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Chrysin targets myeloid-derived suppressor cells and
enhances tumour response to anti-PD-1 immunotherapy

Dear Editor,

Myeloid-derived suppressor cells (MDSCs) accumu-
late in large numbers during tumour development and
help tumours evade the immune system.' Cancer
immunotherapy, such as immune checkpoint inhibitors, is
the most promising therapeutic strategy currently.* How-
ever, its efficacy varies significantly from individual to
individual. The accumulation of MDSCs is a crucial factor
in the low anticancer efficacy of PD-1 inhibitors.>® Some
flavonoids can act on immune checkpoints.”® Chrysin
(Chr) is a natural and biologically active flavonoid with
antioxidant, anti-inflammatory and anticancer effects.’
Besides, Chr has a wide range of sources and high safety.
It is a drug with great potential in cancer treatment. How-
ever, studies on Chr’s regulation of the tumour microen-
vironment are still lacking. In this study, we reported
the effect of Chr on tumour microenvironment, includ-
ing immune infiltration and angiogenesis, and further
explored the feasibility of combining chrysin and PD-1
inhibitor.

Based on the ICs of the Chr inhibitory effect in MDSCs
was 43.79 uM (Figure 1A). We chose two representative
doses for further study: 10 uM (low dose) and 20 pM
(high dose). MDSCs were typically divided into two sub-
groups: granulocytic cells (G-MDSC) and monocytic cells
(M-MDSC). The inhibitory effect of Chr on MDSCs mainly
affected G-MDSCs (Figure 1B). Apoptosis and proliferation
were crucial for cell accumulation. Chr induced apopto-
sis and GO/Gl1 cell cycle arrest of MDSCs (Figure 1C,D).
The detection of CFSE showed that Chr also inhibited the
proliferation of MDSCs (Figure 1E). Arginase 1 (Arg-1) and
inducible nitric oxide synthase (iNOS) activities, as well as
reactive oxygen species (ROS), are critical to the tumour
immunosuppressive effect of MDSCs. Chr reduced the
expressions of Arg-1 and MDSCs proliferation-inducing
factor COX-2 at the mRNA and protein levels and iNOS
mRNA in a dose-dependent manner (Figure 1F,G). The
levels of NO and ROS produced by MDSCs and Arg-1
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activity were also significantly reduced after Chr treat-
ment (Figure 1H-J). The previous results indicated that
Chr mainly inhibited the accumulation of G-MDSCs and
their immunosuppressive activity.

To determine the effects of Chr on tumour progres-
sion, melanoma (B16-F10) was established in C57BL/6
mice (Figure 2A). Chr treatment significantly decreased
the tumour volume (Figure 2B,D) and tumour weight
(Figure 2E) but did not affect the body weight (Figure 2C).
Flow cytometric analysis showed that Chr inhibited the
accumulation of G-MDSCs in the marrow and spleen of
tumour-bearing mice (Figures 2F and S1A,C). MDSCs
inhibited the proliferation and functional activity of T
cells. Further analysis of CD8' T cells showed that high-
dose Chr treatment could alleviate the inhibition of T cell
proliferation caused by MDSCs (Figures 2G and S1B,D).
The previous results demonstrated that Chr can inhibit
the accumulation of G-MDSCs and restore T cell prolif-
eration, thereby inhibiting the malignant progression of
tumours.

To further understand the mechanism underlying Chr’s
regulation of MDSCs, proteomic analyses were performed.
GO and KEGG pathway enrichment analysis supported
the effects of Chr on various pathways, such as cell apop-
tosis, cell cycle and cell proliferation (Figure 2H). Protein—
protein interaction enrichment suggested that Chr may
influence the accumulation and function of MDSCs by
affecting signalling by Rho GTPases (Figure 2I). Ras
homolog gene family member A (RhoA) is a staple small
GTPase protein in the Rho family. RhoA can regulate the
classical pathway PI3K/AKT that is closely related to cell
proliferation and apoptosis. Western blot showed that Chr
inhibited the activation level of RhoA and the phospho-
rylation of AKT (Figure 2J). Furthermore, Akt activators
restored Chr’s inhibitory effects on ROS levels and Arg-
1 activity, and Akt inhibitors had no significant effect on
Chr’s ROS levels and Arg-1 activity inhibition (Figure S2).
The previous results supported that Chr inhibits the accu-
mulation and immunosuppressive activity of MDSCs by
targeting the RhoA/PI3K/AKT pathway.
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FIGURE 1

Chrysin (Chr) inhibits the accumulation and function of myeloid-derived suppressor cells (MDSCs) in vitro: (A) CCK8 assay

results of Chr on MDSCs; (B) effect of Chr on B16-F10-bearing C57BL6 mouse myeloid cells, as detected by flow cytometric analysis; (C)
analysis of MDSCs apoptosis induced by Chr using Annexin V/PI assay; (D) effect of Chr on the cell cycle of MDSCs; (E) proliferation of
CFSE-labelled MDSCs, as determined by flow cytometry. Inducible nitric oxide synthase (iNOS), COX-2, and Arg-1 protein (F) and mRNA (G)
levels in Chr-treated MDSCs. Immunosuppressive function analysis of MDSCs after Chr treatment, including NO production (H), reactive
oxygen species (ROS) level (I) and Arg-1 activity (J). Data expressed as mean + SD, n = 3. ns, not significant. *p < .05, **p < .01. Chr-L, 10 uM;

