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Tumor derived cell-free nucleic acid upregulates
programmed death-ligand 1 expression in neutrophil via
intracellular Toll-like receptor signaling

Neutrophils are innate immune cells that function pre-
dominantly against pathogens, while recent studies have
revealed additional crucial roles in various diseases,
including cancers [1–3]. For instance, neutrophils express-
ing the co-inhibitory molecule programmed death-ligand
1 (PD-L1) were identified as novel immunosuppressive
myeloid cells that impair cytotoxic T cell (CTL) activity
via programmed cell death protein 1 (PD-1)/PD-L1 inter-
action [4, 5]. Although some stimuli have been identified,
it is still unclear whether the nucleic acid sensing system
(NAS) participates in PD-L1 upregulation in neutrophils
[6]. Here, we report that increased cell-free nucleic acid
(CFNA) upregulates PD-L1 expression via intracellular
Toll-like receptor (TLR) activation in neutrophils following
tumor expansion.
Flow cytometry analysis showed that the expression

of PD-L1 was gradually increased in peripheral blood
(PB) neutrophil after inoculating B16-F10 melanoma cells
or EO771 breast cancer cells into wildtype (WT) mice
(Figure 1A, protocol is shown in the Supplementary Mate-
rials and gating strategy of flow cytometry is shown in Sup-
plementary Figure S1). Notably, the expression of PD-L1
was significantly increased in PB neutrophils of B16-F10-
inoculated mice as early as day 3 post-injection compared
to those of naïve mice. Although EO771-inoculated mice
did not show significantly increased PD-L1 expression in
PB neutrophil at days 3 and 7 of post tumor inoculation,
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there was a significant, pronounced upregulation at day
14 (Figure 1A). Intratumor (IT) neutrophils showed the
largest increase of PD-L1 expression compared to neu-
trophils in PB, spleen and bone marrow (BM) 14 days post
inoculation in both types of tumors. The PD-L1 expression
level in BM neutrophils was lower than that of PB and
spleen neutrophils in B16-F10 inoculated mice. In EO771-
inoculated mice, the PD-L1 expression levels in BM and
spleen neutrophils were similar, but slightly lower than
that in PB (Supplementary Figure S2A and B). Interest-
ingly, similar to the observation in PB, spleen and BM
neutrophils also showed significant increases in PD-L1
levels in tumor-bearing mice compared to those of naïve
mice, implying that neutrophil PD-L1 upregulation occurs
systematically in thesemurine tumormodels (Supplemen-
tary Figure S2C and D). Given these data, we decided to
investigate circulating factors that may induce changes in
PD-L1 levels in neutrophils of tumor-bearing mice, and
found that the plasma CFNA levels were significantly
increased in the tumor-bearingmice compared to themice
before tumor inoculation (Figure 1B). Linear regression
analyses showed strong positive correlations between the
plasma CFNA and PB neutrophil-associated PD-L1 expres-
sion levels in tumor-bearing mice (Figure 1C). Of note,
both the plasma CFNA (Figure 1D) and neutrophil PD-L1
expression levels (Supplementary Figure S3) were posi-
tively correlated with the tumor volumes in these mice.
In vitro experiments revealed that medium supplemented
with plasma of tumor-bearing mice (14 days post tumor
inoculation) significantly increased PD-L1 expression in
naïve mouse BM-derived neutrophils compared to naïve
mouse plasma-supplemented medium (Figure 1E). DNase
or RNase treatment abolished this effect suggesting that
CFNAcomponents are capable of increasing PD-L1 expres-
sion in neutrophils, an observation that has important
clinical implications given that cancer patients often have
increased plasma cell-free DNA (cfDNA) levels compared
to healthy individuals [7].
