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Abstract

IFNg is conventionally recognized as an inflammatory cyto-

kine thatplays a central role inantitumor immunity. Although it

has been used clinically to treat a variety of malignancies, low

levels of IFNg in the tumor microenvironment (TME) increase

the risk of tumor metastasis during immunotherapy. Accumu-

lating evidence suggests that IFNg can induce cancer progres-

sion, yet the mechanisms underlying the controversial role of

IFNg in tumor development remain unclear. Here, we reveal a

dose-dependent effect of IFNg in inducing tumor stemness to

accelerate cancer progression in patients with a variety of cancer

types. Low levels of IFNg endowed cancer stem-like properties

via the intercellular adhesion molecule-1 (ICAM1)–PI3K–Akt–

Notch1 axis, whereas high levels of IFNg activated the JAK1–

STAT1–caspase pathway to induce apoptosis in non–small cell

lung cancer (NSCLC). Inhibition of ICAM1 abrogated the stem-

like properties of NSCLC cells induced by the low dose of IFNg

both in vitro and in vivo. This study unveils the role of low levels

of IFNg in conferring tumor stemness and elucidates the distinct

signaling pathways activated by IFNg in a dose-dependent

manner, thus providing new insights into cancer treatment,

particularly for patientswith low expression of IFNg in the TME.

Significance: These findings reveal the dose-dependent

effect of IFNg in inducing tumor stemness and elucidate the

distinct molecular mechanisms activated by IFNg in a dose-

dependent manner.

Introduction

IFNg is widely considered to be a crucial antitumor cytokine

that is mainly produced by activated T cells, natural killer (NK),

and NKT cells (1, 2). After binding to the heterodimeric IFNGR1/

IFNGR2 receptor complex, IFNg initiates the activation cascade of

downstream signaling events, particularly classical JAK–STAT

signaling, and the transcription ofmultiple IFNg-inducible genes,

both of which induce cell-cycle arrest and apoptosis in tumor

cells (3). However, IFNg signaling has paradoxically been

reported to promote carcinogenesis andmetastasis (4, 5) through

inducing inflammatory responses (6), immunosuppression or

other unknown mechanisms (7). Sustained low-level IFNg

boosted the development of several types of tumor in mouse

models (8, 9). Clinically, although IFNg has been used in many

anticancer clinical trials, low-level IFNg generated at the tumor

site has been shown to increase the risk of tumormetastasis during

immunotherapy (10). Unfortunately, the molecular mechanisms

underlying IFNg mediating cancer progression were not fully

characterized in these previous studies. Notably, recent studies

have described a close relationship between IFN g and cancer stem

cell (CSC). IFN g are capable of inducingCSCsdormancy (11) and

metastatic CSC generation (12). These studies imply that IFNg

may be involved in tumor progression through conferring tumor

stemness, but the exact mechanism was not fully understood.

CSCs have been reported to play key roles in tumor initiation,

metastasis, recurrence, and multidrug resistance in various cancer

types (13). CSCs are a small subset of self-renewed, pluripotent,

immune-privileged, high-tumorigenic, and long-livingmalignant

cells. Persistent activationof highly conserved signalingpathways,

such as the Notch, Hedgehog, and/or Wnt pathways, partially

determines the stem-like properties and tumorigenicity of

CSCs (14). In addition, epithelial-to-mesenchymal transition

(EMT), an essential developmental process that is often activated

during cancer invasion and metastasis (15), was also verified as a

characteristic of CSCs. Recently, a new concept of "CSC immu-

nology" has been established, indicating that the features of CSCs

are dependent on a specialized immune-niche. Many immune

factors produced in tumor niches, such as IL6, IL8, and TGFb,

endow tumor cells with stem-like properties to accelerate tumor

progression (16, 17).
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Intercellular adhesion molecule-1 (ICAM1), a transmembrane

molecule and member of the immunoglobulin superfamily of

proteins expressed by leukocytes, endothelial cells, and epithelial

cells, is involved inmany important processes, including leukocyte

endothelial transmigration, cell signaling, cell–cell interaction, cell

polarity, and tissue stability (18–21). ICAM-1 can be upregulated

by lipopolysaccharide and some inflammatory cytokines, such as

IFNg and TNFa (22, 23). The protumor role of ICAM1 has been

identified invarious cancers (24–27),whichhasbeen recentlyused

as a target of engineered chimeric antigen receptor T-cell therapy in

advanced thyroid tumors (27) and a marker of CSCs in hepato-

cellular carcinoma (HCC) and esophageal squamous cell carcino-

ma (ESCC; refs. 24, 25). In lung cancer, ICAM1 is highly expressed

in CSCs (28) and responsible for the cancer initiation and metas-

tasis (29). These studies support a potential role of ICAM1 in

modulating tumor stemness and progression.

In this study, we firstly found a dose-dependent effect of

IFNg on tumor stemness in patients with non–small cell lung

cancer (NSCLC), ESCC, colorectal cancer, and HCC, indicating

that low-level IFNg in tumor microenvironment (TME) indu-

ces cancer stem properties. Then, we elucidated the molecular

mechanisms underlying this effect in NSCLC cells and identified

that low-level IFNg facilitated the stem-like properties through the

ICAM1–PI3K–Akt–Notch1 signaling cascade, while high-level

IFNg induced cell apoptosis through the JAK1–STAT1–caspase

pathway. Moreover, the increased stem-like properties of NSCLC

cells induced by low-dose IFNg were abrogated by inhibition

of ICAM1 both in vitro and in vivo. These findings identify the

controversial role of IFNg in tumor progression and clearly

elucidate the distinct mechanisms underlying IFNg influencing

tumor stemness in a dose-dependent manner.

Patients and Methods

Study approval

All patients provided written informed consent. This study

was conducted in accordance with the Declaration of Helsinki.

