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Abstract: Boosting anticancer immunity by blocking immune checkpoints such as the programmed death-1 (PD-1) 
or its ligand (PD-L1) is a breakthrough anticancer therapy. However, many cancer patients do not respond well to 
immune checkpoint blockades (ICBs) alone. Here we show that low-dose pharmacological immunoactivators (e.g., 
SN38, topotecan, sorafenib, etc.) notably downregulate PD-L1 and upregulate FOXO3 expression in various human 
and murine cancer cell lines. In a mouse tumor model, low-dose SN38 treatment markedly suppresses tumor 
growth, reduces PD-L1 expression, and enhances FOXO3 expression in primary tumor specimens. SN38 therapy 
engages the tumor-infiltrating mouse NK1.1/CD49b/NKG2D-positive natural killer (NK) cells to attack tumor cells 
by inducing mouse IFN-γ and granzyme-B secretion in the tumor microenvironment (TME) in vivo. SN38 treatment 
also promotes tumor cell apoptosis in the TME. SN38 treatment significantly decreases STAT3-pY705 and IL-6 pro-
tein levels; FOXO3 is essential for SN38-mediated PD-L1 downregulation. Collectively, these findings may contribute 
to future translational or clinical investigations tackling difficult-to-treat cancers with immune-activating medicines 
or combined with ICB immunotherapy.

Keywords: Cancer immunotherapy, antitumor immunity, immune checkpoint, PD-L1, FOXO3, natural killer cell, im-
munoactivator, SN38, topotecan, sorafenib

Introduction

Activating antitumor immunity by harnessing 
specific monoclonal antibody blockades again- 
st PD-1 or PD-L1 immune checkpoint is among 
the most promising antitumor therapies [1, 2]. 
The current knowledge of this therapeutic 
mechanism is that the PD-1/PD-L1 checkpoint 
suppresses cytotoxic T cells, and blockades 
against PD-1 or PD-L1 may resurrect cytotoxic T 
cells to tackle tumor cells and trigger the antitu-
mor immune mechanism. However, single-
agent anti-PD-1 or anti-PD-L1 antibodies may 
only display therapeutic efficacy in certain can-
cer patients, and a large number of cancer 
patients may be unresponsive or resistant to 
PD-1 or PD-L1 blockades. For instance, clinical 
investigations of PD-1 or PD-L1 blockades in 

those difficult-to-treat tumors exhibit poor 
responsive rates in these tumors. In addition, 
these blockades are limited in enhancing the 
survival rates of patients with these lethal 
tumors, which include glioblastoma [3], pancre-
atic cancer [4, 5], ovarian cancer (OvCa) [6], etc. 
Specifically, in patients with OvCa, clinical 
investigations of PD-1 or PD-L1 blockades 
alone indicate relatively disappointing results in 
terms of objective response rates (ORR: 6-15% 
only) [6]. The U.S. Food and Drug Administration 
(FDA) has not approved any PD-1 or PD-L1 
blockades for treating patients with OvCa 
currently.

In general, recognizing tumor cells by cytotoxic 
T cells, mainly CD8+ T cells, is the major histo-
compatibility complex (MHC)-restricted and 
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requires tumor antigen presentation associat-
ed with MHC class I molecules on the cell sur-
face of antigen-presenting cells [7, 8]. Recent 
findings show that tumor cells can escape from 
CD8+ T cell attacks by downregulating 
β2-microglobulin protein expression, leading to 
impaired MHC presentation [9]. In contrast, NK 
cells play pivotal roles in recognizing and 
attacking tumors as central innate immune 
cells to carry out antitumor immune surveil-
lance and responses [10]. Unlike T cell recogni-
tion, NK cell recognition of tumor cells is not 
MHC restricted. Therefore, NK cells do not 
require prior priming with specific antigens for 
targeting tumor cells [10-12]. In addition, NK 
cells are early primary producers of cytokines, 
such as interferon-γ (IFN-γ), to influence crucial 
T-cell responses [13]. They can directly lyse 
tumor cells or other target cells through gran-
zymes and perforin [14]. Therefore, engaging 
NK cells to attack tumor cells may strengthen 
ICB efficacy in antitumor immunotherapy.

A complex interplay between inhibitory and 
activating receptors regulates NK cell stimula-
tion to trigger the recognition and killing of can-
cer cells [15]. The primary inhibitory receptors 
include killer cell immunoglobulin-like recep-
tors (KIR), which recognize classical human leu-
kocyte antigens (HLA) A/B/C, and the heterodi-
mer CD94/NKG2A recognizes non-classical 
HLA-E. Both NKG2A and NKG2C recognize 
HLA-E with different affinities leading to inhibi-
tion and activation, respectively [16]. The cen-
tral stimulatory receptors include stress-
induced ligands (e.g., NKG2D on NK cells rec-
ognizing MICA/B, ULBP), antibody-coated cells 
(e.g., the Fc receptor CD16 on NK cells recog-
nizing the Fc portion of IgG1 bound to target 
cells), and natural cytotoxicity receptors (e.g., 
NKp30, NKp44, and NKp46 on human NK 
cells). In addition to cytotoxic T cells (such as 
CD8+ T cells) expressing immune checkpoint 
PD-1 protein [17], tumor-specific NK cells also 
express PD-1 receptor on the cell surface and 
blocking PD-1 with anti-PD-1 antibody triggers 
NK cells to infiltrate and destroy tumors in ani-
mal models [18, 19]. These intriguing findings 
discover that activated NK cells (having more 
responsive phenotypes) express significantly 
higher levels of PD-1 than inactive NK cells 
(showing exhausted phenotypes). This discov-
ery implies that significant suppression of NK 
cell-engaged anticancer immunity in vivo may 
occur through the PD-1 checkpoint inhibitory 

mechanism. In addition, different clinical inves-
tigations have assessed the efficacy of direct 
NK cell-based therapies in cancer patients [20, 
21]. Although the results are encouraging in 
hematological malignancies, clinical benefits 
are not very promising in solid tumors [20, 21].

Previously we have identified anticancer phar-
macological agents, SN38 (an irinotecan ana-
log) and metformin, that can promote the repro-
gramming of human OvCa and breast cancer 
(BCa) cells into their benign perspective cells 
[22] through activation of FOXO3. FOXO3 is a 
key transcription factor that controls the tran-
scription of many genes crucial for regulating 
cell-cycle control, DNA damage response, oxi-
dative and other stress, aging and longevity, 
apoptosis and autophagy, and tumor suppres-
sion networks in humans and animal cells [23-
29]. Thus, we further deciphered the signaling 
pathways regulating antitumor effects on 
tumors treated with low doses of SN38 in vivo. 
Unexpectedly, we found that treating the tumor-
bearing mice with a low amount of SN38 (5 μg/
kg body weight), whose cytotoxicity was mini-
mal in human ovarian tumors, nonetheless 
markedly reduced tumor volume in a mouse 
model. Therefore, we were skeptical that low-
dose SN38’s inconsequential cytotoxicity could 
significantly inhibit ovarian tumor survival and 
progression in vivo. Instead, we hypothesized 
that a disparate system (for instance, an anti-
cancer immune system) would plausibly cause 
the outcome. Notably, our previous findings 
have demonstrated that low-dose SN38 or 
other FDA-approved small-molecule medicines 
can potently decrease c-Myc protein expres-
sion in a FOXO3-dependent manner [22, 30]. 
Moreover, recent findings indicate that 
increased of c-Myc protein expression is signifi-
cantly associated with the protein level of 
PD-L1 in primary human tumor specimens from 
patients with lung cancer [31]. Based mainly on 
these preconceptions, we evaluated the effect 
of low-dose SN38 or topotecan or other anti-
cancer small-molecule medications on regulat-
ing the expression of PD-L1 and FOXO3, as well 
as low-dose SN38-mediated in vivo anticancer 
immune responses in a mouse model with 
human cancer. Here we show that low-dose 
SN38 notably fosters FOXO3-dependent sup-
pression of PD-L1 expression in human tumor 
cells, potently suppresses tumor progression 
and recruits mouse NK1.1/CD49b/NKG2D-
positive NK cells into the tumor microenviron-
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ment (TME). Our results reveal a novel immuno-
logical mechanism underlying SN38-induced 
engagement of NK cells infiltrating human 
tumors and triggering an NK cell-mediated anti-
tumor immune response through promoting 
IFN-γ and granzyme-B secretion in the TME. We 
have proposed the anticipated therapeutic sig-
nificance and clinical applications of this novel 
NK cell mechanism in improving overarching 
cancer immunotherapy. 

