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Abstract

Background and Aim: Cordycepin (CDC), an adenosine (ADO) analog from Cordyceps mushrooms, exhibits potent anti-tumor and
immunomodulatory activities. However, the precise mechanisms governing its effects on macrophage plasticity remain poorly un-
derstood. This study aimed to isolate CDC from a high-yielding Cordyceps cultivar, validate its systemic anti-tumor efficacy, and
elucidate the mechanobiological cues regulating CDC-driven macrophage functions under varying cell-density states. Experimental
Procedure: CDC (>98% purity) was isolated and structurally characterized via nuclear magnetic resonance (NMR) and high-resolution
electrospray ionization mass spectrometry (HR-ESI-MS). Primary bone marrow-derived macrophages and RAW264.7 cells, cultured
under sparse (~30%) or confluent (100%) conditions, were treated with CDC or ADO. We evaluated cell viability, pro-inflammatory
cytokine expression, and Nuclear Factor kappa B (NF-κB) p65 signaling, phagocytosis, and migration. The therapeutic potential of
CDC-primed macrophages was assessed via in vitro melanoma co-culture and in vivo intratumoral adoptive transfer in B16F10 tumor-
bearing mice. Key Results: Systemic administration of CDC significantly inhibited melanoma growth in vivo, promoting apoptosis,
enhancing macrophage infiltration. We discovered that CDC regulates macrophage functions via a density-dependent “switch”: while
CDC induced cytotoxicity in sparse cultures, it significantly augmented M1-like cytokine production in confluent states without compro-
mising viability. This density-dependent activation was mediated by the A2A adenosine receptor (A2AR), triggering the Akt–NF-κB p65
signaling axis. Furthermore, CDC upregulated migration- and phagocytosis-associated genes, enhancing tumor cell clearance. Notably,
intratumoral injection of CDC-primed macrophages markedly reduced tumor volume and size in vivo. Conclusions and Implications:
CDC modulates macrophage activation through a unique mechanobiological switch. Under high-density conditions—mimicking the
dense tumor microenvironment—CDC enhances A2AR-mediated NF-κB activation, boosting macrophage activation, recruitment, and
phagocytosis to facilitate tumor regression. These findings establish CDC as a context-dependent immunomodulator capable of repro-
gramming macrophages toward a tumoricidal phenotype.
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1. Introduction
Cordycepin (CDC), a bioactive nucleoside analog

from Cordyceps spp., is widely recognized for its potent
anti-diabetic, anti-tumor, and anti-metastatic activities [1–
3]. Structurally analogous to adenosine (ADO) but lack-
ing a 3ʹ-hydroxy group, CDC enters cells via nucleoside
transporters [4] to disrupt RNA andDNA synthesis, thereby
inhibiting tumor cell proliferation and inducing apoptosis
[4,5]. Beyond direct cytotoxicity, CDC modulates immune
responses by interacting with extracellular ADO receptors
(A2AR, A2BR, and A3R), which significantly influences
tumor progression [6–10].

Recent paradigms in precision medicine emphasize
the role of natural bioactive compounds in fine-tuning
immune signaling pathways, particularly the MAPK and
NF-κB axes, to modulate inflammatory landscapes [11].
Within this framework, macrophages serve as central tar-

gets for therapeutic intervention due to their remarkable
functional plasticity and their emerging role as innovative
vehicles for targeted cancer treatments [12–15]. CDC is
extensively documented for its anti-inflammatory effects,
suppressing hyper-inflammatory responses in lipopolysac-
charide (LPS)-induced macrophages by inhibiting Nuclear
Factor kappa B (NF-κB) signaling and the Nucleotide-
binding oligomerization domain (NOD)-like Receptor fam-
ily Pyrin domain containing 3 (NLRP3) inflammasome
[16–19]. Furthermore, CDC has been shown to promote
M2-like macrophage polarization, which facilitates tissue
repair and the resolution of inflammation [20,21].

However, a functional paradox exists regarding the
role of CDC in the tumor microenvironment (TME). Ef-
fective tumor clearance often requires the robust activa-
tion of M1-like macrophages—characterized by the secre-
tion of pro-inflammatory cytokines such as IL-1β, IL-6,
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and TNFα—to overcome the immunosuppressive nature
of the TME [22,23]. The existing literature primarily fo-
cuses on the CDC-induced M1-to-M2 shift, which does not
fully account for its observed anti-tumor efficacy in con-
texts where M1 activation is advantageous. This discrep-
ancy highlights a critical need to explore how CDC recon-
figures macrophage functional plasticity under dynamic en-
vironmental cues, such as varying cell densities.