Human investigations were performed after approval by the

Institutional Review Board of the First Affiliated Hospital of

Zhengzhou University (Approval No. 2015-LW-108; Henan

Sheng, China). All animal procedures were carried out accord-

ing to the Guide for the Care and Use of Laboratory Animals

and were approved by the Institutional Animal Care and Use

committee of the First Affiliated Hospital of Zhengzhou

University (Approval No. 00015613; Henan Sheng, China).

Patients and tumor samples

For IHC and immunofluorescence (IF) staining, a total of 86

NSCLC tissues were collected from the First Affiliated Hospital of

Zhengzhou University from 2012 to 2014. All patients received

four cycles of cisplatin-based chemotherapy after surgery without

receiving any therapeutic intervention before surgery. For flow

cytometry, 35 pairs of NSCLC tissues and their adjacent normal

tissues were freshly obtained from the First Affiliated Hospital of

ZhengzhouUniversity from January toMay 2017. For isolation of

interstitial fluid, 9 fresh NSCLC tissues, 9 fresh ESCC tissues, 11

fresh colorectal cancer tissues, and 13 fresh HCC tissues were

collected from the First Affiliated Hospital of Zhengzhou Univer-

sity. All samples in the study were confirmed by pathologic

analysis.

NSCLC cell lines and cell culture

TheNSCLCcell lines, A549 andH460,were purchased from the

Chinese Academy of Sciences Cell Repertoire in Shanghai, China

in 2017 and maintained in RPMI1640 (HyClone) supplemented

with 10%FBS (HyClone), 100U/mLof penicillin, and 100mg/mL

of streptomycin. A549 and H460 were used within 15 passages.

Short tandem repeat Multi-Amplification Kit (Microreader21 ID

System) was used for PCR amplification and PCR products were

detected by ABI 3130xl DNA Analyzer (Applied Biosystems).

Mycoplasma Stain Assay Kit (Beyotime Institute of Biotechnology,

Beijing, China) was used for Mycoplasma detection. The methods

of low- or high-dose IFNg treatment for 6 days in A549 andH460

cells were as follows: recombinant human IFNg (PeproTech) was

added and cultured for 2 days, and restimulated at days 3 and 5,

for a total of 6 days of treatment. Inhibition and blockade

treatment were as follows: anti-IFNg antibody (R&D Systems

lnc.), inhibitors, including silibinin (Sigma), PF04691502,

AZD5363, LY3039478, ruxolitinib, fludarabine, and Z-VAD-FMK

(Selleck Chemicals) were pretreated for 1 hour following IFNg

treatment, which were replicated at days 3 and 5, for a total of 6

days of treatment.

Isolation of interstitial fluid from fresh tumor tissues

Fresh tissues were placed on triple-layered 10-mm nylon mesh

and spun at <50� g for 5 minutes to remove surface liquid. Next,

samples were centrifuged at 400 � g for 10 minutes to isolate the

tumor interstitial fluid (TIF; ref. 30).

In vivo metastatic growth model

Twenty-four 5-week-old female NOD-SCID mice were ran-

domly divided into six groups (n ¼ 5 each). Luciferase-shScram-

ble–infected, luciferase-shICAM1#1–infected, and luciferase-

shICAM1#3–infected cells were pretreated with PBS or low-dose

IFNg (0.1 ng/mL) in vitro for 6 days and then intravenously

injected into the lateral tail vein of mice (5 � 106 cells in 100-mL

PBS). Metastasis was evaluated using an in vivo imaging system

at day 0, 6, 12, and 18 after injection. The lungs of the mice in

each group were harvested to analyze the frequency of GFPþ

NSCLC cells by flow cytometry and the metastatic nodules by

hematoxylin–eosin staining.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was per-

formed according to the manufacturer's instructions (Cell Signal-

ing Technology). Anti-N1ICD (Cell Signaling Technology 1:200)

or anti-RBP-Jk (Cell Signaling Technology, 1:50) antibody was

used to immunoprecipitate the chromatin inA549 andH460 cells

transfected with shScramble or with shScramble, shICAM1#1, or

shICAM1#3 following low-dose IFN g treatment. RT-PCR was

performed using primers identified for the RBP-Jk-binding site in

the CD133 promoter region as follows: 50- AGAGACTTCG-

GACTCGCTCT -30, 50- CACAGTGTTGGCCCATTTCC -30.

Statistical analysis

Data are shown as themean� SD and analyzed using Student t

test or x2 test. A paired t test was used for paired samples. Survival

curves were plotted using the Kaplan–Meier method. Differences

in survival times among the patient subgroups were analyzed by

the log-rank test. Cox proportional hazard regression model was

used to evaluate the prognostic value of the risk factors. Statistical

analyses were performed using GraphPad Prism 7 and SPSS
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software (GraphPad software). A value of P < 0.05was considered

statistically significant.

Results

Low-level IFNg expression is closely associated with poor

prognosis and increased expression of CSCmarkers in patients

with NSCLC

IFNg is known as a representative antitumor cytokine in the

TME (1). We firstly detected the source of IFNg in 5 fresh tumor

tissues from patients with NSCLC by flow cytometry. CD3þCD8þ

T cells, CD3þCD4þ T cells, NK cells, and NKT cells showed high

production of IFNg , while CD3þCD4þFoxpþ Treg cells showed

low production (Supplementary Fig. S1A and S1B). Importantly,

CD3þCD8þT cellswere identified as themain source of IFNg with

an average of 83.82% in IFNg-positive subset (Supplementary Fig.

S1C). IHC staining analysis showed a significantly positive cor-

relation between IFNg and CD8 expression in 35 patients with

NSCLC, indicating IFNg level was strongly associated with CD8þ

tumor-infiltrating lymphocytes (TIL; Supplementary Fig. S1D and

S1E). Next, the actual distribution pattern of IFNg in 86 NSCLC

tissues was also investigated by IHC staining (Fig. 1A). Interest-

ingly, we found that low-level IFNg expression accounted for the

majority in NSCLC tissues (Fig. 1B). Moreover, low-level IFNg

expression was strongly correlated with the TNM stage, brain

metastasis, and chemoresistance (Supplementary Table S1).

