor cells.17 Although OAd35 is a promising alternative OAd, whether OAd35 

activates antitumor immunity remains to be determined. Previously, we and other groups reported 

that a replication-incompetent Ad35 vector more efficiently activated innate immunity in immune 

cells, including mouse bone marrow-derived dendritic cells, than an Ad5 vector.22–25 These findings 

led us to hypothesize that OAd35 efficiently activated innate immunity following administration, 

leading to efficient induction of antitumor immunity and antitumor effects. 

In this study, we examined tumor infiltration and activation of immune cells following 

intratumoral administration of OAd35. Our results showed that OAd35 induced tumor infiltration and 

activation of natural killer (NK) cells more efficiently than OAd5. In addition, OAd35 mediated 

efficient growth suppression of subcutaneous tumors in a NK cell-dependent manner in both immune-

competent and -incompetent (BALB/c nude) mice. Type-I interferon (IFN) was shown to be highly 

involved in both the OAd35-mediated tumor infiltration and activation of NK cells. These data 

indicated that NK cells play a crucial role in the antitumor effects of OAd35. OAd35 is a novel NK 

cell-stimulating OV and is highly promising as a cancer immunotherapy agent. 

 

METHODS 

Cells and viruses 

H1299 (a human non-small cell lung carcinoma cell line) and B16 (a mouse skin melanoma cell 

line) cells were cultured in RPMI1640 (Sigma-Aldrich., St. Louis, MO) supplemented with 10% fetal 

bovine serum (FBS), 100 μg/ml streptomycin, and 100 U/ml penicillin in a 37 °C, 5% CO2 and 95% 
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humidified air environment. Normal human peripheral blood mononuclear cells (PBMCs) 

(FUJIFILM Wako Pure Chemical, Osaka, Japan) were cultured in RPMI1640 (Sigma-Aldrich) 

supplemented with 10% FBS, 2 mM L-glutamine, 100 μg/ml streptomycin, and 100 U/ml penicillin 

in a 37 °C, 5% CO2 and 95% humidified air environment. OAd35 and OAd5 were previously 

produced.17 A replication-incompetent Ad35 vector expressing green fluorescent protein (GFP) 

(Ad35-GFP) was previously prepared using pAdMS18CA-GFP.26 

 

Mice 

    C57BL/6J mice and BALB/c nude mice (5-6 weeks, female) were purchased from Nippon SLC 

(Hamamatsu, Japan). IFN alpha and beta receptor subunit 2 (IFNAR2) knockout mice (5-6 weeks, 

C57BL/6 background) were previously obtained.27 Toll-like receptor 9 (TLR9) knockout mice (5-6 

weeks, C57BL/6 background) were purchased from Oriental Yeast Co. (Tokyo, Japan). 

 

In vitro tumor cell lysis activities of OAds 

    B16 cells were seeded on a 96-well plate at 8.0x103 cells/well. On the following day, cells were 

infected with OAd35 at 500 and 1000 virus particle (VP)/cell. Cell viabilities were measured by a 

WST-8 assay using a Cell Counting Kit-8 solution (Dojindo Laboratories, Kumamoto, Japan) on the 

indicated day points. 

 

In vivo antitumor effects of OAd35 

H1299 cells (3x106 cells/mouse) mixed with matrigel (Corning, Corning, NY) and B16 cells 

(2x105 cells/mouse) were subcutaneously injected into the right flank of 5-6-week-old mice. When 

the tumors grew to approximately 5 to 6 mm in diameter, mice were randomly assigned into groups. 

OAd35 was intratumorally administrated to subcutaneous tumors at a dose of 2.0x109 VP/mouse on 

the indicated day points. The tumor volumes were measured every three days. The following formula 

calculated tumor volume: tumor volume (mm3) = a x b2 x 3.14 x 6-1, where a is the longest dimension, 

and b is the shortest. For depletion of NK cells, normal rabbit serum (FUJIFILM Wako Pure 

Chemical) and anti-asialo GM1 antibody (FUJIFILM Wako Pure Chemical) were intravenously 

administered every four days from day 0. For evaluation of the preventive effects of OAd35 on lung 

metastasis, OAd35 was intratumorally administrated to subcutaneous B16 tumors on days 0 and 3. 