In this study, we investigated the potential of CDC,
isolated from a novel Cordyceps cultivar, to reprogram
macrophage plasticity depending on environmental phys-
ical cues. We aimed to elucidate by which CDC modulates
macrophage functional states to enhance anti-tumor immu-
nity, thereby providing a strategic rationale for its applica-
tion as a targeted immunotherapeutic agent within the com-
plex tumor microenvironment.

2. Materials and Methods
2.1 Materials

A standard reference of CDC was purchased from
Sigma-Aldrich (St. Louis, MO, USA) for authentica-
tion. Recombinant cytokines were purchased from R&D
Systems (Minneapolis, MN, USA). LPS, MG132, 4′,6-
diamidino-2-phenylindole (DAPI), and ADO were sourced
from Sigma-Aldrich or Cayman Chemical (Ann Arbor, MI,
USA). Primary antibodies against pp65 (S536) (#3033),
p65 (#8242), pIκB (S32) (#2859), Inhibitor of Nuclear
Factor kappa B (IκB) (#4814), Akt (#4691), pAkt (S473)
(#4060), IKKβ (#2684), p-p38 (T180/Y182) (#4511),
pERK (T202/Y204) (#4370), and actin (#4970) were ob-
tained from Cell Signaling Technology (Danvers, MA,
USA). Antibodies for F4/80 (sc-377009) and CD68 (cat-
alogue number sc-17832, lot number II) were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

2.2 CDC Isolation and Characterization
CDC was isolated from Cordyceps militaris ARA301

(BIOARA Co., Ltd., Seoul, Korea), which was cultivated
on a 100% edible insect medium. Briefly, 3 kg of C. mil-
itaris ARA301 was extracted using methanol. The crude
extract was subsequently partitioned with n-hexane, ethyl
acetate (EtOAc), and butanol (BuOH). The resulting frac-
tions underwent silica gel and Diaion HP-20 chromatog-
raphy. CDC was further purified through additional sil-
ica chromatography and crystallization, yielding 6.418 g
of final product. The chemical structure of CDC was
confirmed via 1H/13C nuclear magnetic resonance (NMR)
and high-resolution electrospray ionization mass spectrom-
etry (HR-ESI-MS) ([M+H]+ m/z 252.1092, C10H13N5O3)
[24]. Purity was validated to be >98% purity using high-
performance liquid chromatography with ultraviolet de-
tection (HPLC-UV) on a Hypersil GOLD C18 column
(Thermo Scientific, Waltham, MA, USA, 0.5 mL/min flow
rate, 30 °C, detection at 254 nm).

2.3 Cell Culture
Bone marrow (BM) cells were isolated from male

C57BL/6mice (8–10weeks old, Orient Bio Inc., Gyeonggi-
do, Korea) and plated at 2× 106 cells/mL in 12-well plates.
Primary bone marrow-derived macrophages (BMDMs)
were characterized by the expression of lineage-specific
markers (F4/80 and CD11b) via flow cytometry. The cells
were cultured with macrophage colony-stimulating factor
(M-CSF, 10 ng/mL, Sigma-Aldrich) for 6 days to gener-
ate mature macrophages. On day 6, confluent cells (repre-
senting high-density, contact-inhibited states) were treated
with LPS (100 ng/mL), along with CDC and/or ADO for
24 h. In parallel, cells were re-plated at low-density (2
× 105 cells/mL) to stimulate a sparse environment and
treated with LPS, CDC, and/or ADO for 24 h. Addition-
ally, RAW264.7 (TIB-71) and B16F10 (CRL-6475) cells
were purchased from the American Type Culture Collection
(ATCC,Manassas, VA, USA). The authenticity of these cell
lines was validated by Short Tandem Repeat profiling and
they were confirmed to be negative for mycoplasma con-
tamination before use. RAW264.7 cells were plated at 3 ×
105 cells/mL (low-density) and 8 × 105 cells/mL (conflu-
ent) in 12-well plates, followed by treatment with CDC or
ADO for 24 h in the presence of LPS (100 ng/mL).

2.4 Cell Viability/Cytotoxicity Assay
BM-derived M1 macrophages or RAW264.7 cells

were treated with CDC or ADO for 24 h. Cells were sub-
sequently incubated with EZ-Cytox reagent for 30 min, ac-
cording to the manufacturer’s instructions (EZ-Cytox Cell
Viability Assay Kit, DoGenBio, Seoul, Korea). Cell via-
bility was quantified by measuring optical density at 450
nm using a microplate reader (NFEC-2019-10-258101)
(Molecular Devices, Sunnyvale, CA, USA) at the Ewha
Fluorescence Imaging Core Center. Results were expressed
relative to the vehicle-treated control.