Methods and materials

Antibodies and reagents

For immunofluorescence analysis, the following 
primary antibodies (Abs) were purchased and 
used (1:1000 dilution): Abs against FOXO3a 
[Cell Signaling Technology (CST), 2497], 
FOXO3a (Abcam, ab53287, clone EP1949Y), 
FOXO3 (FKHRL1) [Santa Cruz Biotechnology 
(SCBT), sc-9813, N-16], PD-L1 (CST, 13684), 
PD-L1 (R&D Systems, MAB1561), PD-L1 
[Thermo Fisher Scientific (TFS), 14-5983-82], 
PD-L1 (TFS, PA5-20343), PD-L1 (TFS, eBiosci-
ence, clone MIH1), c-Myc (MilliporeSigma, 
06-340), STAT3-pY705 (SCBT, sc-8059), IL-6 
(Abcam, ab6672), FITC-conjugated CD49b 
(BioLegend, 108906), FITC-conjugated NK1.1 
(BioLegend, 108706), Alexa-594-conjugated 
CD3 (BioLegend, 100240), Alexa-594-conjuga- 
ted CD8 (BioLegend, 100758), IFN-γ (BioLe- 
gend, 505802), NKG2D (Bioss Antibodies, bs-
0938R), Granzyme B (SCBT, sc-8022). The fol-
lowing secondary Abs were purchased and 
used (1:200 dilution): Alexa Fluor 488 Chicken 
anti-Rat (TFS, A-21470), Alexa Fluor 647 Chi- 
cken anti-mouse (TFS, A-21463), Alexa Fluor 
594 Chicken anti-goat (TFS, A-21468), Alexa 
Fluor 594 Donkey anti-rabbit (TFS, A-21207), 
Alexa Fluor 488 goat anti-mouse (TFS, A- 
11001), Alexa Fluor 594 Donkey anti-rabbit 
(TFS, A-21207). For immunoblotting analysis, 
the following primary Abs were purchased and 
used: FOXO3 (Abcam, ab53287), PD-L1 (CST, 
13684) p27Kip1 (BD Pharmingen, 554069), 
GAPDH (TFS, MA5-15738), STAT3-pY705 (SCBT, 
sc-8059), c-Myc (SCBT, sc-764) NKG2D (Bioss 
Antibodies, bs-0938R), NKp44 [Biorbyt LLC (St 
Louis, MO), orb315559], and NKp46 (M-100) 
(SCBT, sc-292796). The following secondary 
Abs were purchased and used (1:3000 dilu-
tion): horseradish peroxidase-conjugated don-
key anti-mouse IgG (H+L) (715-035-150) and 
donkey anti-rabbit IgG (H+L) (711-035-152) Abs 

[Jackson ImmunoResearch (West Grove, PA)]. 
For animal studies, InVivoMAb anti-mouse PD-1 
mAb (Bio X Cell, BE0146) was purchased from 
Bio X Cell. Pharmacological agents or solvents: 
SN38 (7-ethyl-10-hydroxycamptothecin) was 
purchased from Fisher Scientific (Pittsburgh, 
PA) or MedKoo Biosciences, Inc. (Morrisville, 
NC). Metformin was purchased from Fisher 
Scientific or Cayman Chemical (Ann Arbor, 
Michigan). Olaparib was obtained from LC 
Laboratories (Woburn, MA). Dimethylsulfoxide 
(DMSO) and methanol were purchased from 
Sigma (St. Louis, MO). SN38 was dissolved in 
DMSO and metformin was dissolved in sterile 
H2O or DMSO.

Cell culture and cell lines

All cell lines were grown at 37°C and 5% CO2 in 
DMEM/F12 supplemented with L-glutamine, 
penicilline/streptomycin and 10% fetal bovine 
serum (FBS). Mouse ID8 and ID8-Luc OvCa cell 
lines were kindly provided by Oliver Dorigo, 
Division of Gynecologic Oncology, Stanford 
University School of Medicine. Mouse meta-
static 4T1 and 4T1-Luc BCa cell lines were  
kindly provided by Xiaoyuan (Shawn) Chen, La- 
boratory of Molecular Imaging and Nanome- 
dicine, National Institutes of Health (NIH). 
OVCA429, an established cell line derived from 
a patient with late-stage serous OvCa, was 
kindly provided by Robert C. Bast, Jr., Division 
of Cancer Medicine, University of Texas MD 
Anderson Cancer Center. MDA-MB-231, BT- 
549, MCF-7, SKBR3 BCa cell line and NK-92 
cell line were obtained from the American Type 
Culture Collection. For generating stable cell 
lines, four HuSH 29mer shRNA constructs 
against human FOXO3 (NM_001455) and con-
trol HuSH shRNA cloning vector (pRS) using U6 
promoter were purchased from Origene (Rock- 
ville, MD). OVCA429 cells were transfected with 
a combination of four HuSH 29mer shRNA con-
structs concurrently or control pRS vector by 
liposome using GenJet™ In Vitro DNA Trans- 
fection Reagent (SignaGen Laboratories, 
Gaithersburg, MD). After puromycin selection (1 
μg/ml), the OVCA429 FOXO3-knockdown 
pooled stable clones (designated OVCA429-
FOXO3-shRNA) and the vector control stable 
clones (designated OVCA429-Control-shRNA) 
were selected.

Flow cytometry analysis

Cells were trypsinized, aliquoted (3×105 cells 
per condition) and fixed for 15 minutes in 4% 
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(v/v, in PBS) paraformaldehyde (Electron 
Microscopy Sciences) at room temperature. For 
intracellular staining, cells were permeabilized 
by adding ice-cold 100% methanol slowly to 
pre-chilled cells, while gently vortexing (to a 
final concentration of 90% methanol) and incu-
bated at 4°C for 30 min. Then, cells were 
washed in PBS, centrifuged at 1200 g, and re-
suspended in PBS with 3% BSA (staining buf-
fer). For immunostaining, cells were incubated 
in staining buffer containing a primary Ab spe-
cific to PD-L1 (CST, 13684), or FOXO3 (Abcam, 
ab53287) (1:200 dilution) or control rabbit IgG 
for 1 h at room temperature. After washing 
three times with PBS, cells were incubated in 
staining buffer containing a FITC-conjugated 
anti-rabbit (1:200 dilution) secondary Ab 
(Jackson ImmunoResearch) for 30 min at room 
temperature in the dark. Subsequently, cells 
were characterized using a FACScan flow 
cytometer (BD Biosciences) at the Institutional 
shared flow cytometry facility. Ten thousand 
events were collected in each run. The data 
were analyzed by FlowJo software.