Shorter overall survival (OS) and progression-free survival (PFS)

time were also observed in low-level IFNg group than both

negative and high-level IFNg group (Fig. 1C and D). In addition,

the univariate and multivariate Cox regression analyses indicated

IFNg expression level was an independent prognostic factor for

the OS of patients with NSCLC (Table 1; Supplementary Table

S2). Taken together, these results suggest that low-level IFNg in the

TME may play a role in NSCLC progression.

CSCs have been reported to participate in tumor initiation,

metastasis, recurrence, andmultidrug resistance (13), serving as a

keymechanism of tumor progression. CD133 has been identified

as a marker of CSCs in NSCLC (31, 32). As CSCs are also

characterized by enhanced EMT (15), vimentin, an EMT marker,

was used as another CSC marker in our study. By IF staining, we

intriguingly foundmuch higher expression of CD133 and vimen-

tin on tumor cells in IFNg-low TME than that in IFNg-high TME in

NSCLC tissues (Fig. 1E and F). A significantly negative correlation

between IFNg and CD133 or vimentin was observed by IHC

staining analysis in 86NSCLC tissues (Fig. 1GandH). In addition,

a negative correlation between IFNG and PROM1 was also

observed in lung adenocarcinoma collected from The Cancer

Genome Atlas (TCGA; Supplementary Fig. S2A). To further accu-

rately quantify the level of IFNg promoting tumor stemness, we

performed ELISA to detect the concentration of IFNg in TIF

isolated from fresh 9 NSCLC tissues. Accordingly, cancer stem

properties were evaluated by the percentage of CD133þ stem cells

in CD326þ tumor cells and the expression of stemness-related

genes. Intriguingly, we found patients with relative low-level

(around 0.137 ng/mL) IFNg in TIF showed increased cancer stem

properties, and patient #4 with 0.110 ng/mL IFNg showed the

highest percentage CD133þ stem cells and highest expression of

most stemness-related genes. However, patients with high-level

IFNg in TIF showed decreased stem-like properties (Fig. 1I). We

also found similar results in tumor tissues from patients with

ESCC, colorectal cancer, and HCC, whose low-level border of

IFNg correlated with highest stem-like properties was 0.072,

0.152, and 0.118 ng/mL, respectively (Supplementary Fig.

S2B–S2D). Therefore, we preliminarily surmise that the low-level

IFNg may serve as a key determinant inducing tumor stemness.

Low-dose IFNg augments the stem-like properties of NSCLC

cells

To clarify the role of low-level IFNg in inducing tumor stem-

ness, NSCLC cell lines, A549 and H460 cells, were treated with

different doses of recombinant human IFNg for 1–6 day(s). As

expected, progressively increasing apoptosis and decreasing pro-

liferation were observed with the increase of IFNg dose and

treatment time (Fig. 2A; Supplementary Fig. S3A and S3B).

Strikingly, we found that the frequency of Annexin V�CD133þ

cells was significantly increased over time after treated with a

relatively low-dose IFNg (�0.2 ng/mL; Fig. 2B; Supplementary

Fig. S3C). Almost consistent with the concentration of IFNg

(0.110 ng/mL) corresponding to the highest cancer stem prop-

erties in the TIF of patients with NSCLC (Fig. 1I), the in vitro

optimal concentration of IFNg inducing AnnexinV�CD133þ cells

was 0.1 ng/mL (Fig. 2B; Supplementary Fig. S3C). However, after

treating with a relatively high dose of IFNg (�100 ng/mL), the

percentage of Annexin V�CD133þ cells turned to decrease over

time (Fig. 2B). On the basis of the clinical and in vitro results, we

preliminarily speculated that low-dose and long-term IFNg stim-

ulationmight enhance the stem-like properties ofNSCLC cells. To

validate this conception, we next sorted the Annexin V� NSCLC

cells treated with either low-dose (0.1 ng/mL) or high-dose

(100 ng/mL) IFNg to examine their sphere-forming ability. Sig-

nificantly increased sphere number was observed in the low-dose

IFNg treatment group compared with the control and the high-

dose IFNg treatment groups (Fig. 2C). Similar results were also

found in the expression of CSC markers (Fig. 2D) and CSC

signature genes (Fig. 2E). Because high tumorigenicity is a key

characteristic of CSCs, we additionally explored the effect of low

dose of IFNg on tumor growth in NSCLC xenograft models. A549

cells stably expressing luciferase were injected subcutaneously

into BABL/c nude mice and then intratumorally treated with PBS

or different doses of IFNg . Interestingly, we found that both tumor

volumes (Fig. 2F and G) and the frequency of CD133þ tumor

cells in xenografts (Fig. 2H) were dramatically increased follow-

ing low-dose (0.1 mg/day), but decreased following high-dose

(10 mg/day) IFNg administration. Taken together, these results

suggest that low dose of IFNg facilitates the stem-like properties

of NSCLC cells both in vitro and in vivo.