2.5 Quantitative PCR (qPCR)
Total RNA was extracted using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA), and 2 µg of RNA
were subjected to reverse transcription using MMLV
Reverse Transcriptase (Promega, Madison, WI, USA).
qPCR was performed using Thunderbird SYBR qPCR
Mix (Toyobo, Osaka, Japan) on a StepOnePlus Real-
Time PCR machine (Applied Biosystems, Carlsbad,
CA, USA). Relative transcript levels were calculated
using the comparative Ct (2−∆∆Ct) method, with β-actin
as the internal control. Primer sequences used were
as follows: β-actin, 5′-agagggaaatcgtgcgtgac-3′ and
5′-tggatgccacaggattcc-3′; IL-6, 5′-gaggataccactcccaacaga-
3′ and 5′-aagtgcatcatcgttgttcataca-3′; IL-1β, 5′-
caaccaacaagtgatattctccat-3′ and 5′-gatccacactctccagctgca-
3′; TNFα, 5′-cagttctatggcccagaccctca-3′ and
5′-acaacccatcggctggcaccac-3′; CD68, 5′-
cctatacccaattcagggtgg-3′ and 5′-ctgcgccatgaatgtccac-
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3′; monocyte chemoattractant protein 1
(MCP1), 5′-cttctgggcctgctgttca-3′ and 5′-
ccagcctactcattgggatca-3′; and CC chemokine recep-
tor 2 (CCR2), 5′-tggctgtgtttgcctctctaccag-3′ and 5′-
caagtagaggcaggatcaggctc-3′.

2.6 Immunofluorescence and Immunoblot Analysis
Cells on poly-L-lysine-coated coverslips or culture

slides (Marienfeld, Lauda-Königshofen, Germany) were
treated with CDC, fixed, and stained with antibodies
against NF-κB p65, followed by nuclear counterstaining
with DAPI (1 µg/mL, Sigma-Aldrich). Fluorescence im-
ages were acquired using a fluorescence microscope (Axio
Observer 7, Carl Zeiss, Oberkochen, Germany) (NFEC-
2021-08-272462) at the Ewha Drug Development Research
Core Center. For immunoblotting, cell lysates were pre-
pared in RIPA buffer (50 mM Tris, pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
sodium dodesyl sulfate), resolved by Sodium Dodesyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE),
and transferred to membranes. Membranes were probed
with primary and secondary antibodies, detected using an
ImageQuant 800 (Cytiva, Marlborough, MA, USA), and
quantifiedwith ImageJ 1.53t software (NIH, Bethesda,MD,
USA).

2.7 Reporter Gene Assay
RAW264.7 or HEK293T cells were transfected with

NF-κB-luc or pIL-6-luc reporter constructs and RSVβ for
normalization. Following 24-h treatment with CDC or
ADO, luciferase and β-galactosidase activities were mea-
sured using the Luciferase Assay System kit (Promega,
Madison, WI, USA) and the Galacto-Light Plus™ system
(Applied Biosystems, Foster City, CA, USA), respectively.
Luciferase activity was expressed as fold induction com-
pared to control after normalization to β-galactosidase ac-
tivity.

2.8 Phagocytosis and Migration Assays
For phagocytosis, cells were incubated fluorescence-

conjugated zymosan bioparticles (ab234053, Abcam, Cam-
bridge, MA, USA) at a final concentration of 5 µg/mL for
30 min at 37 °C. Phagocytic activity was analyzed via flow
cytometry (FACS Calibur, BD Biosciences, San Jose, CA,
USA). For the migration assay, treated M1 macrophages
were placed in the upper chamber of a 24-well Transwell
insert (5 µm pore size, MERCK Millipore, Billerica, MA,
USA), with B16F10 melanoma cells in the lower chamber.
After 5 h of incubation, cells on the upper surface of the
membrane were removed, and migrated cells were stained
with 0.2% crystal violet, imaged, and quantified.

2.9 In Vitro Tumor Killing
B16F10 melanoma tumor cells were labeled with car-

boxyfluorescein succinimidyl ester (CFSE, 5 µM) for 15

min. The CFSE-labeled tumor cells were co-cultured with
macrophages pre-treated with CDC or ADO for 24 h. After
co-culture, cells were stained with an anti-F4/80 antibody
and analyzed by flow cytometry. Phagocytic macrophages
and viable tumor cells were quantified using CellQuest soft-
ware (BD Biosciences, San Jose, CA, USA).

2.10 In Vivo Anti-Tumor Study
Male C57BL6/J mice (10–12 weeks old) were anes-

thetized with isoflurane (3%) using a small-animal inhala-
tion anesthetic system (3–5 min) and subcutaneously in-
jected with B16F10 melanoma cells (5× 105 cells/mouse).
Mice were randomized into experimental groups. On day
10, after tumor establishment, macrophages pre-treated
with CDC or vehicle were injected intratumorally (5× 105
cells/mouse in 50 µL) under isoflurane anesthesia. Tumor
growth was monitored for 14 days, after which the mice
were euthanized for histological analysis.