Then, B16 cells (5x105 cells per mouse) were intravenously injected into subcutaneous B16 tumor-

bearing mice via tail vein on day 4. Following 14 days after intravenous injection of B16 cells, mice 

were sacrificed, and the lung was collected. The metastatic tumor colonies on the lung were counted. 

 

Analysis of tumor infiltration and activation of immune cells following OAd administration 
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When the tumor volumes reached approximately 200 mm3, OAds were intratumorally 

administered to tumor-bearing mice at a dose of 2.0x109 VP/mouse on day 0 and day 3. The blood 

cells in the tumor were analyzed on day 4 as follows; briefly, the tumors were surgically excised and 

incubated with type I collagenase (Worthington Biochemical, Lakewood, NJ). Cell numbers were 

counted using Cellometer Auto T4 (Nexcelom Bioscience LLC, Lawrence, MA). Cells were 

incubated with 7-AAD viability staining solution (Thermo Fisher Scientific, Waltham, MA), 

fluorescein isothiocyanate (FITC)-labeled anti-mouse CD3ε antibody (BioLegend, San Diego, CA), 

Pacific Blue™-labeled anti-mouse CD45 antibody (BioLegend), phycoerythrin (PE)-labeled anti-

mouse CD49b (DX5) antibody (BioLegend), and allophycocyanin (APC)/cyanine7-labeled anti-

mouse CD69 antibody (BioLegend) after treatment with a mouse FcR blocking reagent (Miltenyi 

Biotec, Bergisch Gladbach, Germany). Flow cytometric analysis was performed using a MACSQuant 

Analyzer (Miltenyi Biotec). The data was analyzed using FlowJo™ Software (BD Life Sciences, 

Ashland, OR). The gating strategy is shown in supplementary figure 1. 

 

Gene expression analysis in the tumors following OAd administration 

OAds were intratumorally administered to tumor-bearing mice, as described above. The total 

RNA in the tumor was recovered using ISOGEN (Nippon Gene, Tokyo, Japan) according to the 

manufacturer’s instructions on day 4. cDNA was synthesized from recovered RNA by a Superscript 

VILO cDNA synthesis kit (Thermo Fisher Scientific). Real-time RT-PCR analysis was performed 

using a StepOnePlus System (Thermo Fisher Scientific) and THUNDERBIRD Next SYBR qPCR 

Mix reagents (TOYOBO, Osaka, Japan). The gene expression levels were normalized by the mRNA 

levels of a housekeeping gene, mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The 

sequences of the primers were described in supplementary table 1. 

 

OAd-mediated activation of human NK cells 

Normal human PBMCs were seeded on a Nunclon Sphera-Treated 24-well plate (Thermo Fisher 

Scientific) at 1.0x106 cells/well. PBMCs were infected with OAds at 100 VP/cell. After a 24-h 

infection, PBMCs were labeled with PE-labeled anti-human CD56 (NCAM) antibody (BioLegend), 

FITC-labeled anti-human CD3 antibody (BioLegend), APC/cyanine7-labeled anti-human CD69 

antibody (BioLegend), and 7-AAD viability staining solution (Thermo Fisher Scientific), after 

treatment with a human FcR blocking reagent (Miltenyi Biotec). Flow cytometric analysis was 

performed as described above. The gating strategy is shown in supplementary figure 2. 

 

OAd genome copy numbers in the tumors 
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    OAd35 was intratumorally administered as described above. Tumors were surgically excised at 

21 days after the first administration of the anti-GM1 antibody. Total DNA in the tumors was isolated 

using DNAzol (Molecular Research Center, Cincinnati, OH). OAd35 genome copy numbers were 

quantitated by real-time PCR analysis as previously described.17 

 

Statistical analyses 

Two-tailed unpaired Student’s t-test, Welch’s t-test, one-way analysis of variance (ANOVA) 

followed by Bonferroni’s multiple comparisons test, and two-way ANOVA with Bonferroni’s 

multiple comparisons test were performed using GraphPad Prism (GraphPad Software, San Diego, 

CA). Data are presented as means ± standard deviation (SD) or standard error (SE). 

 

Results 

Immune cell activation in the tumors following OAd35 administration in immune-competent mice 

In order to examine whether OAd35 induces tumor infiltration and activation of immune cells 

in mice, OAd35 was intratumorally administered to B16 tumor-bearing immune-competent mice. 

