
Li et al. 
Journal of Biomedical Science           (2023) 30:47  
https://doi.org/10.1186/s12929-023-00930-6

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Tumor-secreted IFI35 promotes proliferation 
and cytotoxic activity of  CD8+ T cells 
through PI3K/AKT/mTOR signaling pathway 
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Abstract 

Background A large proportion of the patients with cancer do not respond to immunotherapies. Recent studies 
suggested an important role for tumor-infiltrating cytotoxic T lymphocytes (CTL) in enhancing response to immuno-
therapy. Here, we aim to identify gene that induce proliferative and cytotoxic states of  CD8+ T cells, and to investigate 
its effect on CAR-T cells against colorectal cancer.

Methods Correlation between the expression of IFI35 with the activation and cytotoxicity of  CD8+ T cells was 
assessed with TCGA and proteomic databases. Then we constructed murine colon cancer cells over-expressing IFI35 
and tested their effect on anti-tumor immunity in both immunodeficient and immunocompetent mouse models. 
Flow cytometry and immunohistochemistry were performed to assess the immune microenvironment. Western blot 
analysis was used to identify the potential down-stream signaling pathway regulated by IFI35. We further investigated 
the efficacy of the rhIFI35 protein in combination with immunotherapeutic treatment.

Results The transcriptional and proteomic analysis of the activation and cytotoxicity of  CD8+ T cells in human cancer 
samples demonstrated that IFI35 expression is correlated with increased  CD8+ T cell infiltration and predicted a better 
outcome in colorectal cancer. The number and cytotoxicity of  CD8+ T cells were significantly increased in IFI35-over-
expressing tumors. Mechanistically, we identified that the IFNγ-STAT1-IRF7 axis stimulated IFI35 expression, and that 
IFI35-mediated regulation of  CD8+ T cell proliferation and cytotoxicity was dependent on PI3K/AKT/mTOR signaling 
pathway in vitro. Furthermore, IFI35 protein enhanced the efficacy of CAR-T cells against colorectal cancer cells.

Conclusion Our findings identify IFI35 as a new biomarker that can enhance the proliferation and function of  CD8+ T 
cells, as well as increase the efficacy of CAR-T cells against colorectal cancer cells.
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Graphical Abstract

Background
We bear witness the striking breakthroughs in using 
immune checkpoint inhibitors (ICIs) for diverse can-
cers, including CRC [1, 2]. Yet the beneficial effect 
was observed with only a small percentage of patients 
treated with ICIs [3]. Therefore, there is an urgent 
need to improve the efficacy of ICI so to benefit more 
patients and with more tumor types.

In many situations, one of the major causes of non-
responsiveness to immune checkpoint blockade thera-
pies is the limited mobilization of tumor-infiltrating 
cytotoxic T lymphocytes (CTLs) [4–6]. Tumors can 
be classified as CTL-high and CTL-low based on the 
number of  CD8+ T cells, and the CTL-high tumors are 
more sensitive to immunotherapy than the CTL-low 
tumors [7]. This is supported by the observation that 
a key determinant of a durable response to anti-PD-1 
therapy was the preexisting T cells in tumor tissue [8]. 
In addition, CTL was recognized to affect the efficacy 
of immunotherapy in patients with colorectal cancer 
[9]. Thus, in this work we aimed to identify the genes 
that correlate with CTL function and patient outcome 
with public multi-omics datasets. We found that IFI35 
expression positively correlated with the activation of 
 CD8+ T cells and with better overall survival in patients 
with colorectal cancer. This analysis suggested that 

IFI35 protein may represent a promising novel target 
for improving immunotherapy sensitivity with colorec-
tal cancer.

Interferon-induced protein-35  kDa (IFI35), widely 
expressed in epithelial cells, fibroblasts, and monocytes/
macrophages, is inducible by both type I and type II inter-
ferons [10]. IFI35 is involved in the regulation of virus-
related immune inflammatory responses in a varieties of 
cells and tissues [11–13]. IFI35 has also been reported 
to promote an inflammatory response in chronic kid-
ney diseases and is associated with renal mesangial cell 
proliferation in lupus nephritis [14]. Moreover, IFI35 is 
a DAMP released by lipopolysaccharide (LPS)-activated 
macrophages to promote inflammatory responses in sep-
sis [15]. IFI35 is down-regulated in patients with Sezary 
syndrome and may suppress tumors [16]. A recent study 
demonstrated that the expression levels of IFI35 influ-
ence the radiosensitivity of colorectal cancer cells [17]. 
However, its role in the adaptive immunity of cancer is 
unknown. Here, we demonstrated that IFNγ-STAT1-
IRF7 axis stimulated-IFI35 directly promoted prolifera-
tion and cytotoxicity of  CD8+ T cells through the PI3K/
AKT/mTOR signaling pathway in  vitro. Moreover, we 
showed that the  CD8+ T cell dependent anti-tumor effect 
of IFI35 could be explained by its up-regulation of the 
proliferation and function of  CD8+ T cells. Our results 
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indicate that IFI35 is promising for enhancing immuno-
therapeutic response against CRC.

Methods
Reagents
Trichloroacetic acids (T104257) was from Aladdin. Poly 
(I:C) (P9582) was purchased from Sigma Aldrich. Poly 
(dA:dT) naked (tlrl-patn) and LyoVec™(lyec-12) were 
purchased from InvivoGen. Human IL-2 (AF-200-02-
1000) was from PeproTech. Fludarabine (NSC 118218) 
was purchased selleck.

Cell culture
The mouse colon carcinoma cell line, CT26 was main-
tained in RMPI 1640 medium. The murine colon cancer 
cell MC38 was cultured in high-glucose Dulbecco’s Mod-
ified Eagle Medium. All cell culture medium was supple-
mented with 10% FBS and 1% penicillin/streptomycin. 
CT26 cell was from the American Type Culture Collec-
tion. MC38 cell was from the China Center for Type Cul-
ture Collection. All cell lines were confirmed negative for 
mycoplasma by PCR-based method.

Lentiviral production and transduction
The PLKO vector was used to express the shRNAs tar-
geting mouse IFI35. The sequence of the shRNA was 
5′-CCG GGC CGA GAT CAA ATT CCA GCA ACT CGA 
GTT GCT GGA ATT TGA TCT CGG CTT TTTG-3′. The 
sequence for mouse IFI35 was amplified from MC38 
genomic DNA and cloned into the pCDH-CMV-MCS-
EF1-Puro vector using a ClonExpress II One Step 
Cloning Kit (C112-02, Vazyme). 293T cells were co-
transfected with the target plasmid together with packag-
ing plasmids psPAX2 and pMD2.G at a 4:3:1 ratio using 
PEI reagent as recommended by the manufacturer for the 
lentivirus package. The viral supernatant was collected 
48-h post-transfection, filtered through a 0.45  μm filter, 
and then added to target cells. After 48 h’ infection with 
the virus supernatant, the tumor cells were selected with 
the antibiotic. The efficiency was validated by qPCR and 
immunoblotting.

Quantitative PCR analysis
Total RNA was isolated by Trizol-Based Method from 
cells. RNA was retrotranscribed using the HiScript 
III-RT SuperMix for qPCR (+gDNA wiper) (Vazyme). 
Quantitative PCR (qPCR) was performed on cDNA using 
ChamQ Universal SYBR qPCR Master Mix (Vazyme). 
The ΔΔCT method was used to calculate fold changes of 
mRNA using GAPDH or ACTB as an endogenous con-
trol. Results are expressed as fold changes by normalizing 
to the controls. The primers for gene expression analysis 
were listed in Additional file 2: Table S1.