2.11 Histology and Immunohistochemistry
Mice were euthanized by CO2 inhalation (at a dis-

placement rate of 20% of the chamber volume per minute
to ensure ethical and humane sacrifice), and tumors were
harvested, fixed in 10% formalin, and embedded in paraf-
fin. Tumor sections (4 µm thick) were stained for F4/80 and
CD68 with fluorescent secondary antibodies and DAPI (1
µg/mL, Sigma-Aldrich) for nuclear counterstaining. Apop-
totic cell death was evaluated by terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) staining, per-
formed with a commercial kit (R&D Systems, 4810-30-K).

2.12 Statistical Analysis
Data are presented as the mean± standard error of the

mean (SEM) from at least five independent experiments.
Statistical analysis was performed using GraphPad Prism
version 10.0 (GraphPad Software LLC, San Diego, CA,
USA). For comparisons between two groups, Student’s t-
test was employed. For comparisons involving three or
more groups, one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test was used. A significance
level of p < 0.05 was used. For in vivo studies, investi-
gators were blinded to the treatment groups during tumor
measurement and histological analysis.

3. Results
3.1 CDC Exhibits Potent Anti-Tumor Activity and
Increases Macrophage Infiltration

To obtain sufficient quantities of naturally occurring
CDC, we utilized the high-yielding cultivar C. militaris
ARA301. CDCwas successfully isolated and purified from
multiple fractions, yielding a total of 6.418 g from frac-
tions XI-9 and BII (Fig. 1A). The identity and structural in-
tegrity of the purified compoundwere confirmed by 1H/13C
NMR spectra, which were consistent with reported ref-
erence data [24]. High-resolution ESI-MS analysis con-
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Fig. 1. Identification and anti-tumor activity of Cordycepin (CDC) isolated from a novel Cordyceps cultivar. (A) Isolation proce-
dure and yield of CDC from C. militaris ARA301 cultivar. (B) High-resolution electrospray ionization mass spectrometry (HR-ESI-MS)
analysis for the molecular weight determination of isolated CDC. (C) High-performance liquid chromatography with ultraviolet detec-
tion (HPLC-UV) chromatogram confirming the purity and identity of the CDC fraction. (D) Inhibitory effect of CDC on in vivo B16F10
melanoma tumor growth in a syngeneic mouse model. (E) Comparison of representative tumor sizes and weights at the study endpoint.
Scale bar = 1 cm. (F) Histological analysis of tumor sections via terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining (apoptosis) and F4/80 immunohistochemistry (macrophage infiltration). Scale bar = 50 µm. (G) qPCR analysis of IL-1β and
IL-6 in the spleens of tumor bearing mice. Data are presented as mean ± standard error of the mean (SEM). Statistical significance: #p
< 0.05; ##p < 0.005; ###p < 0.0005 as determined by one-way analysis of variance (ANOVA); *p < 0.05 by Student’s t-test.

firmed the molecular formula as C10H13N5O3 (Fig. 1B).
HPLC-UV analysis further verified a purity greater than
98% (Fig. 1C). To validate the in vivo anti-tumor efficacy
of CDC, we administered the compound intraperitoneally
to a melanoma mouse model. CDC treatment resulted in
a significant inhibition of tumor growth, as evidenced by
reduced tumor volume and size (Fig. 1D,E). Histological
analysis of tumor tissues from CDC-treated mice revealed
a marked increase in apoptotic cell death (TUNEL positive)
and macrophage infiltration (F4/80 positive) (Fig. 1F). Fur-
thermore, elevated systemic levels of pro-inflammatory cy-
tokines were detected in the spleens of these mice, indicat-
ing a robust immune response (Fig. 1G). Collectively, these
findings suggest that CDC not only inhibits tumor progres-
sion but also significantly enhances macrophage activation
and recruitment within the TME, contributing to its overall
anti-tumor effects.

3.2 CDC Exhibits Cell Density-Dependent Cytotoxicity in
Macrophages via Mechanical Microenvironmental Cues

Given prior reports indicating that CDC can reduce
cell viability [16,17,25], we first evaluated its cytotoxic ef-