OAd35 significantly attenuated the B16 tumor growth following intratumoral administration (figure 

1A), although OAd35 did not significantly mediate in vitro oncolysis in B16 cells (supplementary 

figure 3). Since it is well known that human Ads do not infect rodent cells,28,29 the in vivo B16 tumor 

growth inhibition by OAd35 did not depend on the virus infection, including virus replication, of 

tumor cells. These data suggested that OAd35 mediated B16 tumor growth suppression via 

immunological responses. 

Next, we examined the tumor infiltration and activation of immune cells following intratumoral 

administration of OAd35 (figure 1B). The percentages of CD3ε-/DX5+ cells (total NK cells) and 

CD69+/DX5+ cells (activated NK cells) were significantly increased by intratumoral injection of 

OAd35 (figure 1C, D). While CD69 expression on CD3ε+ T cells was significantly higher following 

administration of OAd35 than following administration of OAd5, the percentages of CD3ε+ T cells 

in the tumors were not increased on day 4. OAd5 less efficiently induced activation and tumor 

infiltration of NK cells in B16 tumor-bearing mice than OAd35. In addition, approximately 4-fold 

higher levels of CD69+ human NK cells in human PBMCs were found following incubation of human 

PBMCs with OAd35, compared with incubation with OAd5 (supplementary figure 4A, B). The 

mRNA expressions of IFN-γ, perforin, and granzyme B, which were highly expressed in activated 

NK cells,30 and interleukin (IL)-15 in the tumors were significantly increased by intratumoral 

administration of OAd35 (figure 1E). These results indicated that OAd35 enhanced the tumor 

infiltration of activated NK cells and significantly inhibited tumor growth in a virus infection-

independent manner. 
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Attenuation of OAd35-mediated tumor growth suppression in NK cell-depleted mice 

In order to examine the involvement of NK cells in OAd35-mediated tumor growth suppression 

in immune-competent mice, anti-GM1 antibodies were intravenously administered before 

intratumoral administration of OAd35 to remove NK cells from the mice (figure 2A). In PBS-injected 

groups, no apparent differences in B16 tumor growth were observed between the naïve serum-

pretreated and anti-GM1 antibody-pretreated groups (figure 2B). OAd35 significantly suppressed the 

B16 tumor growth of naïve serum-pretreated mice; on the other hand, when NK cells were depleted 

by anti-GM1 antibodies, the OAd35-mediated suppression of B16 tumor growth disappeared. 

Next, in order to evaluate the preventive effects of OAd35 on lung metastasis, B16 cells were 

intravenously injected one day after intratumoral administration of OAd35 (figure 2C). NK cells were 

highly involved in the inhibition of lung metastasis of B16 cells.31,32 The number of metastatic 

colonies in the lung was significantly decreased in OAd35-treated mice (figure 2D, E). These results 

indicated that NK cells played a key role in the antitumor effects of OAd35 in B16 tumor-bearing 

mice. 

 

OAd35-induced tumor infiltration of NK cells in human tumor-bearing nude mice 

In order to examine whether OAd35 mediates tumor growth suppression via NK cell activation 

even in nude mice, OAd35 was intratumorally administrated to H1299 tumor-bearing nude mice 

(figure 3A). BALB/c nude mice possess functional NK cells at levels comparable to or higher than 

those in wild-type BALB/c mice.33,34 Intratumoral administration of OAd35 significantly increased 

the percentages of CD3ε-/DX5+ cells (total NK cells) and CD69+/DX5+ cells (activated NK cells) in 

H1299 tumors (figure 3B, C). The OAd35-mediated activation and tumor infiltration levels of mouse 

NK cells were significantly higher than those by conventional OAd5. OAd35 induced a significant 

and efficient increase in the mRNA levels of IL-15, IFN-γ, perforin, and granzyme B compared to 

those in the other groups (figure 3D). These results indicated that OAd35 more efficiently induced 

activation and tumor infiltration of NK cells in nude mice than OAd5.  