Immunofluorescence analysis

For cancer cell staining, cells were cultured on 
glass coverslips for 24 h. After treatments with 
SN38 (10 nM) or other pharmacological drugs 
[metformin (10 or 100 μM) or Olaparib (1 or 10 
μM)] and vehicle (H2O or DMSO) for 24 h, cells 
were fixed with 4% paraformaldehyde for 10 
min and permeabilized with 0.1% Triton X-100 
solution in phosphate-buffered saline (PBS). 
Cells on glass coverslips were washed with PBS 
and blocked with PBS containing 0.1% Triton 
X-100 and 10% normal horse serum, incubated 
with a primary Ab specific to FOXO3 or PD-L1 or 
the indicated proteins (1:50 to 1:100 dilution) 
for 2 h at room temperature, followed by Alexa 
594 (red)-conjugated anti-rabbit (1:50 dilution 
or 1:100 dilution) and Alexa 488 (green)-conju-
gated anti-mouse (1:100 dilution) secondary 
Abs (Thermo Fisher Scientific). Cells were coun-
terstained with DAPI solution (Sigma) to show 
the nuclei. For tumor tissue staining, tissues 
were rapidly frozen in the Tissue-Plus® O.C.T. 
Compound Embedding medium (Scigen, 4583) 
at -80°C. Tissue sections of tumor were cut at 
5 μm thickness using a Thermo Scientific 
Shandon Cryotome E. The tissue slides were 
permeabilized with 0.1% Triton X-100 solution 
and blocked with the blocking solution, 10% 
normal horse serum and 5% bovine serum 

albumin (BSA), for 1 h at room temperature. 
Then, the slides were incubated with primary 
Abs against FOXO3 or PD-L1 or NK1.1 or CD3  
or CD49b or CD8a or IFN-γ or IL-6 or the indi-
cated proteins for 2 h at room temperature. 
After washing three times with PBS containing 
0.1% Tween-20, secondary Abs (as described 
above) were added onto the slides for 20 min at 
room temperature. After staining with DAPI 
solution, the slides were washed three times 
with PBS containing 0.1% Tween-20 and mount-
ed onto microscope slides with DABCO-glycerol 
antifade solution. Specific staining was visual-
ized and fluorescence images were captured 
with a Zeiss LSM 880 Laser Scanning Confocal 
Microscope. To perform quantitative analyses 
of the relative expressions of individual pro-
teins, we measured fluorescence intensities of 
individual fluorescence images using ImageJ 
(Ver. 1.53c). Based on three independent indi-
vidual intensities, from which we constructed a 
histogram and determined the mean values of 
relative intensities as the integrated densities 
of individual proteins. Each error bar presented 
is the mean of standard deviation (SD).

Immunoblotting analysis

Cells were washed twice with PBS and lysed 
with lysis buffer containing protease ors at 4°C 
for 20 min. The lysates were centrifuged at 
16,000 g for 10 min to remove cell debris, and 
total protein concentration was determined. 
The protein samples were subjected to SDS-
PAGE and transferred onto nitrocellulose mem-
branes (Bio-Rad). Membranes were blocked for 
1 h in 3% BSA in Tris-buffered saline containing 
0.1% Tween-20 (TBST) and incubated for 1 h 
with primary antibody diluted in TBST contain-
ing 1% BSA. After three washes with TBST, 
membranes were incubated for 1 h with horse-
radish peroxidase-conjugated secondary anti-
bodies (1:3,000 or 1:5,000 dilution) in TBST 
containing 3% BSA. The immunoblots (or west-
ern blots) were visualized by an enhanced che-
miluminescence kit obtained from Thermo 
Fisher Scientific or West-Q ECL Platinum 
Solution obtained from GenDEPOT (Barker, TX).

siRNA transfection

Human OVCA429 cells were maintained in 
DMEM/F12 media supplemented with 10% 
FBS, 3% L-glutamine, and 1% streptomycin/
penicillin at 37°C in a humidified incubator con-



Immunoactivators cue NK cells to curb tumors

1245 Am J Cancer Res 2022;12(3):1241-1263

taining 5% CO2 in the air. Human FOXO3a-
siRNA-1 (sc-37887) and control-siRNA (sc-
37007) were obtained from Santa Cruz Biote- 
chnology. Human FOXO3-siRNA-2 (Hs01_00- 
119127) was obtained from Sigma-Aldrich. 
According to the manufacturer’s instructions, 
cells were transfected with FOXO3-siRNA or 
control-siRNA using DharmaFECT 1 transfec-
tion reagent (Thermo Fisher Scientific, Rock- 
ford, IL, USA) and as described previously [28].

Animal studies

For tumor xenograft mouse models, female 
athymic nude mice were purchased from 
Charles River Laboratories, Inc. (Wilmington, 
MA) and maintained aseptically in an athymic 
animal room. For tumor-cell implantation, 
OVCA429 cells (in log-phase growth) were har-
vested, washed with sterile PBS, and re-sus-
pended in PBS. Then, cells [3×106/mouse in 
0.1 ml PBS with 30% extracellular matrix (ECM) 
gel (Sigma)] were injected subcutaneously into 
the flank of each mouse as described previ-
ously [22, 26, 30]. When palpable solid tumors 
were detected (approximately 100 mm3), mice 
from each treatment group (n=5/group) were 
given an intravenous injection (0.1 ml) of SN38 
(5 or 50 µg/kg body weight (BW)/mouse) or 
equal amount of control (10% DMSO) once 
every three days for 35 days. The tumor sizes 
were measured twice per week with a Vernier 
caliper. Data are presented as means and stan-
dard deviations (SD) of five mice in each group. 
All mice were weighed twice per week as a 
measure of overall systemic toxicity. After 
euthanasia, the tumor tissues were resected 
from the treated mice and tissue slides were 
prepared for immunofluorescence or immunob-
lotting analysis. All procedures were performed 
in compliance with the guidelines and regula-
tions of the Institutional Animal Care and Use 
Committee (IACUC).

Statistical analysis

All data are presented as means and SD from 
at least three independent experiments. The 
statistical significance of differences in expres-
sions of proteins examined in cells and the per-
centage of tumor growth or cell survival or ani-
mal survival between two groups were analyzed 
with two-sided unpaired Student’s t-tests with 
GraphPad PRISM (Ver. 8) statistical software 
(San Diego, CA) or Excel (Microsoft Office). 

Animal survival analysis was performed by the 
Kaplan-Meier method using GraphPad PRISM 
(Ver. 8). All statistical tests were two-sided, and 
P values less than 0.05 were considered statis-
tically significant.