ICAM1 is crucial for the increased stem-like properties of

NSCLC cells induced by low-dose IFNg

To understand the molecular mechanism underlying low dose

of IFNg inducing the stem-like properties in NSCLC cells, we

searched the IFNg signaling downstream genes using the GCBI

website (https://www.gcbi.com.cn/) and evaluated the different

expression levels of these genes byRT-PCR inA549 andH460 cells

treated with or without low dose of IFNg . Most of these genes,

including IFNGR1 and IFNGR2, were significantly upregulated

(Fig. 3A). Among them, ICAM1 showed the most obvious gene

upregulation in response to low dose of IFNg (Fig. 3A), whichwas

further confirmed by flow cytometry (Fig. 3B). After neutraliza-

tion with anti-IFNg antibody, ICAM1 (Supplementary Fig. S4A)

expressionwas efficiently blocked, aswell as IFNGR1 and IFNGR2

(Supplementary Fig. S4B and S4C). ICAM1 is a transmembrane

Low-Dose IFNg Induces Tumor Stemness in NSCLC
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molecule that stabilizes cell–cell interactions and enhances trans-

endothelial transmigration (20, 21). In NSCLC cells, we observed

an obvious upregulation of ICAM1 in CSCs generated by non-

adhesive culture system (Supplementary Fig. S5), suggesting a

potential role of ICAM1 in mediating NSCLC stemness and

metastasis. Moreover, IF colocalization analysis demonstrated

that ICAM1 was coexpressed with CD133 and vimentin in

A549 cells, which was dramatically increased by low-dose IFNg

(Fig. 3C). On the basis of these results, we hypothesized that

ICAM1 might be essential for low-dose IFNg inducing the stem-

like properties in NSCLC cells.

To test this hypothesis, silibinin, a pharmacologic inhibitor of

ICAM1, was added to A549 and H460 cells following treatment

with low dose of IFN g . Interestingly, we found silibinin partially

abrogated the sphere-forming ability (Fig. 3D) and the expression

of CSC markers (Fig. 3E) and CSC signature genes (Fig. 3F) in

NSCLC cells treated with low dose of IFNg . Next, we stably

knocked down ICAM1 expression in A549 and H460 cells with

shICAM1s viruses (Fig. 3G). As expected, ICAM1 knockdown

remarkably reduced the stem-like properties induced by low-dose

IFNg (Fig. 3G–I). Taken together, these results indicate that low

dose of IFNg drives ICAM1 expression to mediate the stem-like

properties of NSCLC cells.

Activation of the PI3K–Akt–Notch1 pathway by ICAM1 in

NSCLC cells is required for low-dose IFNg-induced stem-like

properties

Next, we explored the signaling pathways involved in the stem-

like properties driven by low dose of IFNg . We chose several CSC-

relevant signaling activation inhibitors, including PI3K, Akt,

Notch1, STAT3, p38, and ERK1/2 inhibitors, to pretreat A549

and H460 cells following low-dose IFNg treatment. Intriguingly,

the RT-PCR results showed that none of the inhibitors had an

obvious effect on ICAM1 expression compared with DMSO, but

Figure 1.

Low-level IFNg expression is correlated with tumor stemness in patients with NSCLC.A, Representative photomicrographs of IHC staining for IFNg in NSCLC

tissues. Scale bars, 100 mm. B, Real distribution of IHC results of IFNg in 86 NSCLC tissues. C and D, Kaplan–Meier analysis of OS and PFS in 86 patients with

NSCLC according to different IFNg levels in NSCLC tissues by IHC staining. E and F, IF staining of the colocalization of IFNg (red) with CD133 (green) or vimentin

(green) in NSCLC tissues. Colocalization, yellow. DAPI, blue. Figure panel pairs represent images taken with different zooming options; scale bars, 100 mm. G and

H, Spearman correlation analysis was performed to analyze the correlation between IFNg and CD133 and vimentin according to the IHC staining results. I,

Heatmap showed the expression of IFNg and stemness-related genes. Left, the concentration of IFNg in TIF was detected by ELISA. Right, the percentage of

CD133-positive cells in tumor cells, which was labeled by CD326 positive, was detected by flow cytometry and the expression of other stemness-related genes

was tested by RT-PCR in NSCLC. Patient #4 labeled by green frame showed the highest expression of stemness-related genes. Log-rank tests were used in C and

D. The results are representative of three independent experiments.
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PF04691502, AZD5363, and LY3039478 partially reversed the

elevated stem-like properties of A549 andH460 cells (Fig. 4A and

B). Similar results were also observed in the flow cytometry and

Western blot analyses, which demonstrated that PF04691502,

AZD5363, and LY3039478 did not affect ICAM1 expression but

dramatically blocked the increased expression of CSC markers

compared with DMSO in A549 and H460 cells treated with low-

dose IFNg (Fig. 4C and D). Therefore, we hypothesized that the

PI3K–Akt and Notch1 pathways might act as the downstream

signaling pathways of ICAM1 to participate in low dose of IFNg

inducing the stem-like properties in NSCLC cells. The next West-

ern blot analysis demonstrated a significantly upregulated acti-

vation of Akt and Notch1 after low-dose IFNg treatment in

contrast to the control, whereas inhibition of ICAM1 by silibinin

or ICAM1 shRNAs could efficiently impair their activation (Fig. 4E

and F), indicating that ICAM1 activates the PI3K–Akt and Notch1

pathways to mediate the stem-like properties of NSCLC cells

treated with low-dose IFNg .

Then, we assessed the activation of the PI3K–Akt and Notch1

pathways in NSCLC cells pretreated with DMSO, PI3K, Akt, and

Notch1 signaling activation inhibitors following low-dose IFNg

stimulation. As shown in Fig. 4D, compared with DMSO,

PF04691502 and AZD5363 pretreatment reduced the activation

of both Akt and Notch1, while LY3039478 pretreatment only

attenuated Notch1 activation but did not affect Akt activation.

These results suggest that Notch1 is the downstream pathway of

the PI3K–Akt pathway inNSCLC cells treatedwith low-dose IFNg .

Upon activation, the Notch1 receptor is cleaved and subse-

quently releases theNotch1 intracellular domain (N1ICD),which

migrates into the nucleus and forms a complex with the nuclear

proteins of the RBP-Jk family. RBP-Jk acts as a transcriptional

activator to activate the expression of target genes after forming a

complex with N1ICD (33). We next used the PROMO website to

predicate putative RBP-Jk–binding sites in the CD133 promoter

region and identified anRBP-Jk–binding site in the�156 to�145

region (Fig. 4G). ChIP assays were performed to validate whether

the RBP–Jk–NICD complex bound to the putative site. As shown

in Fig. 4H and I, RBP-Jk and NICD bound directly to the putative

RBP-Jk–binding site in the CD133 promoter region in A549 and

H460 cells, which showed an increase in shScramble cells treated

with low-dose IFNg but a decrease in shICAM#1 and shICAM1#3

cells treated with low-dose IFNg compared with shScramble cells.