 

Impact of NK cells on the antitumor effects and replication of OAd35 in nude mice 

In order to examine the impact of NK cells on the antitumor effects and replication of OAd35, 

NK cells in nude mice were depleted by intravenous injection of anti-GM1 antibodies, followed by 

intratumoral administration of OAd35 (figure 4A). In the presence of NK cells, intratumoral 

administration of OAd35 resulted in significant suppression of the subcutaneous H1299 tumor growth 

(figure 4B). Conversely, NK cell depletion clearly canceled the tumor growth inhibition of OAd35. 
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These results indicated that NK cells filled an essential role in the tumor growth suppression effects 

of OAd35 in immune-incompetent mice. 

Next, in order to examine the virus replication levels in the tumors, the OAd35 genome copy 

numbers in the tumor were measured by quantitative PCR analysis at 21 days after the first 

administration of anti-GM1 antibodies (figure 4C). The results showed that NK cell depletion 

significantly increased the OAd35 genome copy numbers in H1299 tumors by approximately 80-fold 

compared to those in the tumors of naïve serum-treated mice. 

In order to further examine whether OAd35 replication in the tumors is crucial for OAd35-

mediated tumor growth suppression, a replication-incompetent Ad35-GFP was intratumorally 

administered. OAd35 more efficiently suppressed the tumor growth than Ad35-GFP (figure 4D), 

indicating that OAd35 infection in H1299 tumors was important for the OAd35-mediated growth 

suppression of subcutaneous H1299 tumors following intratumoral administration.  

 

Contribution of the type-I IFN signal to OAd35-mediated NK cell activation and tumor growth 

inhibition 

To examine the contribution of the type-I IFN signal to OAd35-mediated tumor infiltration of 

activated NK cells and tumor growth suppression, OAd35 was intratumorally administered to 

IFNAR2 knockout mice bearing B16 tumors (figure 5A). In IFNAR2 knockout mice, there was no 

apparent tumor infiltration of NK cells following intratumoral administration of OAd35 (figure 5B, 

C). The CD69 expression levels on NK cells in the B16 tumors were comparable in PBS- and OAd35-

administered IFNAR2 knockout mice. The mRNA expression levels of IL-15, IFN-γ, perforin, and 

granzyme B in the tumors were not significantly increased following OAd35 administration in 

IFNAR2 knockout mice (figure 5D). No growth suppression of B16 tumors was apparent following 

OAd35 administration in IFNAR2 knockout mice (figure 5E). These results indicated that OAd35 

recruited activated NK cells into the tumors and mediated tumor growth suppression in a type-I IFN-

dependent manner. 

 

Involvement of the TLR9 signal in OAd35-mediated tumor infiltration of NK cells 

To examine the involvement of the TLR9 signal in OAd35-mediated activation and tumor 

infiltration of NK cells, OAd35 was intratumorally administered to TLR9 knockout mice bearing B16 

tumors (figure 6A). Previous studies demonstrated that TLR9 was involved in Ad35-induced innate 

immune responses.23 The percentages of CD3ε-/DX5+ cells (total NK cells) were not significantly 

increased by intratumoral injection of OAd35 in TLR9 knockout mice, although the percentages of 

CD69+/DX5+ cells in OAd35-treated mice were significantly higher than those in PBS-treated mice 

(figure 6B, C). Significant elevations in the mRNA expression levels of IL-15, IFN-γ, perforin, and 
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granzyme B in the tumors were found following OAd35 administration in TLR9 knockout mice 

(figure 6D). While OAd35 did not induce NK cell infiltration, intratumoral administration of OAd35 

significantly suppressed B16 tumor growth in TLR9 KO mice (figure 6E). These results indicated 

that the TLR9 signal was involved in the OAd35-mediated tumor infiltration of NK cells, but not in 

the activation and antitumor effects of OAd35. 