Immunoblotting
After washing with cold PBS, cells were lysed in cold 
RIPA lysis buffer (Beyotime, P0013B) supplemented with 
1× protease and phosphatase inhibitor cocktail (MCE). 
Lysates were shaken slowly on ice for half an hour and 
centrifuged at 15,000×g for 20 min at 4 °C. A BCA pro-
tein assay kit (ThermoFisher) was used to quantify pro-
tein concentration. Protein was denatured at 98  °C for 
5  min. 10  μg total protein was separated by SDS-PAGE 
and transferred to a 0.45  µm PVDF membrane (Mil-
lipore). The PVDF membranes were incubated with pri-
mary antibodies overnight at 4  °C after incubating with 
5% w/v bovine serum albumin (BSA) for 1 h. The next day 
the membrane was hybridized with an HRP-conjugated 
secondary antibody (Promega) for 1 h at room tempera-
ture. Protein bands were detected using Western ECL 
Blotting Substrates (Bio-Rad) and captured using Chemi-
Doc™ Imaging System (Bio-Rad). The primary antibodies 
used include: anti-Ifi35 (#HPA045946, Sigma-Aldrich), 
anti-PI3K (#4292, CST), anti-p-PI3K (#AF324, Affinity), 
anti-mTOR (#2972, CST), anti-p-mTOR (#5536, CST), 
anti-AKT (#9272, CST), anti-p-AKT (#9271, CST), anti-
ERK1/2 (#4695, CST), anti-p-ERK1/2 (#4370, CST), 
anti-JNK (#9252, CST), anti-p-JNK (#4668, CST), anti-
P38 (#8690, CST), anti-p-P38 (#4511, CST), anti-P65 
(#10745-1-AP, Proteintech), anti-p-P65 (#3033, CST), 
anti-stat3 (#4904, CST), anti-p-stat3 (#9145, CST), anti-
GAPDH (#10494-1-AP, Proteintech), and anti-Tubulin 
(#11224-1-AP, Proteintech).

In vitro proliferation assay of murine colon cancer cells
For cell proliferation assay, cells were seeded in flat-bot-
tom 96 well plates at a density of 3000 cells/well. Cell pro-
liferating rate was determined by counting the cells with 
the counting kit-8 (APExBIO) at 0, 24, 48, and 72 h.

Animal experiments
Five to 6-week-old female C57bl/6 mice, male BALB/c, 
and nude mice were purchased from GemPharmat-
ech (Nanjing, China). Mice were maintained at a spe-
cific pathogen-free facility with a 12  h/12  h  day/night 
turnover. All animal experiments were approved by the 
Research Ethical Committee of the Sixth Affiliated Hos-
pital of Sun Yet-sen University and in accordance with 
the National Institutes of Health Guide for the Care and 
Use of Laboratory animals. For the subcutaneous mouse 
model, 2 ×  105 MC38 or 1 ×  105 CT26 with IFI35 stable 
knockdown or IFI35 overexpression constructs, or con-
trol cells suspended in 0.1 mL PBS were injected into the 
flanks of the mice. Tumor growth was assessed by caliper 
measurement three times in 1  week. The following for-
mula was used to calculate tumor volume: Tumor volume 
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 (mm3) = (tumor  width2 × length)/2. On day 7 after tumor 
cell injection, anti-PD-1 (InVivoMab) or IgG1 isotype 
monoclonal antibodies (InVivoMab) were intraperito-
neally injected at a dose of 200 µg per mouse every 3 days 
for the duration of the experiment.

Fluorescent immunohistochemistry
Fluorescent Immunohistochemistry was performed 
using a PANO IHC kit (Panovue, Beijing, China). After 
anti-Ifi35 (#HPA045946, Sigma-Aldrich) was applied, 
followed by horseradish peroxidase (HRP)-conjugated 
secondary antibody incubation and tyramide signal 
amplification. Nuclei were stained with 4′-6′-diamidino-
2-phenylindole (DAPI, Abcam) after all antigens had 
been labeled. Then, the stained slides were scanned using 
the Mantra System (PerkinElmer, Waltham, Massachu-
setts, US) to obtain multispectral images. The cells that 
were CK positive and had malignant cytomorphology 
were recognized as tumor cells. Tumor cells were further 
confirmed with reference to HE-stained slides. inForm 
software was used to determine H-score of the expres-
sion of IFI35 in tumor.

Immunohistochemistry
Sections from paraffin-embedded murine tissue of 
CT26 or MC38 colon adenoma samples were deparaffi-
nized twice in xylene and then hydrated through graded 
concentrations of ethanol. Antigen retrieval were per-
formed in Citrate Antigen Retrieval solution (Zhong 
Shan Jin Qiao) in a microwave oven. Endogenous per-
oxidase activity was eliminated by 3% Hydrogen perox-
ide. The sections were blocked with Normal Goat Serum 
(Zhong Shan Jin Qiao) and then incubated with anti-CD8 
(Affinit, #AF5126) overnight at 4  °C. Then the slide was 
incubated at 37 °C for 1 h with a secondary antibody and 
was developed with a DAB kit. Images were captured 
using a camera. To quantify the signals, 5 fields were 
randomly selected from each sample, and examined by 2 
pathologists in a double-blind manner.

Isolation of tumor single cells
The excised murine tumors were dissociated and 
digested for 1 h at 37 °C in a digestion medium composed 
of 20 µg/mL DNase I (Gibco), and 5 µg/mL Collagenase 
IV (Gibco) in RPMI medium and filtered using 70  µm 
Cell Strainer (Falcon). Single-cell suspensions were then 
treated with red blood cell lysis buffer (Invitrogen), 
washed and resuspended with PBS.

Flow cytometry
Tumor single cells were incubated with anti-CD16/32 
antibodies (eBioscience) for 20  min on ice. For surface 
staining, cells were incubated with the dilution of the 

surface marker antibodies for 30  min and were washed 
in FACS buffer. Cells were then directly analyzed by 
flow cytometry. For cytokine staining, cells were stim-
ulated for 6  h with ionomycin (MCE) and phorbol 
12-myristate13-acetate (MCE) in the presence of monen-
sin (MCE) and Brefeldin A (MCE) and stained for surface 
molecules followed by treatment with IC fixation buffer 
(ThermoFisher). Then the cells were incubated with 
specific cytokine antibodies for another 30  min on ice. 
According to the manufacturer’s instructions, the Foxp3/
Transcription Factor Staining Buffer Set (Invitrogen) was 
used to detect nucleus protein FOXP3. CytoFLEX flow 
cytometer (Beckman Coulter) was used to acquire and 
analyze all events. The following antibodies were used: 
FITC anti-CD45 (103108, BioLegend), Brilliant Violet 
510 anti-CD45 (103138, Biolegend), PE/Cyanine7 anti-
CD11c (117317, BioLegend), APC anti-CD11b (101212, 
BioLegend), PerCP-Cyanine5.5 anti-CD11b (45-0112-
80, eBioscience),Brilliant Violet 605 anti-Ly-6G (127639, 
BioLegend), PE anti-Ly-6C (12-5932-80, eBioscience), 
PE anti-IFNγ (505808, BioLegend), APC anti-IFNγ (17-
7311-81, Invitrogen), PE anti-TNFα (12-7321-81, eBio-
science), APC anti-TNFα (17-7321-81, Invitrogen), 
PerCP-Cyanine5.5 anti-CD8 (45-0081-82, eBioscience), 
APC anti-F480 (123115, eBioscience), Brilliant Violet 
421 anti-mouse CD335 (NKp46) (137612, BioLegend), 
PE anti-CD19 (115507, BioLegend), APC anti-TCR γ/δ 
(118116, Biolegend), PE anti-CD4 (12-0041-82, Invit-
rogen), APC anti-FOXP3 (17-5773-80, eBioscience), 
PE anti-CD206 (141705, BioLegend), APC Anti-CD86 
(105012, BioLegend), Brilliant Violet 421 anti-PD1 
(135218, BioLegend), eFluorTM 660 anti-TOX (50-6502-
82, eBioscience), PE anti-LAG3 (125208, BioLegend), PE 
anti-Ki67 (12-5698-82, eBioscience), PE anti-CD39 (12-
0391-82, eBioscience) and Fixable Viability Dye eFluor™ 
780 (65-0865-14, eBioscience).

Enzyme‑linked immunosorbent assay
The cell culture medium of the murine colon cancer 
cells was replaced at 80% confluency with a complete 
medium containing 2% FBS. After 48 h, the cell culture 
supernatant was collected to eliminate debris by centrifu-
galization and concentrated using Millipore (MERCK). 
Secretion of IFI35 protein into the culture supernatant 
was detected with Mouse Ifi35 ELISA Kit (E10460m) 
according to manufacturer’s instructions.

Carboxyfluorescein succinimidyl ester proliferation assay
EasySep™ Mouse  CD8+ T Cell Isolation Kit (Stemcell) 
was used to isolate mouse  CD8+ T cell from the spleen. 
Isolated  CD8+ T cells were labeled with 2  µmol/L car-
boxyfluorescein succinimidyl ester (Invitrogen) at a con-
centration of 106 cells/mL in PBS at 37  °C for 15  min. 