These data suggest that Notch1 directly regulates CD133 tran-

scription in NSCLC cells.

High-dose IFNg contributes to apoptosis through activation of

the JAK1–STAT1–caspase signaling pathway in NSCLC cells

Above data revealed that low dose of IFNg promoted the

stem-like properties of NSCLC cells through activation of the

ICAM1–PI3K–Akt–Notch1 axis. However, high dose of IFNg was

found to induce apoptosis and decrease the stem-like properties

ofNSCLC cells, as shown in Fig. 2, which prompted our interest in

the signaling pathways involved in the high-dose IFNg treatment

system. The JAK1–STAT1–caspase pathway has been previously

described as the key downstream pathway of IFNg-mediated

apoptosis (3), and our results indicated that the ICAM1–PI3K–

Akt–Notch1 axis was the key signaling cascade in IFNg-mediated

stem-like properties. Therefore, we next examined the activation

of the JAK1–STAT1–caspase pathway and ICAM1–PI3K–Akt–

Notch1 axis in NSCLC cells treated with either low-dose or

high-dose IFNg , respectively. The results showed that cells treated

with high-dose IFNg exhibited much higher activation of JAK1,

STAT1, caspase 3, and caspase 7 than those treated with low-dose

IFNg (Fig. 4J). Surprisingly, we further observed a significant

decrease in the activation of Akt and Notch1 in cells treated with

high-dose IFNg compared with those treated with low-dose of

IFNg , although both high-dose and low-dose IFNg were able

to induce high levels of ICAM1 expression (Fig. 4J). Thus,

high-dose IFNg promoted apoptosis of NSCLC cells through the

JAK1–STAT1–caspase pathway, whereas high-dose IFNg-induced

ICAM1 was insufficient to endow the stem-like properties of

NSCLC cells through the PI3K–Akt–Notch1 signaling pathway.

Next, we wondered whether ICAM1 played a role in high-dose

IFNg-mediated apoptosis. After treatment with different doses of

IFNg , we found that ICAM1 knockdown had no influence on

apoptosis in A549 and H460 cells (Fig. 4K), while activation of

JAK1, STAT1, caspase 3, and caspase 7 was increased with the

increase of IFNg dose (Fig. 4L). Moreover, inhibition of JAK1

(ruxolitinib), STAT1 (fludarabine), and caspase (Z-VAD-FMK)

significantly attenuated high-dose IFNg-mediated apoptosis

(Fig. 4M). Western blot analysis showed that phospho-JAK1

expression was only inhibited by ruxolitinib and phosoho-STAT1

expression was inhibited by both ruxolitinib and fludarabine,

while caspases 3 and 7 were inhibited by ruxolitinib, fludarabine,

and Z-VAD-FMK (Fig. 4N). These data indicate that high-dose

IFNg promotes apoptosis of NSCLC cells by activating the

JAK1–STAT1–caspase signaling pathway in an ICAM1-independent

manner.

ICAM1knockdown reverses tumor growth inducedby low-dose

IFNg in xenograft model of NSCLC

To identify whether ICAM1 played a role in low-dose IFNg-

induced tumor growth, A549 cells stably expressing luciferase

Table 1. Multivariate Cox regression analysis of clinicopathologic factors for OS

in patients with NSCLC

OS

Univariate Cox

Multivariate

Cox

Variable P HR P HR

Age

�55 or <55 0.6863 1.1941 0.8767 0.9249

Gender

Male or female 0.9685 0.9835 0.7441 0.8296

Smoking history

Yes or no 0.1473 0.5668 0.506 1.4857

Grade

Low, medium, or high 0.9619 1.0166 0.7709 1.1175

Histology

Adenocarcinoma or squamous cell

carcinoma

0.5867 0.8082 0.1138 0.406

TNM stage

I/II or III/IV 0.8337 1.0926 0.678 0.7535

Lymph node metastasis

Yes or no 0.2408 1.5759 0.1748 2.113

Bone metastasis

Yes or no 0.9406 0.9605 0.8856 0.8884

Brain metastasis

Yes or no 0.0001 6.1131 0.0614 6.4732

EGFR mutation

Yes or no 0.0108 2.716 0.0725 2.1572

Chemoresistance

Yes or no 0.0221 2.4962 0.9522 0.9506

IFNg expression

Negative/low or high 0.0054 0.1815 0.0219 0.1985

NOTE: P < 0.05, significant.
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were injected subcutaneously into BALB/c nude mice. The mice

were treated intratumorally with PBS or low-dose IFNg , and

silibinin was orally administered. We found that the enhanced

tumor growth induced by low-dose IFNg was efficiently blocked

by silibinin (Supplementary Fig. S6A and S6B). Silibinin also

dramatically reduced the high frequency of ICAM1þCD133þ

tumor cells in xenografts treated with low-dose IFNg (Supple-

mentary Fig. S6C).

In Fig. 3F and G, we had confirmed that low dose of IFNg

promoted NSCLC growth via ICAM1 in BABL/c nude mice.