 

Discussion 

The aim of this study was to reveal the mechanisms of OAd35-mediated tumor growth 

suppression following intratumoral administration in subcutaneous tumor-bearing mice. The results 

showed that NK cells were efficiently activated and recruited to tumors following OAd35 

administration in both immune-competent and nude mice (figure 1D, 3C). OAd5 mediated 

significantly lower levels of tumor infiltration of NK cells than OAd35. Moreover, NK cells largely 

contributed to OAd35-mediated tumor growth suppression (figure 2B, 4B). It is well known that NK 

cells play a crucial role in antitumor and antivirus responses. Previous studies reported that tumor 

infiltration and activation levels of NK cells were highly related to cancer metastasis, malignancy, 

and development rates in mouse models and patient cohorts.35–39 In addition, tumor infiltration levels 

of NK cells correlated well with the survival rates of head and neck cancer patients.40 Hence, NK 

cells have been gaining much attention as a key player in cancer immunotherapy.41,42 Promotion of 

tumor infiltration and activation of NK cells are both highly important for OV-mediated cancer 

therapy.43 Other OVs, including reovirus44 and herpesvirus,45 also enhanced the tumor infiltration and 

activation of NK cells following administration and showed efficient antitumor effects in clinical 

trials. 

In our present experiments, OAd35 did not appear to induce NK cell recruitment into the tumor 

in IFNAR2 knockout mice or TLR9 knockout mice (figure 5, 6). These data indicated that TLR9 and 

type-I IFN signaling were crucial for the OAd35-mediated tumor infiltration of NK cells. Based on 

all the above, we can now consider the following hypothesis in regard to the mechanism of OAd35-

mediated NK cell recruitment. First, OAd35 induced type-I IFN production in immune cells, 

including dendritic cells and macrophages, in a TLR9-dependent manner following administration. 

Previous studies demonstrated that wild-type Ad35 and a replication-incompetent Ad35 vector more 

efficiently induced type-I IFN production in dendritic cells than wild-type Ad5 and a replication-

incompetent Ad5 vector.23–25 Next, type-I IFN efficiently activated NK cells. Type-I IFN is known 

to be a potent activator of NK cells. The activated NK cells, in turn, efficiently killed tumor cells. 

In TLR9 knockout mice, intratumoral administration of OAd35 did not induce tumor infiltration 

of NK cells; however, it activated NK cells and showed significant growth suppression (figure 6). 

There are two possibilities. First, other DNA receptors, such as cyclic GMP-AMP synthase (cGAS), 
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may have recognized the OAd35 genome and activated NK cells in a type I IFN-dependent manner. 

OAds in this study modified the E1A gene to circumvent the binding of the E1A protein and 

stimulation of IFN genes (STING).17 Thus the cGAS-STING pathway or other signals might 

contribute to the activation of NK cells in TLR9 knockout mice. Second, NK cells directly interacted 

with OAd35-infected cells. It is possible that the upregulation of NK cell activation ligands or the 

downregulation of inhibition ligands would be induced on OAd35-infected cells. Further studies are 

required to reveal all contributors to the OAd35-mediated NK cell activation. 

There was no apparent recruitment of the activated NK cells in B16 and H1299 tumors following 

OAd5 administration (figure 1D, 3C). In addition, the mRNA levels of IFN-γ, perforin and granzyme 

B in the tumors were not significantly elevated following OAd5 administration in tumor-bearing mice 

(figure 1E, 3D). These data suggested that OAd5 less efficiently activated innate immunity following 

administration compared to OAd35. Wild-type Ad35 and a replication-incompetent Ad35 vector 

induced higher amounts of type-I IFN production than wild-type Ad5 and a replication-incompetent 

Ad5 vector in cultured dendritic cells.24 We consider that the differences in the activation levels of 

innate immunity between Ad5 and Ad35 were partially due to the differences in intracellular 

trafficking. Because the amounts of Ad35 enclosed in late endosomes were higher than the 

corresponding amounts of Ad5,46 Ad35 had more chances to interact with TLR9 in the endosomes. 

Further investigations into the differences among these immune profiles will contribute to the future 

design of immune stimulating medicines. 

Although NK cell depletion induced by anti-GM1 antibody in nude mice significantly increased 

the OAd35 genome copy numbers in the tumors, OAd35 did not suppress the H1299 tumor growth 

in the absence of NK cells (figure 4B, 4C). We previously demonstrated that OAd35 efficiently 

replicated in H1299 cells in vitro, leading to efficient lysis of H1299 cells following infection.17 

Probably, OAd35-mediated activation of antitumor immunity, including activation of NK cells, made 

a greater contribution to the tumor growth suppression following administration than virus 

replication-mediated tumor cell lysis. In order to achieve efficient therapeutic effects of OAd35 in 

cancer patients, it is important to examine whether NK cells are efficiently activated by OAd35 in 

cancer patients rather than whether OAd35 efficiently replicates in the cancer cells of patients. 