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F IGURE 1 Activation of intracellular TLR signaling upregulates PD-L1 expression in neutrophils inhibiting T cell function. The mice
(C57BL/6, wild-type (WT)) received either B16-F10 or EO771-inoculation, then PD-L1 expression in PB circulating neutrophils, plasma CFNA
levels and tumor volumes were measured on the indicated day after tumor inoculation. (A) PD-L1 expression (fold change of MFI) in PB
neutrophils analyzed by flow cytometry. (B) Plasma CFNA levels measured by SYTOXTM Green staining. (C) Linear regression analysis of
plasma CFNA levels and PD-L1 expression in PB neutrophils (day 14). (D) Linear regression analysis of plasma CFNA levels and tumor
volumes (day 14). R-squared values and P-values were calculated by GraphPad Prism 10.0. (E) PD-L1 expression of in vitro cultured
neutrophils analyzed by flow cytometry. Plasma samples were prepared from individual naïve or tumor bearing mice (at day 14 of B16-F10 or
EO771 inoculation), and BM-derived neutrophils were cultured with 5% plasma supplemented medium at 37◦C for 6 h. To degrade CFNA, the
plasma supplemented medium was treated with DNase or RNase at 37◦C for 16 h prior to use for experiments. (F-G) PD-L1 expression of in
vitro stimulated neutrophils analyzed by flow cytometry. BM-derived neutrophils were treated with vehicle, GM-CSF (100 ng/mL), G-CSF
(100 ng/mL), Poly (I:C) (25 µg/mL), R837 (25 µg/mL), R848 (10 µg/mL), ODN1826 (5 µg/mL), B16-F10 conditioned medium (CM) or EO771 CM
at 37◦C for 6 h. Representative histograms and cumulative MFI values (fold change) of PD-L1 expression in neutrophils are shown in (F) and
(G), respectively. (H) PD-L1 expression in TLR stimulated neutrophils with TLR7/9 inhibition. BM-derived neutrophils were pre-incubated
with vehicle (−) or E6447 (+; TLR7 and 9 inhibitor, 50 µmol/L) at 37◦C for 60 min followed by treating with vehicle, R848 (10 µg/mL) or
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Next, we investigated whether the activation of intra-
cellular NAS, particularly TLR signaling, triggers PD-L1
upregulation in neutrophils [8]. For this purpose, in vitro
stimulation assayswere performed using intracellular TLR
ligands, such as polyinosinic: polycytidylic acid (Poly (I:C))
for TLR3 stimulation, R837 (Imiquimod) for TLR7/8 stim-
ulation, R848 (Resiquimod) for TLR7/8 stimulation, and
ODN1826 (Class B CpG oligonucleotide) for TLR9 stimula-
tion. Granulocyte-macrophage colony-stimulating factor
(GM-CSF) and granulocyte-colony-stimulating factor
(G-CSF) were used as positive controls to increase PD-L1
expression in the neutrophils [4, 5, 9]. Except for Poly (I:C),
R837, R848, and ODN1826 significantly increased PD-L1
expressions in BM-derived neutrophils compared to the
controls (Figure 1F and G). The conditioned media (CM)
of B16-F10 or EO771 cell culture also exhibited similar
effects in neutrophil PD-L1 upregulation. The responsibil-
ity of intracellular TLR in PD-L1 upregulation was proven
by an inhibition assay using E6446 (TLR7/9 inhibitor)
in the neutrophils upon R848 or ODN1826 stimulation.
PD-L1 expression was suppressed in neutrophils by E6446
treatment (Figure 1H). Intracellular TLR inhibition also
suppressed PD-L1 upregulation in neutrophils cultured
in tumor-bearing mice plasma supplemented medium
or cancer cell CM (Figure 1I). These results further sup-
port the essential role of intracellular TLR signaling in
neutrophil PD-L1 upregulation. The upregulation of Pdl1

mRNA expression was confirmed by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) in
GM-CSF or R848 treated BM-derived neutrophils (Supple-
mentary Figure S4). In addition, flow cytometry analysis
showed that R837 or R848 stimulation increased PD-L1
expression in dimethyl sulfoxide (DMSO)-differentiated
HL-60 (dHL-60) cells, a human neutrophil model, sug-
gesting that this intracellular TLR activation-mediated
PD-L1 upregulation was mechanistically conserved in
both mouse and human cells (Supplementary Figure S5).
Western blot (WB) showed that GM-CSF, R837, R848, and
ODN1826 treatments increased phosphorylated-signal
transducer and activator of transcription 3 (pSTAT3)
levels in BM-derived neutrophils, respectively (Figure 1J).