fects on BM-derived M1 macrophages across a range of
concentrations. In confluent (100% density) cultures, CDC
exhibited no significant cytotoxicity at concentrations up
to 20 µM, with viability decreasing only at concentrations
above 50 µM (Fig. 2A). As macrophage activation and
functional states are known to be modulated by physical
cues and mechanical forces [26–28], we examined whether
cell density affects CDC’s efficacy. Notably, while CDC
remained non-cytotoxic in confluent M1 macrophages,
it significantly reduced cell numbers in low-density (ap-
prox. 30%) cultures at concentrations of 10–20 µM
(Fig. 2B). A consistent pattern was observed in RAW264.7
macrophages, where CDC-induced cytotoxicity was strictly
confined to low-density conditions (Fig. 2C). In contrast,
the structural analog ADO resulted in no significant loss of
viability in either M1 or RAW264.7 macrophages, regard-
less of cell density (Fig. 2D,E). These findings demonstrate
that CDC-induced cytotoxicity is uniquely contingent upon
cell density, suggesting that mechanically-driven changes
in the microenvironment—such as altered cell-to-cell con-
tact or cytoskeletal tension—fundamentally reconfigure the
macrophage response to CDC.
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Fig. 2. Context-dependent modulation of macrophage viability by CDC and adenosine (ADO). (A) Dose-dependent effects of CDC
on the viability of BM-derived M1 macrophages across a range of concentrations (0.1~100 µM). (B) Modulation of M1 macrophage
viability by CDC under varying cell densities (confluent vs. low-density). (C) Cell viability modulation of RAW264.7 cells treated with
CDC in confluent and low-density cultures. (D) Effects of ADO onM1macrophage viability in confluent and low-density conditions. (E)
Cell viability modulation of RAW264.7 cells following ADO treatment under confluent and low-density conditions. Data are presented
as mean ± SEM. Statistical significance: ##p < 0.005; ###p < 0.0005 as determined by one-way ANOVA.

Fig. 3. Context-dependent modulation of inflammatory cytokine transcripts by CDC and ADO. (A) Regulatory effects of CDC
on pro-inflammatory cytokine mRNA expression in confluent M1 macrophages. (B) Inhibitory effects of ADO on pro-inflammatory
cytokine expression in confluent M1 macrophages. (C) Comparative modulation of cytokine profiles by CDC or ADO in low-density
M1 macrophages. (D) Density-dependent effects of CDC on pro-inflammatory cytokine expression in RAW264.7 cells (confluent vs.
low-density). (E) Suppression of pro-inflammatory cytokines by ADO in RAW264.7 cells across varying culture densities. Statistical
significance: #p < 0.05; ##p < 0.005; ###p < 0.0005 as determined by one-way ANOVA.

3.3 CDC Exerts Context-Dependent Modulation of
Pro-Inflammatory Cytokine Production Based on Cell
Density

We next measured inflammatory cytokine expres-
sion in both confluent and low-density cultures of BM-

derived M1 macrophages and RAW264.7 cells. In con-
fluent M1 macrophages, treatment with non-cytotoxic con-
centrations of CDC (≤20 µM) significantly enhanced the
expression of IL-1β, IL-6, and TNFα, whereas ADO sub-
stantially suppressed their expression under the same con-
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Fig. 4. Enhancement of p65 nuclear localization and phosphorylation by CDC. (A) Representative immunofluorescence images
and quantitative analysis of p65 nuclear localization in M1 macrophages following CDC treatment. Scale bar = 50 µm (top) and 5 µm
(bottom). (B) Immunoblot analysis and densitometric quantification of phosphorylated p65 (pp65), total p65, pIκB, and total Inhibitor
of Nuclear Factor kappa B (IκB). Actin was used as a loading control. (C) Immunofluorescence staining and intensity quantification of
p65 in RAW264.7 cells. Scale bar = 5 µm. (D) Protein expression levels of p-p65 and total p65 in RAW264.7 cells treated with CDC or
ADO, including quantification of the p-p65/p65 ratio. (E) Immunoblot analysis of upstream signaling mediators of the Nuclear Factor
kappa B (NF-κB) pathway in M1 macrophages, with corresponding densitometric quantification of total Akt. Statistical significance:
#p < 0.05; ##p < 0.005; ###p < 0.0005 as determined by one-way ANOVA.

ditions (Fig. 3A,B). However, a starkly different pattern
emerged under low-density culture conditions; CDC sup-
pressed the expression of IL-1β, an effect associated with
the concomitant density reduction in cell viability. No-
tably, while ADO also suppressed IL-1β expression in low-
density conditions, it did so without altering cell viabil-
ity (Fig. 3C). This density-dependent shift was consistently
observed in RAW264.7 cells; CDC significantly increased
pro-inflammatory cytokine production in confluent cultures
but suppressed it in low-density cultures where cell viabil-
ity was compromised (Fig. 3D). Unlike CDC, ADO persis-
tently reduced cytokine production regardless of cell den-
sity or its effect on cell number (Fig. 3E). Collectively,
these data demonstrate that CDC’s immunomodulatory ef-
fects are fundamentally governed by the cellular microen-
vironment.