Antitumor therapeutic genes are often incorporated into the OV genome (so-called “arming”) to 

enhance the antitumor effects of OVs. Incorporation of immunostimulatory genes, such as IL-2,47 IL-

12,48 IL-15,49 and full-length antibody,50 into OV genomes has been shown to significantly enhance 

the tumor infiltration of NK cells, leading to efficient tumor growth suppression. These genetic 

modifications of the OAd35 genome would enhance the antitumor effects of OAd35 by inducing 

further activation and tumor infiltration of NK cells. 
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Since human Ads cannot replicate in rodent cells, the antitumor effects of OAds are commonly 

assessed in human tumor-bearing immune-deficient mice, such as nude mice, severe combined 

immune deficiency (SCID) mice, or nonobese diabetic (NOD)-SCID mice. Although innate 

immunity works in these immune-deficient mice, it is often overlooked.33,34 Our findings indicated 

that NK cells in BALB/c nude mice were significantly activated via OAd35-induced innate immunity 

and contributed to the tumor growth inhibition of OAd35 (figure 4B). Nude mice possess various 

types of immune cells other than T cells. When the antitumor effects of OVs are assessed in nude 

mice, we should pay attention to the involvement of NK cells and other innate immune cells in the 

antitumor effects. 

In conclusion, we revealed that OAd35 efficiently suppressed subcutaneous tumor growth in a 

virus infection-independent and NK cell-dependent manner following intratumoral administration. 

Type-I IFN signaling was involved in OAd35-mediated tumor infiltration and activation. These 

findings are essential for the clinical investigation of OAd35, and OAd35 is expected to become a 

promising cancer immunotherapy agent that enhances the antitumor activities of NK cells. 
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Figure 1. OAd35-mediated immune cell activation in C57BL/6J mice 

    A) B16 tumor growth following OAd35 administration. OAd35 was intratumorally administered 

at a dose of 2.0x109 VP/mouse on the days indicated by arrows. Tumor volumes were expressed as 

the mean tumor volumes ± SE (n=8) and analyzed by two-way ANOVA with Bonferroni's multiple 

comparisons test. ****P<0.0001. B) Experimental scheme for analysis of tumor infiltration of 

immune cells following intratumoral injection of OAd35 in C57BL/6J mice bearing B16 tumors. C) 

Representative dot plots of tumor-infiltrated NK cells (CD3ε-/DX5+ cells) and T cells (CD3ε+ cells) 

(left panel) and CD69+/CD3ε-/DX5+ cells (right panel) following OAd35 administration. Blood cells 

in the tumors were analyzed by flow cytometry on day 4. D) The percentages of tumor-infiltrated NK 

cells and activated NK cells (upper panel) and tumor-infiltrated T cells and activated T cells (lower 

panel) on day 4. The data were expressed as the mean ± SE (PBS, OAd35: n=5; OAd5: n=4). E) The 

mRNA levels of IL-15, IFN-g, perforin, and granzyme B in the tumors following OAd35 

administration. The gene expression levels were normalized by GAPDH. These data were expressed 

as the means ± SE (n=5). One-way ANOVA with Bonferroni's multiple comparisons post hoc test 

was performed. *P<0.05, **P<0.01, ***P<0.001; n.s.: not significant (P>0.05). 
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Figure 2. The tumor growth suppression levels of OAd35 in NK cell-depleted C57BL/6J mice. 

    A) Experimental strategy for analysis of the antitumor effects of OAd35 in NK cell-depleted 

C57BL/6J mice bearing B16 tumors. B) B16 tumor growth following OAd35 administration in naïve 

serum-pretreated and anti-GM1 antibody-pretreated mice. The arrows indicate the days of OAd35 

injection. The tumor volumes were expressed as the means ± SE (PBS: n=6; OAd35: n=8). Two-way 

ANOVA followed by Bonferroni's multiple comparisons test was performed. ****P<0.0001. C) 

Experimental design to analyze the suppressive effects of intratumorally administered OAd35 on B16 

lung metastasis. D) The numbers of B16 metastatic colonies on the lung surface following OAd35 

administration. These data were expressed as the means ± SE (PBS: n=8; OAd35: n=7). Welch’s t-

test was performed. **P<0.01. E) Representative images of the lungs from the PBS and OAd35 

administration groups. 
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Figure 3. Tumor infiltration of activated NK cells after OAd35 administration in BALB/c nude mice. 