Next, NOD-SCID mice were used as another model to evaluate

the protumor effect of low-dose IFNg and the role of ICAM1

during this process. Luciferase-shScramble–infected, luciferase-

shICAM1#1–infected, and luciferase-shICAM1#3–infected cell

lines were stably established and injected subcutaneously

into NOD-SCID mice. The mice in each group were further

intratumorally treated with PBS or low-dose IFNg . We found

tumor growth of shICAM1#1 cell–derived and shICAM1#3

cell–derived xenografts was significantly reduced compared

with shScramble cell–derived ones (Fig. 5A and B). Moreover,

a remarkable increase of tumor growth was detected in

shScramble cell–derived xenografts after treatment with low-

dose IFNg , while shICAM1#1 and shICAM1#3 cell–derived

xenografts did not exhibit obvious differences after low-dose

IFNg treatment (Fig. 5A and B). Besides, low-dose IFNg treat-

ment greatly enhanced the frequency of ICAM1þCD133þ

tumor cells in shScramble cell–derived xenografts, but had

no significant effect on those in shICAM1#1 and shICAM1#3

cell–derived xenografts (Fig. 5C). Similar results were obtained

for the expression of ICAM1, CD133, and vimentin by IHC

staining (Fig. 5D-G). Taken together, these data indicate that

ICAM1 is essential for low-dose IFNg-mediated tumor growth

in immunodeficient mice.

Low-dose IFNg facilitates NSCLC cell metastatic growth in

murine lungs via ICAM1

Apart from the high sphere-forming ability and high tumori-

genicity, CSCs can also form a hierarchy of stem-like and differ-

entiated tumor cells to initiate metastatic growth (16). Therefore,

we investigated the effect of low-dose IFNg on the metastatic

growth of NSCLC cells and the role of ICAM1 in this pro-

cess. Before intravenous injection into the lateral tail vein

of NOD-SCID mice, luciferase-shScramble–infected, luciferase-

shICAM1#1–infected, and luciferase-shICAM1#3–infected cells

were pretreated with PBS or low-dose IFNg for 6 days in vitro, and

the percentage of CD133þ cells was shown in Supplementary

Fig. S7. After intravenous injection, we observed that luciferase-

shScramble–infected cells pretreated with low-dose IFNg gener-

ated larger lung metastatic nodules than luciferase-shScramble–

infected cells pretreatedwithPBS,whereas luciferase-shICAM1#1-

and shICAM1#3–infected cells pretreatedwith low-dose IFNg did

not show significant difference compared with those pretreated

Figure 2.

Low-dose IFNg augments the stem-like properties of NSCLC cells. A549 and H460 cells were treated with different doses of recombinant human IFNg for

1–6 days.A, The frequency of apoptotic A549 (left) and H460 (right) cells labeled with Annexin VþPI� or Annexin VþPIþwas examined by flow cytometry. B, The

frequency of Annexin V�CD133þA549 (left) and H460 (right) cells was examined by flow cytometry. C–E, Annexin V�A549 and H460 cells treated with either

low (0.1 ng/mL) or high (100 ng/mL) dose of IFNg for 6 days were then sorted using flow cytometry. C, The sphere-forming assay.D, Expression of CD133 and

vimentin in A549 (top) and H460 (bottom) cells was detected byWestern blotting. E, The expression of CSC signature genes in A549 (left) and H460 (right)

cells was detected by RT-PCR. F–H,A549 cells stably expressing luciferase were injected subcutaneously into nudemice. PBS or different doses of IFNg were

intratumorally injected from day 14 to 28. F and G, Tumor volumes were measured at day 14, 21, and 28 by in vivo imaging system. H, The frequency of

ICAM1þCD133þ tumor cells in mouse-bearing xenografts was detected by flow cytometry. The results are representative of three independent experiments.
� , P < 0.05; �� , P < 0.01; ���P, < 0.001; ns, nonsignificant.
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with PBS (Fig. 5H and I). In the PBS-pretreated groups, mice

injected with luciferase-shICAM1#1- and shICAM1#3–infected

cells had smaller lungmetastatic nodules than those injected with

luciferase-shScramble–infected cells (Fig. 5H and I). Consistently,

similar results were also obtained in the frequency of GFPþ

NSCLC cells (Fig. 5J) and the percentage of metastatic cancerous

Figure 3.

ICAM1 mediates low-dose IFNg-induced stem-like properties of NSCLC cells. A, The expression of IFNg signaling downstream genes in A549 and H460 cells

treated with or without low-dose IFNg (0.1 ng/mL) for 6 days was detected by RT-PCR. B, The frequency of Annexin V�ICAM1þ cells was detected by flow

cytometry. C, IF staining for the colocalization of ICAM1 (red) with CD133 (green, top) or vimentin (green, bottom) in A549 cells treated with or without low-dose

IFNg (0.1 ng/mL) for 6 days was performed, and the colocalization is indicated in yellow. DAPI, blue. Scale bars, 20 mm. D–F, A549 and H460 cells were treated

with or without silibinin (100 mmol/L) following low-dose IFNg (0.1 ng/mL) treatment. Sillibnin and IFNg treatment was replicated at day 3 and 5, for a total of 6

days of treatment. D, The sphere formation assay in A549 (top) and H460 (bottom) cells. E, The expression of CD133 and vimentin in A549 (top) and H460

(bottom) cells was detected byWestern blotting. F, The expression of CSC signature genes in A549 (top) and H460 (bottom) cells was detected by RT-PCR.G–I,

A549 and H460 cells were transfected with shScramble, shICAM1#1, or shICAM1#3 following low-dose IFNg (0.1 ng/mL) treatment for 6 days.G, The expression

of CD133 and vimentin in A549 (left) and H460 (right) cells was examined byWestern blotting. H, The sphere-forming assay. I, RT-PCR was used to detect the

mRNA expression of CSC signature genes in A549 (top) and H460 (bottom) cells. The results are representative of three independent experiments. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; #, P < 0.05; ##, P < 0.01; ###, P < 0.001; ns, nonsignificant. Scr, Scramble.
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areas in the lungs ofmice (Fig. 5K). Together, these results suggest

that low-dose IFNg greatly enhances lung metastasis of NSCLC

cell in vivo, which is mediated by ICAM1.