Page 5 of 19Li et al. Journal of Biomedical Science           (2023) 30:47  

CSFE-labeled  CD8+ T cells were cultured with the tumor 
supernatants in 96-well round-bottom plates pre-coated 
with anti-CD3 (1 µg/mL), anti-CD28 (1 µg/mL), and IL-2 
(10 ng/mL) at 4 °C overnight. After 3 days, the prolifera-
tion of  CD8+ T cells was assessed by measuring CFSE 
dilution using the CytoFLEX flow cytometer.

In vitro T cell migration assay
A polycarbonate membrane with a 5.0  μm pore size 
(Oxygens) was used to perform migration assay.  CD8+ 
T cells activated with anti-CD3 (1  µg/mL), anti-CD28 
(1  µg/mL), and IL-2 (10  ng/mL) were washed twice, 
resuspended in 100 µL serum-free culture medium, and 
then added to the top chamber. The concentrated super-
natant from differently treated colon cancer cells was 
added to the bottom chamber. After 12 h of culture, the 
 CD8+ T cells at the bottom of the chamber were col-
lected and quantitated by FACS.

Annexin V/propidium iodide (PI) assay
For apoptosis assays, cells were stained with an Annexin 
V/7-Amino Actinomycin D (Annexin V/7-AAD) apop-
totic Kit (BD Pharmingen) at 4 °C in the dark for 15 min, 
and the apoptotic cells were examined by FACS.

OT‑I cells isolation and co‑culture with  OVA+ tumor cells
Spleen cells from OT-I mice were isolated with EasySep™ 
Mouse  CD8+ T Cell Isolation Kit and then stimulated 
with anti-CD3 (1 µg/mL), anti-CD28 (1 µg/mL), and IL-2 
(10  ng/mL) for 2  days. Then the OT-I cells were cocul-
tured with  OVA+ tumor cells for 8  h at a 1:1 ratio and 
harvested for flow cytometry analysis.

Generation of CEA CAR‑T cells
Briefly, the production of the CEA CAR lentiviral vec-
tor and the transduction of human T cells were car-
ried out according to a previous study [18] with several 
modifications. The CEA CAR molecule consists of a 
CD8 signal peptide, an anti‐CEA scFv, a hinge region 
and a transmembrane domain from CD8, and the cyto-
plasm domains 4-1BB and CD3ζ. The codon-optimized 
sequence of the CEA CAR was synthesized by GENEWIZ 
and cloned into the pCDH-EF1α vector, resulting in the 
plasmid pCDH-EF1α-CEA CAR. The lentiviral vector 
was generated by co-transfection of pCDH-EF1α-CEA 
CAR along with pMD2.G, pMDLg/pRRE, and pRSV-Rev 
into 293T cells with Lipofectamine 3000 (Invitrogen) 
according to the manufacturer’s manual. At 48  h post 
transfection, the lentiviral vector was harvested and fil-
tered with 0.45-μm membrane and concentrated with the 
Lenti-X concentrator (Takara Bio, San Jose, CA, USA). 
For transduction of T cells, human PBMC was stimu-
lated with CD3 and CD28 antibodies (Biogems, Westlake 

Village, CA, USA) for 24 h, and the lentiviral vector from 
above was added at an MOI of 5  IU/cell. The culture 
medium was replaced at 72 h post transduction and the 
CAR-T cells were harvested, analyzed with flow cytome-
try, subjected for downstream analysis, or stored in liquid 
nitrogen at 10 days post transduction.

CAR T‑cell cytotoxicity assays
106 CAR T cells were incubated with LOVO tumor cells 
at an E/T of 10:1 in the absence or presence of rhIFI35. 
After 5 h, all cells in the well were collected and washed 
with PBS and analyzed by flow cytometry.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
statistical software (version 7, GraphPad Software Inc.) 
and statistical significance was defined as a p-value less 
than 0.05. Tumor growth was analyzed using two-way 
ANOVA. Survival functions were estimated using the 
Kaplan–Meier method. In other experiments, compari-
sons between two groups were conducted by unpaired 
two-sided Student’s t-tests.

Results
Tumor IFI35 correlates with  CD8+ T cells expression 
and patient outcome
We initially screened the pan-cancer dataset in The Can-
cer Genome Atlas (TCGA) and selected 412 genes cor-
related with Cytolytic Activity (CYT) Score using the 
ssGSEA algorithm [19]. We further tested these 412 
genes with our colorectal proteomics dataset and uncov-
ered 19 proteins positively correlated with cytotoxicity 
of  CD8+ T cells using the ssGSEA algorithm. Among 
these 19 proteins, further analysis identified six proteins 
(including IFI35, PSMB9, STAT1, CD74, HLA-B, and 
BIN2) that were associated with a favorable prognosis 
in colorectal cancer (Fig. 1A). Among them, HLA-B and 
STAT1 are well-known proteins associated with anti-
tumor immunity. IFI35, a secreted protein that acts as 
DAMPs to promote host inflammatory responses in sep-
sis [15], caught our attention as it has been identified as 
a mature functional protein and a potential therapeutic 
candidate for cancer treatment. Therefore, we shifted our 
research focus to IFI35. Again with our proteomic data-
sets, we observed that IFI35 expression was positively 
correlated with T cell activation and cytotoxicity [20, 21] 
(Additional file 1: Fig. S1A, B). Further, with the pan-can-
cer datasets in TCGA, the IFI35 mRNA levels were posi-
tively correlated with the  CD8+ T cells (Additional file 1: 
Fig. S1C–H).

First, we detected mRNA levels of IFI35 in normal tis-
sues were significantly higher than the match colorectal 
cancer tissues (Fig.  1B). Additionally, using proteomic 
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analysis from a previous study that employed LC–MS/
MS and tandem mass tagging [22], we investigated IFI35 
protein expression levels, and our findings showed that 
IFI35 was significantly upregulated in normal colon tis-
sues compared to colon cancer tissues (Fig. 1C). Next, we 
examined the prognostic role of IFI35 in CRC and found 
that high expression of IFI35 predicted a good prognosis 
with our CRC proteomics dataset, Shanghai’ proteom-
ics datasets, and multiple GSE databases (Fig. 1D–G). To 
validate these results, we conducted immunohistochem-
istry staining with a new cohort including 169 patients 
with CRC. We found that low expression of IFI35 in can-
cer tissue was associated with poor prognosis in patients 
with colorectal cancer (Fig. 1H, I). We extended our stud-
ies from colorectal cancer to other types of cancers. We 
found that IFI35 expression was positively correlated 
with patients’ survival (Additional file  1: Fig. S1I–K). 
Together, these findings suggest that IFI35 is a tumor 
suppressor in CRC.

To explore the potential value of IFI35 in cancer immu-
notherapy, we examined the impact of IFI35 expression 
levels on immunotherapy efficacy on a web platform 
TIDE [7, 23]. Our analyses demonstrated that patients 
with high IFI35 expression levels were sensitive to immu-
notherapy, which suggests that IFI35 is a novel factor 
determining clinical response to immunotherapy (Fig. 1J, 
K) [24, 25]. Collectively, high expression level of IFI35 
was positively correlated with  CD8+ T cells, a good prog-
nosis and higher efficacy in immunotherapy with cancer 
patients.

IFI35 plays an essential role in tumor growth 
in an immune‑dependent way
The above results suggest that IFI35 may play a role in 
tumor immunity. To test this hypothesis, we performed 
IFI35 knock-down study using a short hairpin RNA 

against IFI35, and IFI35 over expression study with an 
IFI35 expression plasmid in murine CT26 and MC38 
colon cancer cells. Stable cell lines were constructed and 
confirmed by western blots (Fig.  2A). We then injected 
murine CT26 and MC38 colon cancer cells into synge-
neic immunocompetent BALB/C and C57BL/6 mice 
subcutaneously to investigate the role of IFI35 in anti-
tumor immunity. In mice inoculated with shIFI35 cells, 
IFI35 knockdown significantly promoted tumor growth 
measured by tumor volume and weight in both murine 
colon cancer models. Moreover, IFI35-overexpressing 
tumor cells caused slower tumor growth in both mouse 
models (Fig. 2B–I). Next, we wish to exclude the possibil-
ity that IFI35 has a direct impact on the proliferation of 
colorectal cancer cells. Our results showed that neither 
downregulation nor upregulation of IFI35 altered the 
growth rates of mouse CRC cells in vitro (Fig. 2J–M). On 
the other hand, with nude mice inoculated with CT26 
cells overexpressing IFI35, similar rates of tumor growth 
were observed compared with nude mice bearing con-
trol CT26 colon tumor cells (Fig. 2N, O). These in vitro 
and in  vivo data suggested that the impact of IFI35 on 
tumor growth likely involves an immune-dependent 
mechanism.