Results

Because we hypothesized that an anticancer 
immune response could cause the suppression 
of tumor growth by low-dose SN38, we set out 
to determine whether SN38 plays a significant 
role in regulating PD-L1 and FOXO3 expression 
in ovarian cancer (OvCa) and breast cancer 
(BCa) cell lines. We treated four human 
OVCA429 (OvCa), MDA-MB-231 (BCa), MCF-7 
(BCa), and BT-549 (BCa) cell lines with low 
doses of SN-38 and negative control [dimethyl 
sulfoxide (DMSO)]. We determined the expres-
sion levels of PD-L1 and FOXO3 in these cells 
using three independent protein expression 
analyses, including immunoblotting (Figure 
1A), flow cytometry (Figure 1B), and immuno-
fluorescence analysis (Figure 1C-E). Our data 
showed that low doses of SN38 downregulated 
PD-L1 and upregulated FOXO3 expression  
significantly in these cells compared with  
control. In addition, we showed that low doses 
of SN38 enhanced FOXO3 expression and 
reduced PD-L1, cyclin D1, and interleukin-6 (IL-
6) expression significantly in mouse 4T1 (BCa) 
(Figure 1F).

Next, we examined the effects of other pharma-
cological drugs on regulating PD-L1 and FOXO3 
expression in OvCa and BCa cells. Our results 
indicated that topotecan, an FDA-approved 
clinically-used drug, downregulated PD-L1 and 
upregulated FOXO3 expression significantly in 
mouse ID-8 cells compared with control (DMSO) 
in a dose-dependent manner using immunob-
lotting analysis (Figure 2A). Similarly, topote-
can (0.5 μM) decreased PD-L1 expression sig-
nificantly in ID-8 cells compared with control 
using flow cytometry (Figure 2B). A clinically-
used anticancer drug, Sorafenib, reduced 
PD-L1 and increased FOXO3 expression signifi-
cantly in OVCA429 cells compared with control 
in a dose-dependent manner using immunob-
lotting analysis (Figure 2C). Using flow cytome-
try, we confirmed that sorafenib (2.5 μM) signifi-
cantly suppressed PD-L1 expression in 
OVCA429 cells compared with control (Figure 
2D). In addition, we assessed the effects of 
seven different pharmacological drugs on regu-
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Figure 1. Low doses of SN38 downregulate PD-L1 and upregulate FOXO3 expression in cancer cell lines. A. We 
analyzed the total lysates of the human breast cancer (BCa) and ovarian cancer (OvCa) cell lines treated with dif-
ferent low doses of SN38 or equal amounts of dimethyl sulfoxide (DMSO) (denoted as 0 nM) using immunoblotting 
(IB) with the designated antibodies. B. We treated OVCA429 (OvCa) or MDA-MB-231 (BCa) cells with low-dose SN38 
(10 nM) or DMSO control and analyzed these cells using flow cytometry with the designated antibodies or isotype-
matched IgG control. C-E. We incubated cell slides of the indicated human tumor cells treated with SN38 or DMSO 
with an anti-human PD-L1 or anti-human FOXO3 antibody followed by a specific Alexa-Fluor secondary antibody and 
fluorescence confocal microscopy (FCM). We utilized DAPI to show the nuclei. F. We analyzed the total lysates of 
mouse 4T1 metastatic BCa cells treated with various doses of SN38 or DMSO (denoted as 0 nM) using IB with the 
designated antibodies described above.
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Figure 2. Other pharmacological drugs downregulate PD-L1 and upregulate FOXO3 expression in tumor cells. A. 
We analyzed the total lysates of the mouse ID-8 OvCa cells treated with different low doses of topotecan or equal 
amounts of DMSO (denoted as 0 nM) as indicated using immunoblotting (IB) with the designated antibodies. B. 
We treated ID-8 cells with topotecan (0.5 μM) or DMSO control and analyzed these cells by flow cytometry with the 
designated antibodies or isotype-matched IgG control. C. We analyzed the total lysates of OVCA429 cells treated 
with the indicated doses of Sorafenib or DMSO (denoted as 0 nM) using IB with the designated antibodies. D. We 
treated OVCA429 cells with Sorafenib (2.5 μM) or DMSO control and analyzed these cells by flow cytometry with the 
designated antibodies or isotype-matched IgG control. E. We treated human BT-549 BCa cells with DMSO (control) 
or the indicated drugs (10 μM/each) except Metformin and 5-Fluorouracil (100 μM/each). We analyzed the total 
lysates of cells using IB with specific antibodies as indicated. GAPDH represents the loading controls.
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lating PD-L1 expression in human BCa cells 
using immunoblotting analysis. Six medicines 
are FDA-approved (olaparib, trifluoperazine, 
bepridil, metformin, 5-fluorouracil, and pacli-
taxel), and one (COH29) is under clinical inves-
tigation. Our data showed that bepridil and 
COH29 (10 μM/each) could significantly reduce 
PD-L1 expression in BT-549 cells compared 
with control (Figure 2E).

Using a tumor mouse model, we demonstrated 
that intravenous (i.v.) administration of low 
doses of SN38 (5 or 50 μg/kg BW) markedly 
suppressed (more than 60% or 95% suppres-
sion, respectively) OVCA429 tumor growth in 
the mouse tumor model in vivo compared with 
control (DMSO) (Figure 3A). Unexpectedly, 
administration of SN38 at a very low-dose (5 
μg/kg BW) still exhibited a significant tumor-
suppressive effect, suggesting that an alterna-
tive mechanism such as tumor-specific immu-
nity may result in low-dose SN38-mediated 
tumor suppression. Thus, we investigated 
whether low-dose SN38 regulated the expres-
sion of PD-L1 and FOXO3 in primary OVCA429 
tumor cells in vivo. We resected the primary 
tumor tissues from the treated mice as 
described above. Then, we examined the pro-
tein expression of PD-L1 and FOXO3 in these 
tumor specimens using immunofluorescence 
analysis with anti-PD-L1 and anti-FOXO3 Abs 
and analyzed the stained cells by confocal 
microscope. Our results indicated that low-
dose SN38 significantly promoted the protein 
level of nuclear FOXO3 and potently decreased 
the protein expression of PD-L1 in tumor cells 
treated with SN38 compared with DMSO-
treated tumor tissues (Figure 3B-E). As anti-
body-negative controls, the data of tumor spec-
imens stained with Alexa Fluor 488- or 594- 
conjugated secondary antibodies alone showed 
negative immunofluorescence signals (Figure 
3F). After repeating these experiments for inde-
pendent runs, the results were reproducible. 
These findings suggest that low-dose SN38 
markedly enhances the nuclear FOXO3 expres-
sion and suppresses PD-L1 expression in tumor 
cells to block the PD-L1/PD-1 checkpoint, 
resulting in tumor suppression in vivo.