The expression level of ICAM1 is significantly upregulated by

CD133þ tumor cells and positively correlated with a poor

prognosis in patients with NSCLC

Subsequently, we detected the expression level of ICAM1 in

clinical samples. Flow cytometry analysis demonstrated higher

ICAM1 expression by tumor cells from tumor tissues than epi-

thelial cells from adjacent normal tissues in patients with NSCLC

(Fig. 6A). A dramatically elevated frequency of ICAM1þ cells in

CD133þ tumor cells was also observed compared with CD133�

tumor cells (Fig. 6B). Data from the TCGA database revealed a

close association of ICAM1 with CSC-related genes at the mRNA

level in 1,016 NSCLC tissues (Supplementary Fig. S8A–S8G).

Consistently, the IHC staining results demonstrated strongly

positive correlation of ICAM1with CD133 (Fig. 6E) and vimentin

(Fig. 6F) in 86 NSCLC tissues. Moreover, coexpression of ICAM1

with CD133 and vimentin was found in NSCLC tissues, and the

coexpression levels in chemoresistant patients were significantly

higher than those in chemosensitive patients (Supplementary Fig.

S8H). These data suggest that ICAM1 may be a malignant signa-

ture of NSCLC cells.

On the basis of the IHC staining of ICAM1, a significant

correlationwas foundbetween ICAM1expression and TNMstage,

bone metastasis, EGFR mutation, and chemoresistance (Supple-

mentary Table S3). Patients with high-level ICAM1 had a worse

OS (Fig. 6G) andPFS (Fig. 6H).Data fromTCGAalso showed that

high-level ICAM1 was strongly associated with a poor PFS in

patientswithNSCLC (Supplementary Fig. S8I). These data suggest

that ICAM1 is strongly associated with prognosis in patients with

NSCLC. In addition, we further stratified the 86 NSCLC tissues

into four groups according to the expression levels of IFNg and

ICAM1 analyzed by IHC staining: IFNg lowICAM1low,

IFNg lowICAM1high, IFNghighICAM1low, and IFNghighICAM1high.

Surprisingly, we found that patients with IFNghighICAM1high

expression showed a better OS (Fig. 6I) and PFS (Fig. 6J) than

those with IFNg lowICAM1high expression, which supported the

view that ICAM1 might mediate tumor progression or even

Figure 4.

Activation of the ICAM1–PI3K–Akt–Notch1 axis and JAK1—STAT1–caspase pathway is responsible for low-dose IFNg�induced stemness and high-dose-

IFNg�mediated apoptosis in NSCLC cells, respectively.A–D,M, and N, A549 and H460 cells were pretreated with DMSO, PF04691502 (1 mmol/L), AZD5363

(10 mmol/L), LY3039478 (50 mmol/L), S3I-201 (20 mmol/L), SB203580 (10 mmol/L), PD98059 (20 mmol/L), ruxolitinib (1 mmol/L), fludarabine (1 mmol/L), or

Z-VAD-FMK (40 mmol/L) following low (0.1 ng/mL) or high (100 ng/mL) dose IFNg treatment. Inhibition treatment and IFNg treatment were replicated at days

3 and 5, for a total of 6 days of treatment. A, ThemRNA expression of ICAM1 and CSC signature genes was tested by RT-PCR. B, The sphere-forming assay. C,

Flow cytometry was used to test the expression of ICAM1 (left) and CD133 (right). D,Western blot analysis was used to assess the expression of ICAM1, CD133,

vimentin, phospho-Akt, total-Akt, cleaved-Notch1, and total-Notch1. E and F, The expression of phospho-Akt, cleaved-Notch1, and their total proteins was tested

byWestern blotting. G, Analysis of the CD133 promoter identified an RBP-Jk–binding site. H and I, ChIP was performed using IgG, anti-NICD, or anti-RBP-Jk

antibody, followed by quantitative RT-PCR. J, The expression of ICAM1, phospho-JAK1, phospho-STAT1, cleaved caspase-3, cleaved caspase-7, phospho-Akt,

cleaved Notch1, and their total proteins was tested byWestern blotting. K and L, Cells were treated with 0, 0.1 and 100 ng/mL IFNg for 6 days. K andM, Flow

cytometry was used to test apoptosis. I and N,Western blot analysis was performed to examine the expression of phospho-JAK1, phospho-STAT1, cleaved

caspase-3, cleaved caspase-7, and their total proteins. The results are representative of three independent experiments. In B andM, � , P < 0.05; ���� , P < 0.0001

versus negative control group; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 versus IFNg or IFNg plus DMSO group. In H and I, � , P < 0.05; �� , P < 0.01. A, A549; H, H460;

NC, negative control; ns, not significant; Scr, Scramble.
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stemness only in an IFNg-low TME rather than in an IFNg-high

TME.

Discussion

Emerging evidence has reported that IFNg may be involved in

tumor progression, but the exact mechanismwas not fully under-

stood. In this study, we firstly identified the dose-dependent effect

of IFNg on tumor stemness in NSCLC. Low-dose IFNg-induced

tumor stemness via the ICAM1–PI3K–Akt–Notch1 axis, whereas

high-dose IFNg mainly mediated cell apoptosis through the

JAK1–STAT1–caspase pathway (Fig. 6K).

IFNg has a controversial role in regulating antitumor immu-

nity. As there are few immunosuppressive factors in the TME in the

early stage of solid tumor growth, effector T and NK cells can

efficiently recognize tumor cells and subsequently produce high

levels of IFNg , resulting in the apoptosis of tumor cells. However,

with tumor progression, T and NK cells become dysfunctional in

the late stage (34), eventually generating an IFNg-low TME. In

addition, there is a reduction of T- and NK-cell infiltration in the

center of cancer nest as well as those "cold tumors," which may

also form an IFNg-low niche, lacking effective immune infiltra-

tion. Low-level IFNg is not sufficient to induce the apoptosis of a

large number of tumor cells, which in turn accelerates tumor

development through variousmechanisms, such as themediation

of immunosuppression (7, 35–37), maintenance of CSCs dor-

mancy (11), and induction of metastatic CSC generation (12). In

this study, we clearly demonstrated that low-dose IFNg endowed

Figure 5.