PD-L1 upregulation in these treatments was suppressed
by inhibition of STAT3 phosphorylation using Stattic in
the stimulated neutrophils (Figure 1K). The STAT3 inhi-
bition also suppressed PD-L1 upregulation in neutrophils
cultured in cancer cell CM (Supplementary Figure S6).
Additionally, STAT3 inhibition significantly suppressed
Pdl1 mRNA upregulation in neutrophils upon GM-CSF
or R848 stimulation as compared to control treatment
(Supplementary Figure S7). As STAT3 has been known
as one of the regulators in PD-L1 expression [6], our
results suggest that STAT3 activation may be involved
in intracellular TLR-dependent PD-L1 upregulation in
neutrophils.

ODN1826 (5 µg/mL) at 37◦C for 6 h, then PD-L1 expression in neutrophils was analyzed by flow cytometry. (I) PD-L1 expression in neutrophil
cultured in plasma supplemented medium or cancer cell CM with TLR7/9 inhibition. BM-derived neutrophils were pre-incubated with
vehicle (−) or E6447 (+; TLR7 and 9 inhibitors, 50 µmol/L) at 37◦C for 60 min followed by incubating in tumor bearing mouse plasma
supplemented medium or cancer cell CM at 37◦C for 6 h. PD-L1 expression in neutrophils was analyzed by flow cytometry. (J) WB images of
STAT3 activation in neutrophils. BM-derived neutrophils were treated with vehicle, GM-CSF (100 ng/mL, 15 min), R837 (25 µg/mL, 60 min),
R848 (10 µg/mL, 60 min), ODN1826 (5 µg/mL, 60 min). Total and phosphorylated pSTAT3 expressions were detected by WB. (K) PD-L1
expression in neutrophils with STAT3 inhibition. BM-derived neutrophils were pre-incubated with vehicle (−) or Stattic (+; STAT3 inhibitor,
10 µmol/L) at 37◦C for 30 min followed by incubating with vehicle, GM-CSF (100 ng/mL), R837 (25 µg/mL), R848 (10 µg/mL), ODN1826 (5
µg/mL) at 37◦C for 6 h. PD-L1 expression in neutrophils was analyzed by flow cytometry. (L-N) In vitro T cell suppression assay. BM-derived
neutrophils were pre-cultured with GM-CSF (100 ng/mL) with or without R837 (25 µg/mL), R848 (10 µg/mL), ODN1826 (5 µg/mL), 5% plasma
(B16-F10-derived tumor bearing mice) at 37◦C for 24 h. The neutrophils were washed and co-cultured with splenic CD3+ T cells (at a ratio =
1:1) in the presence of anti-CD3 mAb (10 µg/mL) and anti-CD28 mAb (2 µg/mL) at 37◦C for 24 h. The IFN-γ production and CD69 expression
in CD8+ T cells were analyzed by flow cytometry (L). Cumulative percentage values of IFN-γ+CD8+ T cells and MFIs (fold change) of CD69
expression in CD8+ T cells are shown in (M) and (N), respectively. (O) PD-1/PD-L1 blockade in neutrophil-T cell coculture. The co-cultures
established by the protocol indicated in Figure 1K were further treated with isotype antibody (−) or anti-PD-L1 mAb (+; 10 µg/mL). After
incubation at 37◦C for 24 h, the percentages of IFN-γ+CD8+ T cells were analyzed by flow cytometry. (P) Hypothetical diagram of
CFNA-mediated generation of PD-L1-upregulated neutrophils and T cell suppression in cancer. The neutrophil and CD8+ T cell populations
were determined as CD45+CD11b+Ly-6G+ and CD45+CD4−CD8+ in flow cytometry. The gating strategy of flow cytometry analysis and the
purities of isolated BM-derived neutrophils and splenic CD3+ T cells are shown in Supplemental Figure S1. Cumulative data are shown as
mean ± SEM of six to twelve samples in two or three independent experiments. All MFI values are represented as fold changes (the average
value of MFI in control was used for baseline = 1). Student t-test (comparison between two groups) or one-way ANOVA (comparison between
more than three groups) was used to analyze data for significant differences. *P < 0.05, **P < 0.01 and ***P < 0.01. ns = not significant.