Next, we investigated whether SN38 treatment 
promotes NK cells or cytotoxic T lymphocytes 
(CTL) infiltrating into the TME after reducing the 
tumor PD-L1 levels in the mouse tumor model 
(Figure 3A). Thus, we evaluated mouse NK1.1 

and CD3 protein expression in primary OVCA- 
429 tumor tissues using the same immunofluo-
rescence analysis with anti-mouse NK1.1 and 
anti-mouse CD3 antibodies as described 
above. Our results revealed that most tumor-
infiltrating immune cells were NK1.1-positive 
and CD3-negative in tumor specimens treated 
with low-dose SN38 compared with DMSO-
treated tumor specimens (Figure 4A-C). 
Comparably, the tumor-infiltrating cytotoxic 
immune cells were predominantly CD49b-
positive/CD3-negative in tumor specimens 
treated with SN38 (Figure 4D-F). These results 
suggest that the observed tumor-infiltrating 
mouse cytotoxic effector cells primarily be NK 
cells. In addition, we examined the protein 
expression of mouse NKG2D (m-NKG2D) and 
human leukocyte antigen (HLA) in primary 
OVCA429 tumor tissues using immunofluores-
cence analysis with anti-m-NKG2D antibody 
and measured the stained cells by confocal 
microscope. Indeed, our data displayed a sig-
nificant increase of m-NKG2D-positive tumor-
infiltrating mouse NK cells and a significant 
decrease of HLA-positive human tumor cells in 
tumor specimens treated with low-dose SN38 
compared with DMSO-treated tumor samples 
(Figure 5A-D). As antibody-negative controls, 
the results of tumor specimens stained with 
Alexa Fluor 488- or 594-conjugated secondary 
antibodies alone showed negative immunofluo-
rescence signals (Figure 5E). Accumulatively, 
our findings suggest that low-dose SN38 can 
engage NK1.1/CD49b/NKG2D-positive NK ce- 
lls permeating the TME and suppressing tumor 
cell survival in vivo.

Since NK cells are potent producers of cyto-
kines, particularly IFN-γ, which plays a crucial 
role in stimulating an antitumor immune 
response, we determined whether low-dose 
SN38 triggered NK cells producing mouse IFN-γ 
(m-IFN-γ) in the TME of OVCA429 tumors in 
mice in vivo. We used immunofluorescence 
analysis with antibodies against m-IFN-γ and 
m-NKG2D on OVCA429 tumor samples. Our 
results showed that low-dose SN38 significant-
ly induced m-IFN-γ protein production together 
with increased m-NKG2D-positive NK cells in 
the TME of primary tumor specimens in vivo 
(Figure 6A-D). Similarly, we assessed whether 
low-dose SN38 triggered NK cells producing 
mouse granzyme B (m-granzyme B) in the TME 
of OVCA429 tumors in mice in vivo. Granzyme B 
is an NK cell-produced cytotoxic serum prote-
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ase that plays a vital role in inducing the cellu-
lar apoptosis of tumor cells. We used immuno-
fluorescence analysis with antibodies against 
m-granzyme B and m-NKG2D on OVCA429 
tumor samples. Indeed, our data demonstrated 
that low-dose SN38 markedly increased 
m-granzyme B protein production and m- 
NKG2D-positive NK cells concurrently in the 
TME of primary tumor specimens in vivo (Figure 
6E-H). Together, these findings suggest that 
low-dose SN38 therapy can trigger tumor-infil-
trating NK1.1/CD49b/NKG2D-positive NK cells 
to suppress human tumor cells by inducing 
IFN-γ and granzyme-B secretion in the TME in 
vivo.

To evaluate whether FOXO3 is essential for reg-
ulating the SN38-mediated suppression of the 
expression of PD-L1 in human tumor cells, we 
effectively silenced FOXO3 expression in 
OVCA429 cells using transfection with two 
independent siRNAs targeting human FOXO3. 
Our results showed that silencing of FOXO3 
expression in OVCA429 tumor cells significantly 
induced PD-L1 protein expression using immu-
noblotting and flow cytometric analyses with 
designated antibodies (Figure 7A-C). In addi-
tion, we transfected OVCA429 cells with FOXO3-
shRNA (FOXO3-knockdown) or Control-shRNA 
(negative control) to generate stable cell lines. 
After the low-dose SN38 or DMSO (control) 
treatments, we performed immunofluorescen- 
ce analysis using indicated antibodies. Notably, 
our data displayed that stably silencing of 
FOXO3 expression in OVCA429 tumor cells 
overrode downregulation of PD-L1 protein 
expression after SN38 treatment (Figure 7D, 
7E). These data were reproducible after repeat-
ing the experiments using different antibodies 
against human FOXO3 and PD-L1 from diver-
gent sources (data not shown). These results 

suggest that FOXO3 is essential for SN38-
mediated downregulation of PD-L1 expression 
in tumor cells.

Next, we deciphered the signaling mechanisms 
underlying the low-dose SN38-mediated sup-
pression of tumor progression in tumor-bearing 
mice in vivo. Thus, we examined whether low-
dose SN38 treatments regulated the expres-
sion levels of phosphor-STAT3 (STAT3-pY705) 
and interleukin (IL)-6, both of which play critical 
roles in modulating the expression of PD-L1 in 
tumor cells [32, 33]. Using immunofluores-
cence analysis on primary OVCA429 tumor tis-
sues with specific antibodies against human 
STAT3-pY705 and HLA as designated, we 
showed that low-dose SN38 treatments mark-
edly decreased STAT3-pY705 expression in 
HLA-positive human OVCA429 tumor cells in 
vivo (Figure 8A-C). Similarly, using specific anti-
bodies against human IL-6 and HLA as indicat-
ed, we exhibited that low-dose SN38 treat-
ments potently reduced IL-6 expression in HLA-
positive human tumor cells in vivo (Figure 
8D-F).

In addition, we assessed whether human tumor 
cells were subjected to NK cell-triggered apop-
tosis in the TME by using immunofluorescence 
analysis on OVCA429 tumor specimens with 
specific antibodies against cleaved PARP1 (a 
hallmark of apoptosis) [34, 35] and HLA as  
designated. Our data indicated a significant 
increase of cleaved PARP1 protein levels and a 
significant decrease of HLA-positive human 
tumor cells in OVCA429 tumor specimens treat-
ed with low-dose SN38 compared with DMSO-
treated tumor samples (Figure 9A-D). Moreover, 
we confirmed the protein expression levels of 
STAT3, c-Myc, FOXO3, and PD-L1 in lysates of 
the primary OVCA429 tumor tissues by using 

Figure 3. Low doses of SN38 markedly suppress tumor growth in a mouse tumor model in vivo, regulate PD-L1 
and FOXO3 expression in tumor cells. (A) We injected OVCA429 cells into female nude mice subcutaneously (n=5/
group). When we detected palpable solid tumors (on day-10), we gave the mice an intravenous injection of SN38 
[5 or 50 μg/kg body weight (BW)] or an equal amount of negative control, DMSO, once every three days for 35 
days. The error bars denote standard deviation (SD), and the statistical test is the unpaired t-test. However, some 
error bars are tiny, so they are not evident on the graph. (B) We excised the tumor tissues from the treated mice 
(A), and prepared tissue slides for immunofluorescence (IF) analysis. Three slides of samples from tumors treated 
with DMSO were incubated with anti-FOXO3 or ant-PD-L1 antibodies, followed by an Alexa Fluor 594- or 488-con-
jugated secondary antibodies and FCM. We utilized DAPI to show the nuclei. Scale bar: 20 μm. A.U., arbitrary unit. 
(C) Similarly, three slides of samples from tumors treated with SN38 were incubated with anti-FOXO3 or ant-PD-L1 
antibodies, followed by corresponding secondary antibodies and FCM as described above. (D, E) We showed the 
relative expressions of PD-L1 and FOXO3 between tumors treated with DMSO and SN38 in vivo in the histograms 
as indicated, respectively. (F) As negative antibody controls, we incubated slides of tumor specimens treated with 
DMSO (described above) with an Alexa Fluor 488- or 594-conjugated secondary antibody only and analyzed by FCM.
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immunoblotting analysis with specific antibod-
ies against these proteins as indicated. Our 
data validated that low-dose SN38 treatments 

markedly diminished STAT3, c-Myc, and PD-L1 
protein levels, while SN38 induced FOXO3 pro-
tein levels in OVCA429 tumor specimens 