IFI35 increases the intratumoral number of  CD8+ T cells
To explore the immune mechanism by which IFI35 may 
affect tumor growth, we analyzed the immune cell com-
position in control and IFI35-overexpressing murine 
tumors by flow cytometry. The gating strategies used 
to identify and quantity different immune cell sub-
types that infiltrated tumors are presented in Additional 
file  1: Fig. S2A. Flow cytometry analysis showed that 
IFI35-overexpressing CT26 tumors have more  CD45+ T 
cells, effector NK cells, and  CD8+ T effector cells, while 
showing decreased numbers of DC cells as compared to 

Fig. 1 Tumor IFI35 correlates with  CD8+ T cells expression and patient outcome. A Screening of CTL function-correlated genes associated with 
good prognosis in human colorectal cancer. In the TCGA dataset, 412 top genes were identified as positively correlated with Cytolytic Activity 
(CYT) Score in pan-cancer using Spearman correlation analysis. Among the shared 412 genes, based on our own CRC proteomics, 19 proteins were 
identified to be correlated with CTL function signature on the protein level using Spearman correlation analysis. The proteomic analysis detected 
6 out of 19 proteins with a good prognosis in CRC through Kaplan–Meier analysis. B, C IFI35 expression in normal colorectal tissues and colorectal 
cancer tissues. B Statistical analysis of IFI35 mRNA levels of 66 paired samples of CRC and adjacent normal tissues from the Sixth Affiliated Hospital 
(n = 66, non-parametric Wilcoxon matched-pairs signed rank test, p < 0.01). C IFI35 protein expression in colorectal adenocarcinoma tissues (n = 90) 
and normal colorectal tissues (n = 30). Two tailed t-tests, p < 0. 01. D–G Kaplan–Meier analyses of the association of overall survival with IFI35 
proteins. D Overall survival analysis in CRC with low (n = 14) and high (n = 101) levels of IFI35 in 115 CRC patients from our CRC proteomics datasets, 
E overall survival analysis in CRC with low (n = 81) and high (n = 64) levels of IFI35 in 145 CRC patients from Shanghai’ proteomics datasets, F overall 
survival analysis in CRC with low (n = 69) and high (n = 487) levels of IFI35 in 556 CRC patients from GSE39582, G overall survival analysis in CRC 
with low (n = 85) and high (n = 105) levels of IFI35 in 190 CRC patients from GSE87211. Log-rank test. The optimal cutoff values were calculated by 
the X-tile software. H, I Expression of IFI35 protein and its prognostic value in CRC. H The expression of IFI35 in CRC was detected by Fluorescent 
Immunohistochemistry analysis based on tissue microarray. I Patients with high expression of IFI35 (n = 80) showed better overall survival time than 
the patients with low expression of IFI35 (n = 89). J, K Relationship between IFI35 expression and immunotherapy efficacy in melanoma patients. 
J Overall survival analysis in melanoma with low (n = 21) and high (n = 20) levels of IFI35 treated with Anti-PD1 therapy. K Progression-free survival 
was analyzed and compared between patients with low (n = 8) and high (n = 7) levels of IFI35 in melanoma patients treated with Anti-CTLA4 
therapy. Log-rank test

(See figure on next page.)
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control tumors. However, no significant differences were 
observed in  CD4+ T cells, Treg cells, γδT cells, B cells, 
MDSC cells, and MΦ cells (Fig. 3A–E, Additional file 1: 
Fig. S2B–F). Furthermore, tumors bearing IFI35-over-
expressing MC38 cells showed an increase in  CD45+ T 

cells,  CD8+ T cells, when compared with tumors bearing 
control cells (Fig. 3F–J, Additional file 1: Fig. S2G–K).

We also conducted functional evaluations of mac-
rophages and Treg cells, both of which play crucial roles 
in regulating the immune response. Tumor-associated 

Fig. 1 (See legend on previous page.)
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macrophages (TAMs) can be polarized towards pro-
inflammatory M1 macrophages or immune-suppressive 
M2 macrophages [26, 27]. The gating strategies employed 
to identify TAMs and exhaustion markers on Treg cells 
are illustrated in Additional file 1: Fig. S3A. Our results 
showed no significant difference in the proportions of 
M1 and M2 macrophages in the TME of BALB/c mice 
injected subcutaneously with vector control and IFI35-
overexpressing CT26 cell line (Additional file 1: Fig. S3B, 
C). Furthermore, we measured the expression of well-
known immune checkpoint molecules, including lym-
phocyte activation gene‐3 (LAG‐3), CD39, and cytotoxic 
T-lymphocyte-associated protein 4 (CTLA‐4) among 
Treg cells. We found no significant difference in the pro-
portions of exhaustion markers on Treg cells in the TME 
of BALB/c mice injected subcutaneously with vector 
control and IFI35-overexpressing CT26 cell line (Addi-
tional file 1: Fig. S3D–F).

These results were consistent with our bioinformatics 
analysis in Additional file  1: Fig. S1 that overexpression 
of IFI35 increased the enrichment of  CD8+ T cells, which 
was the only common up-regulated immune cell subtype 
in both mouse models. We next performed immunohis-
tochemical staining of tumor tissue to examine the effect 
of IFI35 overexpression on the number of  CD8+ T cells. 
Consistent with flow cytometry, the number of  CD8+ T 
cells was increased in tumors injected with IFI35-over-
expressing cells compared with control tumors in both 
murine models. In line with this, loss of IFI35 led to 
lower tumor number of  CD8+ T cells (Fig. 3K–O).

Omics data from different resources were examined 
to further validate the IFI35 role in  CD8+ T cell expres-
sion in CRC. Our proteomic data showed that the pro-
tein abundance of CD8 was positively correlated to that 
of IFI35 protein in samples from patients with colorec-
tal cancer (Fig.  3P). Consistently, IFI35 transcripts cor-
related with  CD8+ T cells density with colorectal cancer 
samples in the TCGA-COAD dataset, as analyzed by 
the Timer website (Fig. 3Q). CRC could be divided into 
4 subtypes according to consensus molecular subtype 
(CMS), including CMS1 (immune), CMS2 (canonical), 

CMS3 (metabolic), and CMS4 (mesenchymal), when 
CMS1 showed high infiltration of  CD8+ T cells [28, 29]. 
Therefore we further analyzed the expression of IFI35 
in tumor cells from each CMS phenotype. Patients of 
CMS1 subtype tended to express higher levels of IFI35 
than the other three subtypes (Fig.  3R) [30]. Moreover, 
patients with higher IFI35 and higher CD8 expression 
showed increased overall survival in another CRC cohort 
(GSE17536) (Fig.  3S). Together, our data demonstrated 
that higher IFI35 expression increased the number of 
 CD8+ T in colorectal cancer.

Tumor‑secreted IFI35 promotes proliferation and cytotoxic 
activity of  CD8+ T cells, and decreased exhausted  CD8+ T 
cells
Because IFI35 can be released by activated macrophages 
[15], we hypothesized that IFI35 is secreted by colon can-
cer cells to influence nearby  CD8+ T cells. To test this 
hypothesis, the culture supernatant of murine colon can-
cer cells was collected. Enzyme-Linked Immunosorbent 
Assay (ELISA) result showed that the level of IFI35 was 
significantly higher in the supernatant of IFI35-overex-
pressing cells, and lower in the sh-IFI35 cells, compared 
to control cells in both murine colon cancer cell models 
(Fig. 4A). Next,  CD8+ T cells were treated with the super-
natants from both murine colon cancer cells expressing 
shRNA against IFI35 (shIFI35) and scrambled sequence 
control (shRNA), respectively. No difference in  CD8+ T 
cell migration (Fig. 4B, C) or apoptosis (Fig. 4D, E) were 
observed. However, we found that the proliferation of 
 CD8+ T cells was reduced when treated with superna-
tant from shIFI35 cells as demonstrated by flow cytom-
etry (Fig. 4F, G). To study the effect of IFI35 on  CD8+ T 
cells proliferation in  vivo we assayed markers indicative 
of T cell proliferation.  CD8+ T cells from tumors bearing 
IFI35-overexpressing CT26 cells were more proliferative, 
based on Ki67 levels (Fig. 4H, I). These results indicated 
that tumor-secreted IFI35 directly promoted  CD8+ T cell 
proliferation.