A) Experimental design for analysis of the tumor infiltration of activated NK cells following 

intratumoral injection of OAd35 in BALB/c nude mice bearing H1299 tumors. B) Representative dot 

plots of CD3ε-/DX5+ cells in CD45+ cells (left panel) and CD69+/DX5+ cells in CD3ε-/CD45+ cells 

(right panel). C) The percentages of CD3ε-/DX5+ cells in CD45+ cells (upper panel) and of 

CD69+/DX5+ cells in CD3ε-/CD45+ cells (lower panel) on day 4. D) The mRNA expression levels in 

the tumors following OAd35 administration. The gene expression levels were normalized by GAPDH. 

These data were expressed as the means ± SE (n=5). One-way ANOVA with Bonferroni's multiple 

comparisons post hoc test was performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; n.s.: not 

significant (P>0.05). 
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Figure 4. Impact of NK cells on the antitumor effects of OAd35 in BALB/c nude mice. 

    A) Experimental schedule for analysis of the involvement of NK cells in the H1299 tumor 

growth suppression levels by intratumorally administered OAd35 in BALB/c nude mice. B) H1299 

tumor growth following OAd35 administration. The arrows indicate the days of OAd35 injection. 

These data were expressed as the mean ± SE (PBS: n=5; OAd35: n=7). Two-way ANOVA followed 

by Bonferroni's multiple comparisons test was performed. ****P<0.0001. C) The OAd35 genome 

copy numbers in the tumors following OAd35 administration. The OAd35 genome copy numbers in 

the tumor were determined by quantitative PCR analysis at day 21. These data were expressed as the 

mean ± SE (PBS: n=5; OAd35: n=7). One-way ANOVA followed by Bonferroni's multiple 

comparisons test was performed. *P<0.05. D) H1299 tumor growth following intratumoral 

administration of Ad35-GFP and OAd35. Replication-incompetent Ad35-GFP and OAd35 were 

intratumorally administered to BALB/c nude mice bearing H1299 tumors at a dose of 2.0x109 

VP/mouse on the days indicated by arrows. Tumor volumes were expressed as the mean tumor 

volumes ± SE (n=7) and analyzed by two-way ANOVA with Bonferroni's multiple comparisons post 

hoc test. ****P<0.0001.  
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Figure 5. The role of the type-I IFN signal on OAd35-mediated tumor infiltration of NK cells and 

antitumor effects. 

    A) Experimental strategy for analysis of the involvement of the type-I IFN signal in NK cell 

infiltration following intratumoral injection of OAd35 in IFNAR2 knockout mice. B) Representative 

dot plots of CD3ε-/DX5+ cells in CD45+ cells (left panel) and CD69+/DX5+ cells in CD3ε-/CD45+ 

cells (right panel) in the tumors. C) The percentages of CD3ε-/DX5+ cells in CD45+ cells (upper 

panel) and CD69+/DX5+ cells in CD3ε-/CD45+ cells (lower panel) in the tumors on day 4. D) The 

mRNA expression levels in the tumors following OAd35 administration. The gene expression levels 

were normalized by GAPDH. These data were expressed as the means ± SE (n=5). Data were 

analyzed by two-tailed unpaired Student’s t-test. n.s.: not significant (P>0.05). E) OAd35 was 

intratumorally administered at a dose of 2.0x109 VP/mouse on the days indicated by arrows. Tumor 

volumes were expressed as the mean tumor volumes ± SE (n=8) and analyzed by two-way ANOVA 

followed by Bonferroni's multiple comparisons test. n.s.: not significant (P>0.05). 
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Figure 6. Impact of TLR9 on the tumor infiltration of activated NK cells following OAd35 

administration. 