Figure 4. Low-dose SN38 triggers mouse NK1.1- and CD49b-positive NK cells infiltration into the tumor microenvi-
ronment (TME) in vivo. We prepared the tumor slides as described above (Figure 3B). (A) Three slides of samples 
from OVCA429 tumors treated with DMSO were incubated with anti-mouse NK1.1 or anti-mouse CD3 antibodies, 
followed by an Alexa Fluor 488- or 594-conjugated secondary antibodies and FCM. We utilized DAPI to show the 
nuclei. Scale bar: 20 μm. (B) Similarly, we incubated three slides of SN38-treated tumor specimens with anti-mouse 
NK1.1 or anti-mouse CD3 antibodies and analyzed the stained cells as described above. (C) We show the rela-
tive expressions of mouse NK1.1 and CD3 between tumors treated with DMSO and SN38 in vivo in the indicated 
histograms. (D, E) Three slides of samples from tumors treated with DMSO (D) or SN38 (E) were incubated with 
anti-mouse CD49b or anti-mouse CD3 antibodies, and the stained cells were analyzed as described. (F) The rela-
tive expressions of mouse CD49b and CD3 between tumors treated with DMSO and SN38 in vivo are shown in the 
indicated histograms, respectively.
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(Figure 9E). Together, these results suggest 
that reducing STAT3, IL-6, c-Myc, and PD-L1 sig-
naling in tumors may contribute to low-dose 
SN38-mediated antitumor immune response 
and tumor suppression in vivo.

Discussion

NK cells are vital cytotoxic lymphocytes crucial 
for the innate immune system. Recent findings 
have revealed a great deal of information about 

Figure 5. Low-dose SN38 recruits mouse NKG2D-positive NK cells into the TME of the primary OVCA429 tumors. 
We prepared the tumor slides as described above (Figure 3B). (A) Three slides of samples from OVCA429 tumors 
treated with DMSO were incubated with anti-human leukocyte antigen (HLA) or anti-mouse NKG2D (m-NKG2D) 
antibodies, followed by an Alexa Fluor 488- or 594-conjugated secondary antibodies and FCM. We utilized DAPI 
to show the nuclei. Scale bar: 20 μm. (B) Similarly, we incubated three slides of SN38-treated tumor samples with 
anti-HLA or anti-m-NKG2D antibodies and analyzed the stained cells as described above. (C, D) We show the rela-
tive expressions of m-NKG2D (C) and HLA (D) between tumors treated with DMSO and SN38 in vivo in the indicated 
histograms. (E) As negative antibody controls, slides of tumor specimens treated with DMSO (as described above) 
were incubated with an Alexa Fluor 488- or 594-conjugated secondary antibody only and analyzed by FCM.
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activating and inhibitory receptors of NK cells; 
however, it is still unclear how NK cells are 
explicitly regulated to target and kill tumor cells 
in the TME. Notably, emerging discoveries sug-

gest that NK cells play a critical role in regulat-
ing cancer immunotherapy [36, 37]. However, 
the regulatory mechanisms controlling NK 
cells-mediated anticancer immune responses 

Figure 6. SN38 significantly increased mouse IFN-γ and granzyme B protein levels in the tumor microenvironment 
(TME) of the OVCA429 cancer mouse model. We prepared the tumor slides as described above (Figure 3B). (A, B) 
Three slides of samples from OVCA429 tumors treated with DMSO (A) or SN38 (B) were incubated with an anti-
mouse antibody against mouse IFN-γ (m-IFN-γ) or m-NKG2D, followed by an Alexa Fluor 488- or 594-conjugated 
secondary antibodies and FCM. We utilized DAPI to show the nuclei. Scale bar: 20 μm. (C, D) We show the relative 
expressions of m-IFN-γ (C) and m-NKG2D (D) between tumors treated with DMSO and SN38 in vivo in the histograms 
as indicated, respectively. (E, F) Similarly, three slides of samples from tumors treated with DMSO (E) or SN38 (F) 
were incubated with an anti-mouse antibody against mouse granzyme B (m-granzyme B) or m-NKG2D, and the 
stained cells were analyzed as described above. (G, H) We display the relative expression of m-granzyme B (G) or 
m-NKG2D (H) between tumors treated with DMSO and SN38 in vivo in the histogram as indicated.
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remain largely unknown. The present study 
shows that low-dose immunoactivators (e.g., 
SN38, topotecan, sorafenib, etc.) downregulate 
PD-L1 and upregulate FOXO3 expression in var-
ious cancer cell lines. In a mouse tumor model, 
low-dose SN38 treatments markedly suppress 
tumor growth, reduce PD-L1 expression, and 

enhance FOXO3 expression in primary tumor 
specimens. Low-dose SN38 therapy engages 
the tumor-infiltrating mouse NK1.1/CD49b/
NKG2D-positive NK cells to attack tumor cells 
by inducing mouse IFN-γ and granzyme-B 
secretion in the tumor microenvironment (TME) 
in vivo. Our findings suggest a plausible thera-

Figure 7. Silencing FOXO3 upregulates PD-L1 expression, and FOXO3 is essential for SN38-mediated downregula-
tion of PD-L1 expression in tumor cells. (A, B) Human OVCA429 cells were transfected with specific siRNA-1 (A) or 
siRNA-2 (B) targeting human FOXO3 or control (cont) siRNA (as described in Methods and materials). We detected 
PD-L1 and FOXO3 Protein expressions in the total lysates of these cells using immunoblotting (IB) with the indicated 
Abs, and β-actin represents loading controls. (C) We transfected OVCA429 cells with specific siRNA-1 targeting 
human FOXO3 or control siRNA and analyzed these cells using flow cytometry with the designated antibodies or 
isotype IgG control. (D) We treated the OVCA429-Control-shRNA and -FOXO3-shRNA stable tumor cell lines (as de-
scribed in Materials and methods) with low-dose SN38 (10 nM) or DMSO control. We incubated three slides of these 
SN38-treated cells with anti-PD-L1 (MAB1561, R&D Systems) and anti-FOXO3a (FKHRL1) (N-16, sc-9813, Santa 
Cruz Biotech) antibodies and followed by an Alexa Fluor 488- or 594-conjugated secondary antibodies and FCM as 
described above. (E) We exhibit the percentages of PD-L1 protein-positive cells in the histogram (three randomly 
captured images). 
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peutic tactic to activate NK cells for boosting 
cancer immunotherapy (e.g., ICBs) using low-
dose immunoactivators (e.g., SN38, topotecan, 
etc.) without significant toxicity.