To explore the impact of IFI35 on  CD8+ T cell activ-
ity, we analyzed the expression of IFNγ and TNFα 

(See figure on next page.)
Fig. 2 IFI35 plays an important role in tumor growth in an immune-dependent way. A Western blot analysis of MC38 and CT26 cells transfected 
with plasmid harboring mIFI35, pCDH-mIFI35 or shRNA targeting mIFI35, pLKO-mIFI35 plasmids with IFI35 antibody. B–I Effect of IFI35 on 
murine colorectal tumor growth rate and tumor weight. B, C The tumor size and tumor weight of C57BL/6 mice injected subcutaneously with 
vector control and IFI35-overexpressing MC38 cell line. n = 7 mice for both groups. D, E The tumor size and tumor weight of C57BL/6 mice 
bearing scramble and sh-IFI35 expressing MC38 cells. n = 9 mice for both groups. F, G The tumor size and tumor weight of vector control and 
IFI35-overexpressing CT26 cell line in Balb/c mice. n = 6 mice for both groups. H, I Tumor growth in syngeneic wild-type mice bearing scramble and 
sh-IFI35 expressing CT26 cells. n = 7 mice for both groups. Values are represented as mean ± SD. P values calculated by two-way ANOVA in B, D, F, 
H. Tumor weight was determined by two tailed t-tests in C, E, G, I. **P < 0.001, ***P < 0.0005, ****P < 0.0001. J–M Cell growth of IFI35-knockdown 
or IFI35-overexpressing MC38 (J, K) and CT26 (L, M) cells in vitro. n = 3. Values are represented as mean ± SD. Two-way ANOVA, ns: not significant. 
N, O Growth rate (N) and endpoint tumor weight (O) of vector control and IFI35Kd CT26 tumors. In each case, about 2 ×  105 tumor cells were 
injected subcutaneously and observed for tumor formation in nude mice. n = 6 mice for each group. Values are represented as mean ± SD. P values 
calculated by two-way ANOVA in N and by two tailed t-tests in O, ns not significant
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released by effector  CD8+ T cells by flow cytometry. 
Strikingly, we observed that overexpression of IFI35 
promoted  CD8+ T cells to secrete more IFNγ and 
TNFα in CT26 tumor (Fig.  5A–D). And the levels of 
effector molecules (IFNγ and TNFα) of  CD8+ T cells 
were reduced when treated with supernatant from 

shIFI35 cells in vitro (Fig. 5E, F). We also examined co-
inhibitory receptors of  CD8+ T in  vivo. Accordingly, 
we found that fewer  CD8+ T cells expressed PD1, 
LAG3 and TOX with tumors bearing IFI35-overex-
pressing CT26 cells compared to tumors bearing con-
trol cells (Fig.  5G–L), suggesting reduced exhaustion. 

Fig. 2 (See legend on previous page.)
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Taken together, these data provide evidence that IFI35 
promoted intratumoral  CD8+ T cell proliferation and 
enhanced  CD8+ T cell function.

Tumor IFI35 improves the efficacy of immunotherapy
The above results demonstrated that IFI35 slowed the 
progression of CRC in a  CD8+ T cell-dependent man-
ner. To access whether increasing the intratumoral 
proportion and enhancing function of  CD8+ T cells 
in IFI35-overexpressing tumor resulted in improving 
efficacy of immunotherapy, we established multiple 
models combining with IFI35 overexpression, seek-
ing to uncover that IFI35 may enhance the efficacy of 
immunotherapy. First, we conducted the OT-I trans-
genic mouse model and the CAR-T cell-mediated 
cytotoxicity assay to investigate the influence of IFI35 
on antitumor immunity.  CD8+ T cells were isolated 
from OT-I mice and activated with anti-CD3 (1  µg/
mL), anti-CD28 (1 µg/mL), and IL-2 (10 ng/mL). Our 
results revealed that IFI35 significantly enhanced 
the cytotoxic effect of OT-I cell (Fig.  6A). Then, we 
evaluated CAR-T cell-mediated cytotoxicity through 
co-culture of target Lovo cancer cells and effector 
CAR-T cells which were preconditioned with rhIFI35 
at different concentrations. We found that rhIFI35 sig-
nificantly augmented the antitumor effect of CAR-T 
(Fig.  6B). Next, we evaluated if IFI35 overexpression 
could synergize immune checkpoint blockade therapy. 
Tumor growth delay experiments were carried out 
using a murine anti-PD1 immune checkpoint inhibitor 
in syngeneic mice inoculated with IFI35-overexpress-
ing CT26 cells. Our study’s results demonstrate that 
the combination of anti-PD1 antibody treatment and 
IFI35 overexpression exhibited a synergistic effect in 
suppressing tumor growth (Fig.  6C–E). Overall, these 
observations suggest that IFI35 has outstanding poten-
tial in improving immune therapy against CRC.

Tumor‑secreted IFI35 activates  CD8+ T cells through PI3K/
AKT/mTOR pathway
It was established that several signaling pathways includ-
ing MAPK, PI3K/AKT/mTOR, and JAK/STAT pathways 
play important roles on T cells [31–36]. To investi-
gate whether IFI35-mediated  CD8+ T cell activation is 
dependent on these signaling pathways, we examined 
the phosphorylation of ERK, JNK, and P38 that medi-
ates many events downstream of the MAPK pathway, and 
of PI3K, AKT, mTOR in PI3K/AKT pathway, and P65 in 
NF-κB pathway, as well as of STAT3 in the JAK-STAT 
signaling pathway. Compared with the control,  CD8+ T 
cells cultured with supernatant from IFI35-knockdown 
cells expressed lower levels of phosphorylation of PI3K 
(p-PI3K), AKT (p-AKT), and mTOR (p-mTOR), but 
not of P38 (p-P38), ERK (p-ERK), JNK (p-JNK), P65 
(p-P65), or STAT3 (p-STAT3). Similarly, higher levels 
of phosphorylation of Tyr607 in PI3K, Ser473 in AKT, 
and Ser2448 in mTOR were detected in  CD8+ T cells 
cultured with supernatant from IFI35-overexpressing 
cells compared with the control group (Fig.  7A). Our 
results indicated that IFI35 may enhance proliferation 
and cytotoxicity of  CD8+ T cells through the PI3K/AKT/
mTOR signaling pathway. To further test our hypoth-
esis, we inhibited PI3K in  CD8+ T cells using wortman-
nin, an inhibitor of phosphatidylinositol 3-kinase (PI3K). 
As shown in Fig.  7B, the inhibitor significantly inhib-
ited the expression of p-AKT and p-mTOR. Moreover, 
wortmannin completely blocked the IFI35-mediated 
increase in p-AKT and p-mTOR (Fig. 7B). As expected, 
IFI35-induced  CD8+ T cell proliferation (Fig. 7C, D) and 
cytokine secretion (Fig. 7E–H) were completely blocked 
by the inhibitor of PI3K, which suggests that PI3K/AKT/
mTOR signaling pathway is required for IFI35-mediated 
activation of  CD8+ T cells. Taken together, these results 
indicated that PI3K/AKT/mTOR pathway was indispen-
sable for IFI35-mediated proliferation, and cytokine pro-
duction of  CD8+ T cells.