    A) Experimental design for analysis of the involvement of TLR9 in OAd35-mediated tumor 

infiltration of NK cells using TLR9 knockout mice. B) Representative dot plots of CD3ε-/DX5+ cells 

in CD45+ cells (left panel) and CD69+/DX5+ cells in CD3ε-/CD45+ cells (right panel) in the tumors 

following OAd35 administration. C) The percentages of CD3ε-/DX5+ cells in CD45+ cells (upper 

panel) and CD69+/DX5+ cells in CD3ε-/CD45+ cells (lower panel) in the tumors. These data were 

expressed as the means ± SE (n=5). D) The mRNA expression levels in the tumors following OAd35 

administration. The gene expression levels were normalized by GAPDH. These data were expressed 

as the means ± SE (n=6). Data were analyzed by two-tailed unpaired Student’s t-test. *P<0.05; n.s.: 

not significant (P>0.05). E) OAd35 was intratumorally administered at a dose of 2.0x109 VP/mouse 

on the days indicated by arrows. Tumor volumes were expressed as the mean tumor volumes ± SE 

(PBS: n=7; OAd35: n=8) and analyzed by two-way ANOVA with Bonferroni's multiple comparisons 

test. ****P<0.0001. 
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Supplementary information 

 
Supplementary figure 1. The gating strategy used in analysis of tumor-infiltrated and -activated 

immune cells. 

    Cells were isolated from the B16 tumor on the C57BL/6J mice. Single lymphocytes were gated 

on forward scatter (FSC) and side scatter (SSC). 7AAD- and CD45+ living lymphocytes were then 

further gated to determine CD3ε-/DX5+ (NK cells), CD3ε+/DX5- (T cells), CD3ε-/DX5+/CD69+ 

(Activated NK cells), and CD3ε+/CD69+ (Activated T cells). 

  

1. Lymphocyte 2. Single cell - SSC 3. Single cell - FSC 4. 7-AAD-

5. CD45+ 9. CD69 and DX5

6. CD3ε and DX5

8. CD3ε-
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Supplementary figure 2. The gating strategy for analysis of human PBMCs. 

    Single lymphocytes in PBMCs were gated on FSC and SSC. 7AAD- living cells were gated by 

CD3-/CD56+ (NK cells) and then the expression of CD69 (Activated NK cells) was determined. 

 

 

 

 
Supplementary figure 3. In vitro B16 cell lysis activities of OAd35 

    B16 cells were infected with OAd35 at 500 and 1000 VP/cell. Cell viability was determined by 

WST-8 assay on days 1 and 3. The viabilities of the mock-infected group were normalized to 100%. 

These data are expressed as the means ± SD (n=4) and analyzed by paired Student’s t-test. n.s.: not 

significant (P>0.05). 
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Supplementary figure 4. The OAd35-mediated activation of NK cells in human PBMCs. 

    A) Human PBMCs were incubated with OAds at 100 VP/cell. Following 24-h of incubation 

with a shake, the CD69 expression in the CD3- and CD56+ population was measured by flow 

cytometry. These histograms represented quadruplicate experiments. B) The percentages of CD69+ 

cells in the CD3- and CD56+ cells. These were expressed as the means ± SD (n=4). One-way ANOVA 

followed by Bonferroni’s multiple comparisons test was performed. ****P<0.0001 (vs. OAd35). 

 

 

 

 

 

Supplementary table 1. Primer sequences 

Gene symbol Sequence (forward/reverse; 5' to 3') 

Mouse GAPDH TGACCTCAACTACATGGTCTACA / CCGTGAGTGGAGTCATACTGG 

Mouse IL-15 ACATCCATCTCGTGCTACTTGT / GCCTCTGTTTTAGGGAGACCT 

Mouse IFN-γ GGATGGTGACATGAAAATCCTGC / TGCTGATGGCCTGATTGTCTT 

Mouse Perforin AGCACAAGTTCGTGCCAGG / GCGTCTCTCATTAGGGAGTTTTT 

Mouse Granzyme B CCACTCTCGACCCTACATGG / GGCCCCCAAAGTGACATTTATT 

 

A B

CD69 expression

C
el

l n
um

be
r

(%
 o

f m
ax

)

: Mock

: OAd5

: OAd35

CD3- and CD56+ cells

0

10

20

30

40

Mock OAd-5 OAd-35

C
D

69
+

ce
lls

in
 C

D
3-

, C
D

56
+

ce
lls

 (%
) ****

OAd5 OAd35

****