Resistance or unresponsiveness to available 
cancer immunotherapies (e.g., ICBs) may cause 
significant challenges to the treatment options 
for patients with difficult-to-treat cancers such 

Figure 8. Low-dose SN38 treatment significantly reduces STAT3-pY705 and interleukin-6 (IL-6) protein levels in hu-
man OVCA429 tumor specimens. We prepared the tumor slides as described above (Figure 3B). (A) We incubated 
three slides of DMSO-treated OVCA429 tumor samples with an anti-human antibody against HLA or STAT3-pY705, 
followed by an Alexa Fluor 488- or 594-conjugated secondary antibodies and FCM. We utilized DAPI to show the 
nuclei. Scale bar: 20 μm. (B) Similarly, we incubated three slides of low-dose SN38-treated tumor specimens with an 
anti-human antibody against HLA or STAT3-pY705 and analyzed the stained cells as described above. (C) We show 
the relative expressions of STAT3-pY705 between tumors treated with DMSO and SN38 in vivo in the indicated his-
togram. (D, E) We incubated three slides of samples from OVCA429 tumors treated with DMSO (D) or SN38 (E) with 
an anti-human antibody against HLA or IL-6 and analyzed the stained cells as described above. (F) We demonstrate 
the relative expressions of IL-6 between tumors treated with DMSO and SN38 in vivo in the indicated histogram.
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as OvCa. Activation of the PI3K/Akt, c-Myc, HIF-
1α, or STAT3 cancer-promoting pathways can 
potently induce PD-L1 expression in tumor cells 
to trigger the hallmark immune evasion mecha-
nism [38], which may lead to resistance or 
unresponsiveness to PD-L1/PD-1 ICBs. Small-

molecule (SM) drugs can modulate oncogenic 
signaling pathways responsible for immune 
evasion mechanisms towards effective antitu-
mor responses. Thus, the use of SM drugs to 
target oncogenic pathways may be an integral 
approach to enhancing the therapeutic effect 

Figure 9. Low-dose SN38 significantly increases cleaved PARP1 protein level 
in OVCA429 tumor specimens. (A, B) We incubated three slides of samples 
from OVCA429 tumors treated with DMSO (A) or SN38 (B) with an antibody 
against human cleaved PARP1 or human leukocyte antigen (HLA) and followed 
by an Alexa Fluor 594(red)- or Alexa Fluor 488(green)-conjugated secondary 
antibodies, and FCM. We used DAPI to show the nuclei. Scale bar: 20 μm. (C, 
D) We display the relative expression of cleaved PARP1 (C) or HLA (D) between 
tumors treated with DMSO and SN38 in vivo in the histogram as indicated. (E) 
We detected proteins expressions in the total lysates of samples from tumors 
treated with DMSO or SN38 (50 μg/kg body weight) in vivo using immunoblot-
ting with the indicated antibodies, and GAPDH represents the loading controls. 
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of ICBs on cancer immunotherapy [39]. Indeed, 
our results show that low-dose SN38 drug 
markedly reduces PD-L1 protein levels and 
increases FOXO3 tumor suppressor protein lev-
els in tumor cells, resulting in enhancing anti-
PD-1 antitumor efficacy. Silencing FOXO3 
expression in tumor cells revokes the SN38-
mediated suppression of PD-L1 protein expres-
sion (Figure 7). In addition to PD-L1, our find-
ings suggest that low-dose SN38 downregu-
lates the levels of phosphorylated STAT3-pY705 
(pSTAT3), IL-6, and c-Myc in human tumor cells. 
On the other hand, low-dose SN38 potently pro-
motes IFN-γ and granzyme B protein levels in 
the TME. Overall, we have collectively proposed 
a schematic representation of a working model 
where low-dose SN38 or other immune-activat-
ing drugs can suppress the oncogenic STAT3, 
IL-6, c-Myc, and PD-L1 signaling pathways via a 
FOXO3-dependent mechanism in human tumor 
cells (Figure 10). In addition, our model sug-
gests that low-dose SN38 or other drugs can 
induce IFN-γ and granzyme B cytotoxic proteins 
in the TME to trigger NK cell killing of tumors 
(Figure 10). NK cells release the content of 
cytolytic granules and secretion of factors such 
as chemokines and cytokines [40, 41], leading 

report implies that deletions or mutations of 
the IFN-γ pathway genes may be valuable pre-
dictors for patients’ resistance or responsive-
ness to particular ICB immunotherapy because 
the IFN-γ pathway is crucial for specific ICB 
clinical responses. This publication further sup-
ports our SN38-mediated antitumor immuno-
modulating model by triggering NK cells secret-
ing IFN-γ to strengthen clinical responses to 
particular ICB therapy.

The oncogenic c-Myc protein plays a key role in 
regulating tumor growth and coordinating cel-
lular adaptations in the TME and the prevention 
of the host antitumor immunity [45]. Notably, 
c-Myc overexpression is markedly correlated 
with PD-L1 expression in primary tumors and 
poor survival in patients with lung cancer [31]. 
We have previously shown that SN38 inhibits 
c-Myc protein expression in tumor cells in a 
FOXO3-dependent manner [22]. Thus, our find-
ings imply that the SN38-mediated suppres-
sion of c-Myc protein expression may play an 
important role in PD-L1 downregulation in 
tumor cells in a FOXO3-dependent fashion. This 
notion is supported by a report showing that 
FOXO3 activation increases c-Myc phosphory-

Figure 10. A schematic presentation illustrates a proposed model for the 
signaling mechanism underlying the FOXO3-dependent SN38- or other 
drug-mediated activation of NK cell anticancer immunity. This model illus-
trates that SN38 or other drugs can suppress the oncogenic pSTAT3, IL-6 (or 
other factors), and PD-L1 signaling pathways in cancer cells through FOXO3 
and induce IFN-γ and granzyme B cytotoxic proteins in the TME to trigger NK 
cell killing of cancer cells.

to the death of target cells. 
Among the secreted factors, 
IFN-γ is a key factor that plays 
a critical role in inducing NK 
cell or CD8+ T cell trafficking 
into the TME and boosting 
tumor cell killing [42]. Among 
granzymes and perforin in 
cytolytic granules, granzyme B 
is a key enzyme that plays a 
critical role in inducing the 
death of cancer cells. Indeed, 
our findings suggest that low-
dose SN38 engages NK cell 
infiltration into the TME and 
triggers secretion of IFN-γ, 
which is detected in the adja-
cent area of NKG2D+ NK cells 
(Figure 6). Other than NK cells, 
activated T cells or other 
immune cells can also secret 
IFN-γ [42, 43]. A novel discov-
ery indicates that lacking IFN-γ 
signaling genes in cancer cells 
is associated with cancer 
patients’ resistance to CTLA-4 
blockade treatment [44]. This 
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lation and reduces c-Myc protein stability by 
FBW7-mediated ubiquitination and proteasom-
al degradation [46]. In addition to c-Myc, our 
results suggest that the SN38-mediated 
decrease of pSTAT3 and IL-6 protein levels may 
be crucial for reducing PD-L1 expression in 
tumor cells. This implication is supported by 
several reports indicating that the IL-6/JAK/
STAT3 signaling pathway has a vital role in the 
upregulation of PD-L1 expression [32, 33], and 
targeting the IL-6/JAK/STAT3 pathway by their 
inhibitors can stimulate antitumor immunity 
[47]. Furthermore, it has been shown that 
upregulated HIF-1α expression is associated 
with enhanced PD-L1 expression in tumor cells 
and cause suppression of T-cell function in the 
TME [48, 49], suggesting that increased HIF-1α 
expression under hypoxic conditions may lead 
to immunosuppression in the TME. Interesting- 
ly, SN38 or irinotecan has been found to sup-
press HIF-1α in tumor cells [50, 51]. These find-
ings support our proposed model of using 
SN38 to boost antitumor immune responses by 
suppressing oncogenic signaling pathways in 
tumor cells.