Fig. 3 IFI35 increases the intratumoral number of  CD8+ T cells. A–E Effect of IFI35 overexpression on CT26 tumor-infiltrating various immune cells. 
IFI35 transfected CT26 cells were inoculated into BALB/c mice. The numbers of tumor-infiltrating  CD45+ T cells (A),  CD8+ T cells (B),  CD4+ T cells (C), 
 Foxp3+ cells (D), and MDSC cells (E) were analyzed by flow cytometry. Cell numbers are given for 1000,000 total cells from each tumor. Values are 
represented as mean ± SEM. P values were determined by two tailed t-tests. *P < 0.05, **P < 0.01, ns not significant. F–J Effect of IFI35 overexpression 
on MC38 tumor-infiltrating various immune cells. IFI35 transfected MC38 cells were inoculated into C57/BL6 mice. The numbers of tumor-infiltrating 
 CD45+ T cells (F),  CD8+ T cells (G),  CD4+ T cells (H),  Foxp3+ cells (I), and MDSC cells (J) were analyzed by flow cytometry. Cell numbers are given for 
1000,000 total cells from each tumor. Values are represented as mean ± SEM. P values were determined by two tailed t-tests. *P < 0.05, **P < 0.01, ns 
not significant. K–O Quantification of  CD8+ T cells from paraffin sections of CT26 and MC38 colon cancer by IHC. K Representative IHC staining for 
CD8 in paraffin sections of MC38 colon cancer. L–O Average cell number per high-power field (HPF) is shown; Two tailed t-tests, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. P Positive correlation of IFI35 protein levels with that of CD8 IHC levels in human colorectal cancer. Q Scatterplots 
showing correlation between IFI35 expression and  CD8+ T cell expression level in The Cancer Genome Atlas Colon Adenocarcinoma (TCGA-COAD) 
data collection determined by tumor immune estimation resource (Timer, http:// cistr ome. dfci. harvard.edu/TIMER/) website. R Violin plot showing 
expression of IFI35 between four CMS subtypes in the single-cell cohort. S Kaplan–Meier analysis of overall survival (OS) in CRC patients with low 
IFI35 and low CD8 expression (n = 11), low IFI35 and high CD8 expression (n = 37), high IFI35 and low CD8 expression (n = 26), high IFI35 and high 
CD8 expression (n = 103). The corresponding cutoff values was calculated by the maxstat algorithm in R package “maxstat”

(See figure on next page.)

http://cistrome.dfci
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IFNγ induces IFI35 via STAT1/IRF7
To characterize potential signals that govern IFI35 
expression in CT26 and MC38 cells, we used differ-
ent types of immune stimuli which may modulate IFI35 
expression, including LPS, polyAD, polyIC, and IFNγ. 
In murine colon cancer cells challenged with IFNγ, both 
qPCR and WB analysis revealed increased expression 

of IFI35. However, no other stimuli induced the expres-
sion of IFI35 (Fig.  8A–E). STAT1 is a transcription fac-
tor downstream of IFNγ stimulation [37]. To explore 
whether STAT1 mediated the IFNγ-induced expression 
of IFI35, MC38 and CT26 cells were treated with fludara-
bine, a STAT1 inhibitor. Upon fludarabine treatment, 
decreased STAT1 mRNA levels in both murine colon 

Fig. 3 (See legend on previous page.)
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cancer cells were observed (Additional file  1: Fig. S4A, 
B), and more importantly, the stimulated expression of 
IFI35 by IFNγ was attenuated (Additional file 1: Fig. S4C, 
D). These findings uncovered that IFNγ stimulates the 
expression of IFI35 via STAT1 signaling in murine colon 
cancer cells.

A group of transcription factors, IFN regulatory fac-
tors (IRFs) are activated by IFNγ [38]. Therefore we also 
assessed the potential role of IRFs in IFNγ stimulated 

IFI35 expression. First, we examined the expression of 
IRFs and found that, RNA expression of IRF1 and 7 was 
increased in both IFNγ-stimulated murine colon cancer 
cells (Additional file 1: Fig. S4E, F). We then successfully 
transfected the tumor cells with IRF expression plasmids, 
as demonstrated by over-expression of the IRFs (Addi-
tional file 1: Fig. S4G, H). Importantly, the overexpression 
of IRF7 significantly increased the expression of IFI35 in 
both murine colon cancer cell lines (Additional file 1: Fig. 

Fig. 4 Tumor-secreted IFI35 promotes  CD8+ T cells proliferation. A ELISA analysis in the supernatant of IFI35 overexpressed or knocked down CT26 
and MC38 cells. B–G Effect of IFI35 protein on T cell migration, apoptosis and proliferation in vitro. T cell migration, apoptosis and proliferation in 
the presence of supernatant from murine colon cancer cells expressing shRNA against IFI35 (shIFI35) and scrambled sequence control (shRNA) for 
72 h. In all experiments, mouse splenic  CD8+ T cells were stimulated with plate-bound anti-CD3/CD28 mAbs. B, C Migration of  CD8+ T cells by flow 
cytometric analysis. D, E Flow cytometric analysis of mouse splenic  CD8+ T cells apoptosis. F, G Proliferation of CFSE-labeled mouse splenic  CD8+ 
T cells by flow cytometric analysis. n = 3. Error bars represent the mean ± SEM. Two tailed t-tests, ns not significant. ***P < 0.001, ****P < 0.0001. H, I 
Effect of IFI35 on T cell proliferation in vivo. H Gating strategy for  Ki67+  CD8+ T cells in CT26 tumors. I Quantification of Ki67 expression among  CD8+ 
T cells in CT26 tumors. n = 4 for both groups. Two tailed t-tests. **P < 0.01
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S4I, J). Thus, IRF7 was a unique transcription factor that 
was stimulated by IFNγ and drove the expression of IFI35 
in both murine colon cancer cell lines.

To further verify the sequential roles of STAT1/IRF7 
signaling in the IFNγ-induced IFI35 expression, we 
examined the changes in the expressions of IFNγ/STAT1/
IRF7/IFI35 signaling molecules in IFNγ-stimulated 
murine colon cancer cells after pretreatment with STAT1 
inhibitor fludarabine, si-IRF7 or both. The efficiency of si-
IRF7 was verified by qPCR (Additional file 1: Fig. S4K, L). 
Here, induction of IRF-7 was no longer observed in IFNγ-
stimulated MC38 and CT26 cells treated with STAT1 
inhibitor (Additional file 1: Fig. S4M, N), indicating that 
IRF7 plays a role downstream of STAT1. Similarly, in the 
absence of STAT1 and/or IRF7, the expression of IFI35 
were significantly decreased in the IFNγ stimulated cells 
(Fig. 8F, G). Our results demonstrated that IFNγ induces 
IFI35 expression by STAT1/IRF-7 signaling in CRC.

To determine the relevance of our findings in human 
Colon adenocarcinoma, we assessed IFNγ/STAT1/IRF7/
IFI35/CD8 expression with Timer database [39–41]. 
The analysis showed that STAT1 and IRF7 expression 
levels were highly correlated with that of IFI35, as well 
as the number of  CD8+ T cells in patients with COAD 

(Fig. 8H–K). Together, these results emphasized the clini-
cal significance of the IFNγ/STAT1/IRF7/IFI35 axis in 
CRC.

Discussion
Our data offer valuable insights into the tumor secreted 
protein, IFI35, which enhances the proliferation and 
cytotoxicity of  CD8+ T cells by activating the PI3K/AKT/
mTOR signaling pathway and suppresses tumor growth 
in a  CD8+ T cell-dependent manner.

Up to now, the physiological and pathological func-
tions of IFI35 in the cancer-immune environment are 
largely unknown. IFI35 regulates the proinflammatory 
cytokines including type I IFN [15, 42]. Notably, IFI35 
has dual roles in viral infections dependent on viral spe-
cies. Additionally, IFI35 activates microglia through the 
TLR4 pathway and promotes the differentiation of  CD4+ 
T cells via DC activation [43]. All these studies support a 
role of IFI35 in immune regulation. In line with these, our 
study demonstrated that IFI35 plays a role in the immune 
environment of colorectal cancer. Since cytotoxic T-lym-
phocytes (CTLs) are associated with better response to 
immunotherapy [44], we started with data mining on 
CRC transcriptome in the TCGA and our CRC proteome 

Fig. 5 IFI35 promotes  CD8+ T cell cytotoxicity and alleviates exhaustion. A, B Representative FACS plots (A) and quantification (B) of IFNγ 
expression among  CD8+ T cells in CT26 tumor. Two tailed t-tests, *P < 0.05. C, D Representative FACS plots (C) and quantification (D) of TNFα 
expression among  CD8+ T cells in CT26 tumor. Two tailed t-tests, *P < 0.05. E, F Effect of tumor-secreted IFI35 protein on  CD8+ T cell effector 
cytokines. Activated mouse  CD8+ T cells were cultured in the presence of supernatant from murine colon cancer cells expressing shRNA against 
IFI35 (shIFI35) and scrambled sequence control (shRNA) for 72 h. IFNγ and TNFα of  CD8+ T cells were calculated by Flow cytometric analysis. n = 3. 
Error bars represent the mean ± SEM. Two tailed t-tests, ***P < 0.001, ****P < 0.0001. G, H Representative FACS plots (G) and quantification (H) of PD1 
expression among  CD8+ T cells in CT26 tumor. Two tailed t-tests, *P < 0.05. I, J Representative FACS plots (I) and quantification (J) of LAG3 expression 
among  CD8+ T cells in CT26 tumor. Two tailed t-tests, *P < 0.05. K, L Representative FACS plots (K) and quantification (L) of TOX expression among 
 CD8+ T cells in CT26 tumor. Two tailed t-tests, *P < 0.05
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data to delineate the relationship between IFI35 expres-
sion and  CD8+ T cells. We found that IFI35 is positively 
associated with the activation of  CD8+ T cells and pre-
dicts a better prognosis in multiple kinds of cancers, thus 
we hypothesized that IFI35 is involved in regulating the 
anti-tumor activity of  CD8+ T cells.