Low-dose IFNg promotes tumor growth and lung metastasis of NSCLC in an ICAM1-dependent manner. A and B, Tumor growth was measured at day 14, 21, and

28 after cell injection using in vivo imaging system. C, The frequency of ICAM1þCD133þ tumor cells of CD326þ cells in mice-bearing xenografts was detected

using flow cytometry. D, Consecutive sections of mice-bearing xenografts were used to analyze the coexpression levels of ICAM1, CD133, and vimentin by IHC

staining. Scale bars, 50 mm. E–G, Scores of ICAM1, CD133, and vimentin in mice-bearing xenografts are shown as a statistical graph. H and I,Metastasis was

evaluated using an in vivo imaging system at day 0, 6, 12, and 18 after injection. J and K, The lungs of the mice in each group were harvested at day 22 to analyze

the frequency of GFPþNSCLC cells of CD326þ cells by flow cytometry (J) and the metastatic nodules in the lungs by hematoxylin-eosin staining (K). Scale bars,

100 mm. The results are representative of three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant. Scr, Scramble.
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stem-like properties of tumor cells through the ICAM1–PI3K–

Akt–Notch1 axis, while high-dose IFNg mainly exerted antitumor

effect via the JAK1–STAT1–caspase pathway in NSCLC. According

to these findings, we infer that the regulation of low-level IFNg on

tumor stemness in vivomaybe a spatial and temporal effect, which

only occur in the time of in late-stage or in the sites lacking

effective immune infiltration. Consistently, the function of low-

level IFNg in maintaining or promoting tumor stemness has also

been reported in certain tumor models (11, 12). As we all know,

IFNg not only induces tumor cell apoptosis and stemness but also

upregulates PD-L1 expression and activates MDSC to mediate

immunosuppression (7, 35–37), which may induce cancer pro-

gression and interfere with low-dose IFNg-induced cancer pro-

gression in immunocompetent mice. In addition, it is currently

very difficult to precisely control the level of IFNg in immuno-

competent mice due to unknown IFNg production in many cells

and tissues. Taken all these points into account, we only verified

our results in vivobyusing immunodeficientmousemodels in this

Figure 6.

ICAM1 is significantly upregulated by CD133þ tumor cells and strongly correlated with a poor prognosis in patients with NSCLC. A, The frequency of ICAM1þ cells

in CD326þ cells in tumor tissues and adjacent normal tissues was analyzed by flow cytometry (n¼ 35). B, The frequency of ICAM1þ cells in CD326þCD133� and

CD326þCD133þ cells was analyzed by flow cytometry in NSCLC tissues (n¼ 35). C and D, The actual distribution of IHC results between ICAM1 and CD133 or

vimentin expression in 86 NSCLC tissues. E and F, Spearman correlation analysis of the correlation between ICAM1 and CD133 or vimentin in 86 NSCLC specimens

was performed according to the IHC staining results. G–J, Kaplan–Meier analysis of OS and progression-free survival in the 86 patients with NSCLC according to

ICAM1 or both IFNg and ICAM1 expression assessed by IHC staining. K, Schematic diagram. Log-rank tests were used in G–J. The results are representative of

three independent experiments. � , P < 0.05; ��� , P < 0.0001. c, cleaved; Ca, cancer tissue; cas, caspase; N, normal tissue; p, phosphorylation.

Song et al.

Cancer Res; 79(14) July 15, 2019 Cancer Research3746

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

9
/1

4
/3

7
3
7
/2

7
8
5
5
1
7
/3

7
3
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



study, consistent with other studies on IFNg regulating tumor cell

growth (38–40).

Clinically, the adoptive transfer of receptor-engineered T cells

and immune checkpoints blockade are still limited in treating

some solid tumors (41–43). It was reported that low-dose IFNg

generated at the tumor site increases the risk of tumor metastasis

during immunotherapy (9, 10). A recent study has reported that

tumor stemness might cause PD-1/PD-L1 blockade resis-

tance (44). In our view, the low-level IFNg generated by dysfunc-

tional T or NK cells in the TME may lead to treatment failure of

immunotherapy by inducing tumor stemness. The dose of IFNg

delivered to the tumor site should be highwhen using IFNg-based

cancer immunotherapy. Accordingly, for adoptive T-cell therapy,

a key issue is to ensure the effector function of T cells after reaching

the tumor site, particularly when treating advanced solid tumors.

In this study, we found that ICAM1 merely mediated tumor

stemness in the IFNg-low rather than the IFNg-high TME, and

better survival was also observed in IFN ghighICAM1high patients

that that in IFN g lowICAM1high patients. It may be necessary to

evaluate the levels of IFNg in the TME when using ICAM1-

targeting therapy, as patients with low IFNg levels may be more

sensitive. However, ICAM1 was expressed on not only tumor

cells but also a variety of stroma cells, such as endothelial cells.

Thus, ICAM1 cannot be directly used as a specific target. ICAM1-

targeting therapy may be applied by using nanoparticles encap-

sulating ICAM1 small-molecule inhibitor, such as silibinin. These

nanoparticles may specifically deliver the ICAM1 inhibitor to

tumor sites. In summary, low-dose IFNg preferably induced

tumor stemness via the ICAM1–PI3K–Akt–Notch1 axis, whereas

high-dose IFNg mainly mediated cell apoptosis through the

JAK1–STAT1–caspase pathway in NSCLC. Inhibition of ICAM1

efficiently blocked the stem-like properties of tumor cells induced

by low-dose IFNg in vitro and in vivo. Our findings firstly revealed

the dose-dependent effect of IFNg in inducing tumor stemness

and clearly elucidated the distinct molecular mechanisms acti-

vated by IFNg in a dose-dependent manner, providing insights

into cancer progression and treatment, particularly patients with

low-level IFNg expression in the TME.
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