Nonetheless, the detailed molecular mecha-
nisms underpinning the SN38- or other immu-
noactivators-mediated anticancer immunity in 
vivo remain largely unclear and will be elucidat-
ed further. For instance, several literature find-
ings have shown compelling evidence to reveal 
that suppressing PD-L1 expression on cancer 
cells directly by small-molecule medicines or 
indirectly by silencing PD-L1’s upstream target 
genes results in boosting anticancer immune 
responses [52-61]. A plausible mechanism for 
this small-molecule immunoactivator (e.g., 
SN38)-mediated reducing PD-L1 expression 
and increasing anticancer immune response 
should be similar to an anti-PD-L1 blockade 
that inhibits the PD-1/PD-L1 checkpoint inter-
action. Another likely mechanism for SN38-
promoted anticancer immune response is that 
SN38 treatment triggers NK cell recruitment 
into the TME. Our findings support this mecha-
nism showing few infiltrated NK cells or T cells 
in the TME of the primary tumors without SN38 
treatment (Figures 4 and 5). In contrast, our 
results reveal markedly increased numbers of 
engaged NK cells infiltrating the TME in vivo in 
the presence of SN38 (Figures 4 and 5). 
Furthermore, it is possible that small-molecule 
drugs (e.g., SN38)-mediated suppression of 

PD-L1 expression to enhance anticancer im- 
mune response through reducing infiltration of 
immunosuppressive immune cells (e.g., macro-
phages or regulatory T cells or myeloid-derived 
suppressor cells) into the TME. Emerging find-
ings of small-molecule medicine lenvatinib-
mediated ameliorating antitumor immune 
response have suggested this new mechanism 
[62, 63]. However, we cannot rule out other 
potential mechanisms. In contrast, certain 
novel findings have shown that specific target-
ed therapeutics or chemotherapeutic drugs 
can upregulate PD-L1 expression in tumor cells 
and increase a PD-L1 blockade-mediated anti-
tumor immune response [64, 65]. However, the 
prospective mechanisms for these phenomena 
appear different from the SN38-mediated sig-
naling pathways (as described above). For 
instance, when tumor cells express low or insig-
nificant levels of PD-L1 proteins, the tumor 
immune escapes seem not to depend on the 
PD1/PD-L1 checkpoint signaling, resulting in 
resistance or unresponsiveness to PD1 or 
PD-L1 checkpoint blockades. Their tumor 
immune escapes may rely on alternative im- 
mune checkpoint mechanisms (CTLA4/CD80/ 
86, TIM-3/galectin-9, etc.). When specific com-
pound drugs constitutively upregulate PD-L1 
expression in the PD1 or PD-L1 blockade-resis-
tant tumor cells, their tumor immune escapes 
may acquire a dependence on the PD1/PD-L1 
checkpoint signaling and enhance responsive-
ness to PD1 or PD-L1 checkpoint blockade 
therapy. However, various compound immuno-
activators’ regulatory mechanisms for amelio-
rating anticancer immunity seem complex and 
remain further deciphered in the future.

Although our mouse tumor model is not a syn-
geneic mouse tumor model, our in vivo system 
provides certain advantages over a syngeneic 
system. (1) Our new findings are based on 
human cancer cells, whereas most results 
obtained from known syngeneic mouse tumor 
models are based on mouse cancer cells. 
Although the immune system appears con-
served between humans and mice, the com-
plex immune regulatory mechanisms may not 
be identical between humans and mice. In par-
ticular, several regulatory receptors or factors 
expressed in NK cells seem distinct between 
humans and mice. For instance, human NK 
cells express natural cytotoxicity receptors 
(e.g., NKp30, NKp44, and NKp46) on the cell 
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surface, whereas mouse NK cells express 
mainly NKp46 and do not express NKp30 [66]. 
Human NK cells express CD56 receptors on 
the cell surface abundantly, but mouse NK cells 
do not express CD56 receptors [67]. (2) In the 
immunocompetent mice, NK cell proliferation 
and activity are controlled by regulatory T cells 
via regulating the secretion of a vital cytokine 
IL-2, which controls NK cell proliferation [68], 
and a negative cytokine transforming growth 
factor-β, which inhibits NK cell functions [68]. 
Moreover, circulating lymphocytes comprise 
approximately 85% T cell populations [69], 
much more abundant than 2-5% NK cell popu-
lations [70] in immunocompetent mice. Thus, 
the unique roles of NK cells in regulating tumor 
cell survival and tumor progression in the TME 
may be constrained or masked by various T 
cells in the immunocompetent mice. Our new 
findings are based on human cancer cells in the 
immunocompromised nude mice, which lack 
mature functional T cells [71]. In addition, nude 
mice have preserved functional NK cells or 
more NK cells than the immunocompetent 
mice to compensate for their lack of active 
mature T cells [72, 73]. Thus, our mouse sys-
tem may work as an animal model of impaired 
T-cell function with mature T cells depleted to 
show NK cell function and activity more clearly 
than the immunocompetent mice.

Regarding overarching cancer immunotherapy 
strategies, our current SN38-NK cell findings 
may contribute to advancing integrated 
immune-activating medicines (e.g., SN38 or 
topotecan, etc.) with ICB immunotherapy to 
boost the optimal therapeutic efficacy for sav-
ing lives of patients suffering from difficult-to-
treat cancers. Strikingly, Sun et al. have discov-
ered crucial adaptive immune features of NK 
cells [74]. Krebs et al. have revealed that 
NK-cell-mediated elimination of target cells can 
trigger strong antigen-specific CD8+ T-cell-
mediated adaptive immunity and humoral 
response [75]. In addition, recent findings indi-
cated that SN38 inhibits lipopolysaccharide 
(LPS)-mediated toll-like receptor 4 (TLR4) sig-
naling in macrophages, resulting in suppress-
ing the acute inflammatory response [76]. 
Notably, topoisomerase-I (Top-I) inhibitors have 
been shown to prevent LPS-induced death  
in animals by suppressing the inflammatory 
genes [77]. Together, our findings suggest that 
low-dose SN38 and topotecan (Top-I inhibitors) 

or other immunoactivators may significantly 
improve anticancer immune response and miti-
gate potential adverse side effects by abrogat-
ing the acute inflammatory response in cancer 
patients concurrently. However, it is unclear 
whether low-dose SN38 or topotecan may regu-
late other gene expressions in cancer cells or 
other immune cells in the TME to contribute to 
the observed anti-tumor immune response in 
vivo. Hence, further investigation of the role 
and mechanism of low-dose immune activators 
(e.g., SN38, topotecan, etc.) in inhibiting the 
acute inflammatory responses is necessary to 
facilitate immune activators-enhanced ICB-
mediated cancer immunotherapy while thwart-
ing intolerable side effects. In general, the 
scope of immune-activating drugs in promoting 
NK-mediated tumor suppression may be a 
common property applicable to certain small-
molecule drugs. Finally, it is plausible to evalu-
ate further this promising strategy to overcome 
ICB-resistant or intractable cancers with SN38 
or topotecan or other immune-activating drugs 
to boost ICB therapeutic efficacy and optimize 
therapeutic applications of effective combina-
tion therapies for overcoming life-threatening 
cancers in the future.
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