Initially, we explored the relationship between IFI35 
expression levels and the outcomes of patients with 
CRC. We revealed that high expression levels of IFI35 
predicted a better prognosis, which was the first time to 
demonstrate a prognostic value of IFI35 for solid tumors. 
With cutaneous T-cell lymphoma, IFI35 was shown to be 
significantly down-regulated in the malignant cell popu-
lation [16], which is consistent with our finding that IFI35 
may suppress tumor growth. Subsequently, we examined 
the anti-tumor effect of IFI35 in  vivo. We found that 
immunocompetent mice inoculated with IFI35-overex-
pressing murine colon cells exhibited stronger anti-tumor 
ability than the controls. IFI35 caused strong inhibition 

of tumor growth in immunocompetent mice, but not in 
nude mice, which suggested that the antitumor effect 
of IFI35 is immune-dependent. Then we evaluated the 
numbers and status of tumor-infiltrating immune cells by 
flow cytometry. Our findings revealed that IFI35 played 
a significant role in promoting the proliferation of  CD8+ 
T cells and enhancing the function of cytotoxic  CD8+ T 
cells. This was achieved by upregulating the expression 
of IFNγ and TNFα, while concurrently downregulating 
the expression of exhaustion markers. More importantly, 
we showed that IFI35 was secreted by tumor cells and 
promoted the proliferation and cytotoxicity of  CD8+ T 
cells by activating the PI3K/AKT/mTOR signaling path-
ways. Our observation is different from the previous 
study, which concluded that IFI35 activated macrophages 
through the NF-κB pathway as a DAMP molecule to pro-
mote inflammation [15]. This difference indicates that the 
functions of IFI35 may be context-dependent.

Fig. 6 IFI35 enhanced immunotherapy efficacy of CRC. A Effect of tumor IFI35 on OT-I-mediated tumor killing. OVA expressing IFI35 MC38 cells 
were co-cultured with OT-I cells for 24 h. Tumor cell apoptosis was determined by flow cytometry analysis. Results are shown as the percentages 
of 7-AAD+ tumor cells. n = 3. Error bars represent the mean ± SEM. Two tailed t-tests, ****P < 0.0001. B Specific lysis of Lovo tumor cells after 
coculture with CAR T cells at a 10:1 effector/target (E/T) ratio for 4H, in the presence of 0, 0.625 and 1.25 µg/mL rhIFI35. n = 3. Error bars represent 
the mean ± SEM. Two tailed t-tests, *P < 0.05. C–E Overexpression of IFI35 improving the efficacy of anti-PD1 therapy. C The workflow of anti-PD1 
therapy was shown. D, E CT26 cells were subcutaneously implanted into BALB/c mice and received anti-PD1 therapy. The tumor size and tumor 
weight are shown. n = 4 mice for CT26 Ctrl IgG groups, n = 4 mice for CT26 Ctrl Anti-PD1 groups, n = 4 mice for CT26 IFI35 IgG groups, n = 3 mice for 
CT26 IFI35 Anti-PD1 groups. Data are presented as means ± SEMs, *p < 0.05, **p < 0.01
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The advent of immune checkpoint inhibitor (ICI) has 
yielded satisfactory results in cancer immunotherapy. 
Increasing the number of  CD8+ T cells could enhance 
the efficacy of ICIs [8, 45]. Our study discovered that 
overexpressing IFI35 enhanced anti-PD-1 therapy 
in vivo. Other immunotherapies, such as chimeric anti-
gen receptor T-cell (CAR-T) therapy, have also shown 
promising performance. Although CAR-T cell therapy 
has demonstrated significant efficacy with many hae-
matological malignancies [46, 47], but not with solid 
tumors. Since tumor-secreted IFI35 could enhance 
cytotoxicity of  CD8+ T cells, we wondered whether 
IFI35-stimulated CAR-T cells would do better in elimi-
nating tumors. Our results showed that rhIFI35 sig-
nificantly augmented the antitumor effect of CAR-T. In 
conclusion, our data unequivocally establish that IFI35 
possesses substantial therapeutic potential for CRC.

We found that IFI35 was induced by IFNγ at both 
RNA and protein levels but not affected by LPS, poly IC, 
and poly A:D in murine colon cancer cells. It had been 
reported that stimulated macrophages could release 
IFI35 upon stimulation with lipopolysaccharide (LPS) or 
bacteria [15]. Moreover, Yu et al. found that macrophages 
and lung epithelial cells released IFI35 following influ-
enza or SARS-CoV-2 virus infection [48]. What’s more, 
the TLR3/IFNβ/P-STAT1/RIG-I/CXCL10/CCL5 axis is 
negatively regulated by polyinosinic-polycytidylic acid 
(poly IC)-induced IFI35 in U373MG cells [49]. And vari-
ous cells exhibit induced expression of IFI35 upon stim-
ulation with IFNγ [10], which are consistent with our 
findings.

We next investigated the possible mechanism for IFNγ-
induced IFI35 expression. It is known that the phospho-
rylation of STAT1 is induced by IFNγ binding to the 
IFNγ receptor complex. Then, phosphorylated STAT1 

Fig. 7 Tumor-secreted IFI35 protein activated  CD8+ T cells thought PI3K/AKT/mTOR pathway. A Representative Western blots of p-mTOR, mTOR, 
p-AKT, AKT, p-ERK, ERK, p-JNK, JNK, p-P38, P38, p-P65, P65, p-STAT3, STAT3, and GAPDH in  CD8+ T cells.  CD8+ T cells stimulated with anti-CD3 
(1 µg/mL), anti-CD28 (1 µg/mL), and IL-2 (10 ng/mL) were treated with supernatant from IFI35 knockdown or overexpression CT26 and MC38 
cells for 2 days. B, Representative western blots of p-mTOR, p-AKT, and GAPDH in  CD8+ T cells. The  CD8+ T cells stimulated with anti-CD3 (1 µg/
mL), anti-CD28 (1 µg/mL), and IL-2 (10 ng/mL) were pretreated with or without chemical inhibitors Wortmannin (20 nM) at 37 °C for 2 h. C, D The 
CFSE-labeled mouse  CD8+ T cells were pretreated with or without wortmannin (20 nM) for 2 h. The cells were stimulated with anti-CD3 (1 µg/
mL), anti-CD28 (1 µg/mL), and IL-2 (10 ng/mL) in supernatant from IFI35 and control vector expressing CT26 for 72 h. Cell divisions were then 
analyzed by flow cytometry. n = 3. Error bars represent the mean ± SEM. Two tailed t-tests, ***P < 0.001, ****P < 0.0001. E–H Flow cytometric analysis 
of IFNγ and TNFα of  CD8+ T cells.  CD8+ T cells were pretreated with or without wortmannin (20 nM) for 2 h and stimulated with anti-CD3 (1 µg/
mL), anti-CD28 (1 µg/mL), and IL-2 (10 ng/mL) in supernatant from IFI35 and control vector expressing CT26 for 72 h. n = 3. Error bars represent the 
mean ± SEM. Two tailed t-tests, ***P < 0.001, ****P < 0.0001
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dimers induce the expression of interferon-stimulated 
genes (ISGs) and transcription of IFN regulatory fac-
tors (IRFs) in the nucleus [50]. Since IFI35 is an ISG and 
is induced by IFNγ, we postulated that IFNγ-activated 
STAT1 acts as an activator of the transcription of IRFs, 

which, in turn, induces the expression of IFI35. Our data 
have demonstrated that IFNγ enhanced IRF3/7 expres-
sion and upregulation of IRF7 increases the expression of 
IFI35 in both murine colon cancer cells. Consistent with 
these, expression of IFI35 was significantly decreased 