3.4 CDC Enhances NF-κB p65 Activation via Akt
Upregulation in Macrophages

To elucidate the molecular mechanisms by which
CDC induces immunomodulatory cytokine production,
we examined the activation of the NF-κB pathway.
Immunofluorescence analysis revealed that CDC dose-

dependently increased the nuclear translocation of p65
in M1 macrophages (Fig. 4A). Furthermore, immunoblot
analysis demonstrated that CDC enhanced the phosphory-
lation of p65 (pp65) and IκB without altering the total pro-
tein levels of p65 or IκB (Fig. 4B). Similar increases in p65
nuclear localization and phosphorylation were observed in
CDC-treated RAW264.7 cells (Fig. 4C,D), whereas ADO
exhibited no significant effect on p65 phosphorylation, dis-
tinguishing CDC’s unique signaling profile (Fig. 4D). Fur-
ther mechanistic analysis revealed that CDC significantly
increased the total Akt expression—a key upstream reg-
ulator of the NF-κB axis—without affecting IκB kinase
(IKK) levels or the activation of p38 and ERK MAPKs
(Fig. 4E). This expansion of the total Akt pool likely fa-
cilitates the subsequent phosphorylation and nuclear local-
ization of p65. Collectively, our findings suggest that the
functional activation of macrophages by CDC is primar-
ily driven by this Akt-dependent enhancement of the NF-
κB signaling axis, providing a molecular basis for its pro-
inflammatory and anti-tumor effects.
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Fig. 5. Activation of A2A adenosine receptor (A2AR)-mediated signaling by CDC. (A) Reporter assay measuring NF-κB-luc activity
in RAW264.7 cells following treatment with CDC or ADO. (B) pIL-6-luc reporter activity in RAW264.7 cells treated with CDC. (C)
NF-κB-luc reporter activity in p65-transfected HEK-293T cells treated with CDC or ADO (bar graph). Immunoblot analysis confirming
the uniform expression of transfected p65 protein across groups. (D) qPCR analysis for IL-1β and IL-6 in M1 macrophages treated with
ADO (5~20 µM) in the presence of CDC (10 µM). (E) Immunoblot analysis and densitometric quantification of pp65 and total p65 in M1
macrophages. (F) qPCR analysis of IL-1β and IL-6 in M1 macrophages treated with CDC (5~20 µM) in the presence of ADO (10 µM).
(G) Schematic illustration of the proposed A2AR-mediated signaling, alongside qPCR analysis of IL-1β and IL-6 following treatment
with CDC and/or the A2AR-selective antagonist ZM241385 (ZM, 10 µM) or the A2BR-selective antagonist PSB-603 (PSB, 10 µM).
Statistical significance: #p < 0.05; ##p < 0.005; ###p < 0.0005 as determined by one-way ANOVA.

3.5 CDC Engages A2AR-Mediated Signaling in
Competition With ADO

Consistent with its effect on NF-κB p65 phosphory-
lation, CDC, not ADO, significantly increased NFκB and
IL6 promoter reporter activities in RAW264.7 cells in a
dose-dependent manner (Fig. 5A,B). Furthermore, the ele-
vated NF-κB-luc activity induced by p65 overexpression in
HEK293T cells was dose-dependently enhanced by CDC,
whereas ADO showed no significant effect (Fig. 5C). These
contrasting pharmacological profiles prompted us to in-
vestigate whether CDC competes with ADO for A2AR-
mediated signaling. We observed that ADO inhibited CDC-
induced production of IL-6 and IL-1β in a dose-dependent
manner (Fig. 5D) and markedly reduced CDC-induced
phosphorylation of p65 (Fig. 5E). Conversely, CDC re-
stored inflammatory cytokine production that had been sup-
pressed by ADO (Fig. 5F), suggesting a competitive in-
teraction between the two nucleoside analogs at the re-
ceptor level. To definitively identify the ADO receptor
subtype involved, cells were treated with selective antag-
onists. Notably, the A2AR-specific antagonist ZM241385

significantly attenuated CDC-induced increases in IL-6 and
IL-1β. In contrast, the A2BR-selective antagonist (PSB-
603) exerted no inhibitory effect under the same conditions
(Fig. 5G), confirming that the immunostimulatory effects
of CDC are specifically mediated through A2AR. Collec-
tively, these findings demonstrate that CDC engages A2AR
signaling in competition with ADO, thereby promoting the
Akt-dependent NF-κB axis and enhancing the production
of immunomodulatory cytokines.