Abbreviations: PB, Peripheral blood; PD-L1, Programmed death-ligand 1; BM, Bone marrow; CFNA, Cell-free nucleic acid; MFI, Mean
fluorescence intensity; TLR, Toll-like receptor; GM-CSF, Granulocyte-macrophage colony-stimulating factor; G-CSF, Granulocyte
colony-stimulating factor; CM, conditioned medium; WB, Western blot; STAT3, Signal transducer and activator of transcription 3; STAT3;
pSTAT3, phosphorylated-STAT3; mAb, monoclonal antibody; IFN-γ, Interferon-gamma.
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Since PD-L1+ myeloid cells are characterized as pos-
sessing immunosuppressive activity against T cells [4,
5], we investigated whether intracellular TLR-stimulated
or CFNA-exposed neutrophils also exhibits a suppres-
sive effect by employing a co-culture system with T
cell (Figure 1L). BM-derived neutrophils were first pre-
cultured in the medium supplemented with or without
R837, R848, ODN1826, or plasma originating from B16-F10
tumor-bearing mice to increase PD-L1 expression as ver-
ified by flow cytometry analysis (Supplementary Figure
S8). GM-CSF was added to all the cultures to sustain neu-
trophil survival. The pre-treated neutrophils were washed
and then co-culturedwith splenic CD3+ T cells in the pres-
ence of anti-CD3 and anti-CD28 monoclonal antibodies
(mAbs), and the suppressive effect of neutrophils on T
cells was assessed by examining the levels of interferon-
gamma (IFN-γ) production and activation marker CD69
expression in the T cells. GM-CSF-stimulated neutrophils
suppressed IFN-γ production aswell as CD69 expression in
CD8+ T cells (Figure 1M andN, Supplementary Figure S9).
Notably, the TLR ligand or tumor-bearing mouse plasma-
exposed neutrophils further decreased IFN-γ production
and CD69 expression in CD8+ T cells compared to the neu-
trophils treated with GM-CSF alone. These pre-cultured
neutrophils could also suppress CD4+ T cell function
in the co-culture system (Supplementary Figure S10).
Nuclease treatments for tumor-bearingmouse plasma sup-
plemented medium suppressed PD-L1 upregulation in
the pre-cultured neutrophils (Supplementary Figure S11),
and these neutrophils reduced their suppressive effects
against CD8+ T cells which resulted in equivalent IFN-
γ production to GM-CSF-pre-cultured neutrophils in the
co-culture systems (Supplementary Figure S12). Finally,
we investigated whether PD-1/PD-L1 blockade can restore
CD8+ T cell function in the presence of PD-L1-upregulated
neutrophils. The reduced IFN-γ production in CD8+ T
cells cocultured with immunosuppressive neutrophils was
significantly restored by anti-PD-L1 mAb treatment com-
pared with isotype Ab treatment (Figure 1O).
In summary, this study found that intracellular TLR

stimulation upregulated PD-L1 expression in neutrophils.
Moreover, we posit that tumor-released CFNA participates
in PD-L1 upregulation of neutrophils via intracellular NAS
represented by TLR7, 8, and 9. The TLR-mediated PD-L1
upregulation results in neutrophils gaining immunosup-
pressive activity which dampens T cell function, and
thus implicates a potential new target for anti-cancer
immunotherapy (Figure 1P). An important remaining
question is the mechanism of CFNA uptake in neu-
trophils, which may be via endocytosis or micropinocy-
tosis. Other NASs, such as cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) and retinoic
acid-inducible gene-I (RIG-I)-like receptors, which recog-

nize cytosolic DNA and double-stranded RNA (dsRNA),
respectively, may also play roles in sensing tumor-derived
CFNAand regulating PD-L1 expression inneutrophils [10].
In addition, specific CFNAsequences triggering intracellu-
lar TLR-mediated PD-L1 upregulation in neutrophils also
remain to be identified. Our results suggest the need to
investigate PD-L1-upregulated immunosuppressive neu-
trophils in cancer patients and determine whether they
may serve as a predictable marker for effectiveness of
PD-1/PD-L1 blockade therapy.
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