Fig. 8 IFNγ induces IFI35 via STAT1/IRF7. A–E Treatment of murine colon cancer cells with IFNγ induced the expression of IFI35. A–D RNA was 
extracted from murine colon cancer cells after IFNγ (10 ng/mL), LPS (200 ng/mL), Poly AD (5 µg/mL), and poly IC (5 µg/mL) treatment for 16 h. 
n = 3. Error bars represent the mean ± SEM. Two tailed t-tests, *P < 0.05, ***P < 0.001. E Cell supernatant was subjected to western blot analysis for 
IFI35 after treatment with IFNγ (10 ng/mL), LPS (200 ng/mL), Poly AD (5 µg/mL), and poly IC (5 µg/mL) for 48 h. F, G Expression of IFI35 mRNA by 
RT-qPCR in CT26 and MC38 CRC cells transfected with control siRNA or one different siRNA sequence targeting IRF7 (si-IRF7) and then untreated or 
treated with IFNγ alone or in combination with STAT1 inhibitor Fludarabine. n = 3. Error bars represent the mean ± SEM. Two tailed t-tests, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. H–K Correlation between IFI35 and STAT1 (H) or IRF7 (I) in COAD. Correlation between STAT1 (J) or IRF7 (K) 
expression and  CD8+ T-cell expression in COAD
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by IRF7 knockdown, and by inhibition of STAT1 with 
fludarabine. Importantly, we demonstrated that STAT1 
activity is required for IRF7 expression in these cells. 
Further, we demonstrated positive correlations between 
the expression level of IFI35 and those of IFNG, STAT1, 
and IRF7. Importantly, patients with high expression 
levels of STAT1, IRF7, and IFI35 exhibited significantly 
more  CD8+ T cell number. These results showed that 
IFNγ-STAT1-IRF7 signaling induced the expression of 
IFI35, which led to enhanced  CD8+ T cells expression 
in murine colon cancer cells. This implies that IFI35 may 
play an essential role in regulating the colorectal cancer 
immune microenvironment in a  CD8+ T cell dependent 
manner.

In summary, the tumor-secreted protein IFI35 plays 
crucial roles in the proliferation and cytotoxic activity 
of  CD8+ T lymphocytes. IFI35 shows promising poten-
tial as a biomarker for predicting prognosis and guiding 
immunotherapy in CRC.

Conclusion
In conclusion, our study has revealed that IFI35 not 
only has the potential to serve as a novel biomarker that 
enhances the proliferation and function of  CD8+ T cells, 
but also represents a promising therapeutic target for 
colorectal cancer.
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Additional file 1: Figure S1. Additional data on the association of tumor 
IFI35 with  CD8+ T cells expression and patient outcome. A, B Scatterplots 
of correlation between IFI35 and activated  CD8+ T cells expression in 
CRC and solid cancersin published database. C–H Positive correlation of 
IFI35 mRNA levels with  CD8+ T cells expression in human Adrenocorti-
cal carcinoma, Bladder Urothelial Carcinoma, Cervical squamous cell 
carcinoma and endocervical adenocarcinoma, Esophageal carcinoma, 
Head and Neck squamous cell carcinoma, Kidney Chromophobe, Liver 
hepatocellular carcinoma, Stomach adenocarcinoma. Data from the 
Timer database. I–K Higher levels of IFI35 expression correlated to better 
survival in 3 cancer patient cohorts including hepatocellular carcinoma, 
head and neck squamous cell carcinoma, and stomach adenocarcinoma. 
P values calculated by log-rank test. Data from public proteomics datasets. 

Figure S2. Gating strategy for immune cells population and additional 
data on intratumoral number of immune cells. A Live cells were selected 
by the live/dead dye.  CD45+NKp64+ cells were defined as NK cells. 
 CD45+CD19+ cells were defined as B cells.  CD45+γδ  T+ cells were defined 
as γδ T cells.  CD8+ and  CD4+ T lymphocytes were from the  CD45+CD8+ 
and  CD45+CD4+ subpopulation respectively. Tregs were subdivided 
from  CD4+ T lymphocytes and were defined as  CD45+  CD4+Foxp3+ 
population. DC were defined as the  CD45+CD11b+CD11c+ subset. MDSC 
were defined as the  Ly6G+Ly6Clow subpopulation of the  CD45+CD11b+ 
subset. Total macrophages were defined as the  F480+ subpopulation of 
the  CD45+CD11b+ subset. B–F Effect of IFI35 overexpression on CT26 
tumor-infiltrating various immune cells. IFI35 transfected CT26 cells were 
inoculated into BALB/c mice. The numbers of tumor-infiltrating γδ T cells, 
B cells, DC cells, NK cells, and MΦ cellswere analyzed by flow cytometry. 
Cell numbers are given for 1000,000 total cells from each tumor. Values 
are represented as mean ± SEM. P values were determined by two tailed 
t-tests. **P < 0.01, ns: not significant. G–K Effect of IFI35 overexpression on 
MC38 tumor-infiltrating various immune cells. IFI35 transfected MC38 cells 
were inoculated into C57/BL6 mice. The numbers of tumor-infiltrating γδ T 
cells, B cells, DC cells, NK cells, and MΦ cellswere analyzed by flow cytom-
etry. Cell numbers are given for 1000,000 total cells from each tumor. 
Values are represented as mean ± SEM. P values were determined by two 
tailed t-tests. **P < 0.01, ns: not significant. Figure S3. The impact of IFI35 
on the function of TAMs and Treg cells. A Gating strategy for detection of 
TAMs and exhaustion markers on the Treg cells by flow cytometry. Live 
cells were selected by the live/dead dye.  CD45+CD11b+F480+CD86+ cells 
were defined as M1 macrophages.  CD45+CD11b+F480+CD206+ cells 
were defined as M2 macrophages. B, C Proportions of M1and M2mac-
rophages in the TME of BALB/c mice injected subcutaneously with vector 
control and IFI35-overexpressing CT26 cell line. Values are represented 
as mean ± SEM. P values were determined by two tailed t-tests. ns: not 
significant. D–F Proportions of exhaustion markers on the Treg cells in 
the TME of BALB/c mice injected subcutaneously with vector control 
and IFI35-overexpressing CT26 cell line. quantification of LAG3, CD39and 
CTLA4expression among Treg cells. Values are represented as mean ± SEM. 
P values were determined by two tailed t-tests. ns: not significant. Figure 
S4. Impact of pharmacological inhibition of STAT1 and genetic inhibi-
tion of IRF7 on the expression of STAT1, IFI35, and IRF7 in murine colon 
cancer cells. A–D the expression of STAT1 and IFI35 mRNA by RT-qPCR in 
MC38and CT26colorectal cancer cells treated with or without STAT1 inhib-
itor or/and IFNγ. n = 3. Error bars represent the mean ± SEM. Two tailed 
t-tests, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E, F the expression 
of IRFs mRNA was measured after CT26and MC38were treated with 10 ng/
mL IFNγ for up to 16 h. n = 3. Error bars represent the mean ± SEM. Two 
tailed t-tests, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. G–J Expres-
sion of IRF1, IRF7 and IFI35 mRNA by RT-qPCR in the CT26 and MC38 CRC 
cells transfected with IRF1 or IRF7 plasmid. n = 3. Error bars represent the 
mean ± SEM. Two tailed t-tests, *P < 0.05, **P < 0.01, ****P < 0.0001. K, L the 
expression of IRF7 mRNA by RT-qPCR in controlor Irf7-targetedMC38and 
CT26colorectal cancer cells. n = 3. Error bars represent the mean ± SEM. 
Two tailed t-tests, *P < 0.05, ***P < 0.001. M, N the expression of IRF7 
mRNA by RT-qPCR in MC38and CT26colorectal cancer cells treated with 
or without STAT1 inhibitor or/and IFNγ. n = 3. Error bars represent the 
mean ± SEM. Two tailed t-tests, **P < 0.01, ****P < 0.0001.

Additional file 2: Table S1. PCR primers.
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