3.6 CDC Enhances Macrophage Phagocytosis and
Migration

Building on the engagement of A2AR–Akt–NF-κB
signaling, we assessed the functional impact of CDC on
macrophage phagocytic activity and migration. Phagocy-
tosis assays using zymosan bioparticles demonstrated that
CDC significantly increased phagocytic capacity of both
M1 and RAW264.7 macrophages, whereas ADO showed
no significant effect (Fig. 6A). This functional enhance-
ment was markedly suppressed by the A2AR antagonist
ZM241385, confirming that CDC stimulates phagocyto-
sis specifically through A2AR pathway (Fig. 6B). In addi-
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Fig. 6. Enhancement of macrophage phagocytosis and migratory capacity by CDC. (A) Representative images and quantitative
analysis of phagocytic activity in M1 macrophages and RAW264.7 cells following treatment with CDC (20 µM) or ADO (20 µM). (B)
Phagocytosis assay and corresponding quantification of M1 macrophages in the presence or absence of the A2AR antagonist ZM241385
(ZM, 10 µM). (C) Transwell migration assay and quantification of M1 macrophages following treatment with 20 µM CDC or ADO.
Scale bar = 500 µm. (D) qPCR analysis of migration-related markers (CD68, monocyte chemoattractant protein 1 (MCP-1), and CC
chemokine receptor 2 (CCR2)) in M1 macrophages treated with CDC. Statistical significance: #p < 0.05; ##p < 0.005; ###p < 0.0005
as determined by one-way ANOVA.

tion to phagocytosis, we evaluatedmacrophagemigration, a
critical factor for tumor infiltration. CDC significantly pro-
moted macrophage chemotaxis toward B16F10 melanoma
cells, while ADO exhibited no effect on the migratory ca-
pacity of RAW264.7 cells (Fig. 6C). Consistent with this
increased motility, CDC, but not ADO, upregulated the
expression of key migration- and recruitment-associated
genes, including CD68, MCP1, and CCR2 (Fig. 6D).
These results indicate that CDC promotes a comprehen-
sive anti-tumor phenotype by enhancing both macrophage
phagocytosis and migration. These effects, mediated by
A2AR signaling, likely facilitate the recruitment of acti-
vated macrophages to the tumor site and their subsequent
clearance of malignant cells, distinguishing CDC from its
endogenous analog, ADO.

3.7 CDC Suppresses Tumor Growth via Macrophage
Activation In Vitro and In Vivo

Having established that CDC enhances macrophage
migration and phagocytosis, we evaluated its anti-tumor ef-
fects in co-culture and syngeneic mouse models. CFSE-
labelled B16F10 melanoma cells were co-cultured with
M1 macrophages pre-treated with either CDC or ADO.
CDC-treated M1 macrophages exhibited a significantly in-

creased phagocytic uptake of tumor cells but ADO did
not (Fig. 7A). Consequently, tumor cell viability was
markedly reduced in co-cultures with CDC-pre-treated M1
macrophages, and this tumoricidal effect was further en-
hanced when macrophages were primed with CDC. How-
ever, ADO treatment failed to produce any significant en-
hancement in tumor killing (Fig. 7B,C). To assess in vivo
efficacy, mice bearing subcutaneous melanomas received
intratumoral injections of either vehicle-treated or CDC-
treated M1 macrophages. CDC-activated M1 macrophages
significantly suppressed tumor growth, resulting in a sub-
stantial reduction in both tumor volume and weight com-
pared to vehicle-treated macrophage controls (Fig. 7D,E).
Histological analysis of the tumor tissues confirmed the
therapeutic mechanism: tumors receiving CDC-primed
macrophages showed a marked increase in apoptotic cell
death (TUNEL positive) and a higher density of CD68-
positive macrophage infiltration (Fig. 7F). These find-
ings demonstrate that CDC functionally re-programs M1
macrophages into a potent tumoricidal phenotype, enhanc-
ing their ability to infiltrate the tumor mass and execute tu-
mor cell clearance, thereby suppressing tumor progression
in vivo.
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Fig. 7. Anti-tumor efficacy of CDC-activated M1 macrophages. (A) Tumor phagocytosis assay of M1 macrophages treated with 20
µM CDC or ADO co-cultured with carboxyfluorescein succinimidyl ester (CFSE)-labeled B16F10 melanoma cells. (B,C) Tumor cell
survival assay in the presence of M1 macrophages. Survival of live B16F10 cells was analyzed by flow cytometry (B) and corresponding
quantification (C). (D–F) Therapeutic evaluation in a syngeneic B16F10 tumor model (C57BL/6 mice) following intratumoral injection
of vehicle- or CDC-pre-treated M1 macrophages. (D) Longitudinal tumor growth curves over the experimental period. (E) Comparison
of terminal tumor size andmass. Each grid square is 0.5 cm. (F) Representative images of TUNEL staining (apoptosis) and CD68 staining
(macrophage infiltration) in tumor sections. Sacle bar = 50 µm. Statistical significance: ##p < 0.005; ###p < 0.0005 as determined by
one-way ANOVA.

4. Discussion
Our study demonstrates that CDC activates M1

macrophages and enhances anti-tumor functions by engag-
ing the A2AR‒Akt‒NF-κB signaling axis. This engage-
ment leads to the increased production of immunomodula-
tory cytokines, enhanced macrophage migration, and im-
proved phagocytic activity, thereby facilitating tumor cell
clearance in vitro and suppressing tumor progression in
vivo.

While CDC is often recognized for its anti-
inflammatory effects, our findings highlight its broader,
more nuanced role in modulating macrophage plasticity
within the TME. Although pro-inflammatory cytokines
such as IL-1β and IL-6 can play complex roles in chronic
inflammation, their acute induction is essential for “break-
ing” tumor immune tolerance and recruiting cytotoxic T
lymphocytes and natural killer cells. In this context, CDC
acts as a targeted immunotherapeutic rheostat, restoring
the immunogenic potential of the TME by shifting im-
munosuppressive states toward a tumoricidal M1-like
phenotype.

CDC, a nucleoside analog structurally similar to
ADO, exerts its effects through AR-dependent signal-
ing. Our comparative analysis with ADO and the use
of the AR-selective antagonists confirms that CDC’s pro-
inflammatory effects are specifically mediated through the
A2AR axis. Because CDC andADO share structural motifs
and compete for similar receptor populations, their func-
tional relationship is intrinsically linked. However, CDC
possesses a unique, density-dependent “switch” that is ab-
sent in standard ADO signaling, allowing it to bypass the
typical immunosuppressive cues of the TME.

Previous studies indicated that CDC suppresses NF-
κB p65 activation and IL-1β production in RAW264.7 cells
at concentrations ≥20 µM [16–18]. In contrast, our find-
ings reveal that CDC induces p65 activation and IL-1β pro-
duction in confluent and high-density environments. This
discrepancy likely underscores the decisive role of the phys-
ical microenvironment, where cell-to-cell contact and me-
chanical sensing [26,27] serve as fundamental determinants
of CDC’s efficacy. We propose that contact inhibition
in confluent environments induces metabolic quiescence,
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which reduces the metabolic turnover of CDC by adenosine
kinase. This allows CDC to remain available for a longer
duration as a potent signaling ligand for membrane-bound
A2AR, triggering the Akt-NF-κB axis instead of being se-
questered for intracellular metabolism.

Notably, CDC-induced functional reprogramming ex-
tends beyond phagocytosis to a significantly enhanced mi-
gratory capacity. We confirmed that CDC upregulates not
only CD68 and MCP-1 but also CCR2, effectively prim-
ing macrophages for active tumor infiltration. This density-
dependent transition—from a cytotoxic agent in sparse con-
ditions to a potent immunostimulator in confluent states—
provides a novel mechanobiological insight into how CDC
reconfigures the inflammatory landscape based on the phys-
ical architecture of the tumor.

Mechanistically, CDC was found to enhance total Akt
expression, providing a larger signaling reservoir for p65
phosphorylation. While ADO remained functionally inert
regarding migration and recruitment markers, CDC’s abil-
ity to integrate mechanical cues allows it to overcome the
restrictive conditions that typically favor M2 exhaustion.
In conclusion, CDC promotes macrophage activation and
anti-tumor activity associated with enhanced migration and
phagocytosis, driven by a unique sensitivity to the cellu-
lar microenvironment. This study establishes CDC as a
promising candidate for reprogramming the TME, warrant-
ing further clinical characterization of its context-dependent
therapeutic applications.

5. Limitations
Despite the significant findings of this study, sev-

eral limitations should be acknowledged. First, while we
demonstrated the density-dependent “switch” of CDC in
vitro using primary BMDMs and RAW264.7 cells, the
precise mechanical sensors (such as Piezo1 or integrin-
mediated signaling) that interact with the A2AR-Akt axis
remain to be fully identified. Second, although the B16F10
melanoma model provided a robust platform for validating
systemic and adoptive transfer efficacy, further validation
in diverse syngeneic or orthotopic tumor models is required
to generalize the immunomodulatory role of CDC across
different tumor architectures. Lastly, the long-term sys-
temic effects of CDC-primed macrophage therapy on other
organ systems were not extensively evaluated in this study,
which may impact the clinical translation of this approach
regarding potential off-target inflammatory responses.

6. Conclusions
In conclusion, this study demonstrates that Cordy-

cepin (CDC) functions as a context-dependent im-
munomodulator that reconfigures macrophage plas-
ticity through a mechanobiological switch. Unlike
its endogenous analog adenosine, CDC promotes an
M1-like tumoricidal phenotype specifically under high-
density conditions—characteristic of the dense tumor

microenvironment—by activating the A2AR–Akt–NF-
κB signaling axis. These findings provide a strategic
rationale for using CDC not only as a direct anti-tumor
agent but also as a potent tool for macrophage-based
immunotherapy, offering a novel approach to overcoming
the immunosuppressive nature of solid tumors.
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