Chr-H, 20 uM



.
CLINICAL AND TRANSLATIONAL MEDICINE
(A) (B) Vehicle Chr-L Chr-H
— n
y k
Y ‘/ <
N “
Chrysin .
s.c. B16 i.p. Chrysin (qod) Analysis
R iEEEEI R
Day 1 Day 8 Day 21 Day 22
C D) &~ E
[37]
( )A25- , (D) £ 25007 , (E) il
PV e Vehicle ns € - Vehicle = %
=71 = chrL ns 20007 = Chr-L [+x|,, £3{ —2—
S 231 « Chr-H € 15004 = Chr-H g
=2 2 S R gk 4
3 (_3 o L] ]
> 21 | > 1000' o ATA ,
3 5 E 11
8 201 g 5001 E
>
L — 2 E— 0 . . .
8 10 12 14 16 18 20 8 10 12 14 16 18 20 Vehicle Chr-L Chr-H
Time after tumor inoculation (day) Time after tumor inoculation (day)
(F) Naive B Tumor+Chr-L (G) . Naive B Tumor+Chr-L
*x M Tumor+Vehicle M Tumor+Chr-H o B Tumor+Vehicle ll Tumor+Chr-H
— — ok KX
§ 60 ﬁL 3 * %k X 8 T
s | 2 ‘ x g4
@ 40 ©» c | ©
€D 3> [ %]
g 'g 8 e ns o -g S
S| @» ns — Q| ®2
=| 020 s Ns X1 Do
wn _— n 1
[a)] [a]
= o] 0 = 0
G-MDSCs M-MDSCs G-MDSCs M-MDSCs
Tricarboxylic acid
(H) méliiofﬁlﬁfecés 1 4 M Signaling by Rho GTPases
Signaling by Interleukins - . W microtubule-based process
response to reactive M actin filament-based process
oxygen species e M regulation of cell projection organization
. W regulation of cytoskeleton organization
. _ signaling pathwa cell cycle process
8 [posmve regulation of t?t?ll cycle pr?cess 3 ° W Cell Cycle
x positive regulation of] . organelle localization
g coll eycle phase lransition I positive regulation of cellular component biogenesis
g positive regulation of catabolic process - . P = .g P P 9
8 cell junction organization
Pathways in cancer - - Metabolism of RNA
Metabolism of nucleotides -« cell morphoger}esis
I regulation of microtubule-based process
~ . | head development
] A regulation of GTPase activity
Sytekinesis Membrane Trafficking
cellular amino acid metabolic process - . Adaptive Immune System

Alanine, aspartate and glutamate metabolism - -

0.01 002 003 004
Rich factor

) & & & &
RhOA | " — —
GTP-RhoA | <l SHENS S
AKT | o a— a—
P-AKT | ——
GAPDH | s e an—
FIGURE 2

0.05

GTP-RhoA/RhoA

%k %k

Eukaryotic Translation Initiation
M protein localization to organelle
cytoskeleton-dependent intracellular transport

_ 157 =
iC( 10 = M Vehicle
E ' M Chr-L
<05 M Chr-H
o

0.0

Chrysin targeting RhoA/PI3K/AKT pathway inhibits myeloid-derived suppressor cells (MDSCs) and exerts anti-tumour

effect: (A) Schematics show the treatments of tumour-bearing C57BL6 mice; (B) representative photographs of transplanted tumours at the

end of the experiment; mouse body weight (C), tumour volume (D) and tumour weight (E) change in each group; flow cytometry analysed
the effect of Chr on the ratio of MDSCs (left) and CD8* T cells (right) in the marrow (F) and spleen (G). Chr-L, 20 mg/kg; Chr-H, 40 mg/kg,
n = 6; (H) enrichment analysis of GO and KEGG; (I) protein—protein interaction (PPI) network of differential genes in MDSCs; (J) the effects
of Chr on RhoA, Akt and p-Akt in G-MDSC at the protein level, as detected by Western blot. Data expressed as mean =+ SD. ns, not significant.

*p < .05, **p < .01. Chr-L, 10 uM; Chr-H, 20 uM
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FIGURE 3 Chrysin inhibits the promotion capability of myeloid-derived suppressor cells (MDSCs) on tumour angiogenesis in vivo: (A)
proteomic analysis of angiogenesis-related pathways; (B and C) flow cytometric analysed the ratio of MDSCs in tumour and peripheral blood
of B16-F10 tumour-bearing mice after Chr treatment; (D) flow cytometry was used to analyse CD8" T cells infiltration in tumour tissues after
Chr treatment; (E) representative image of immunohistochemistry (IHC) analysis of hypoxia-inducible factor (HIF)-1a expression in tumour
tissues; (F) microvascular densities, vascular permeability and vascular perfusion changes in tumours of each group; (G) apoptosis evaluation
by TUNEL assay in each group; (H) representative haematoxylin and eosin (HE) staining of tumours sections in each group. Quantification
was performed on three random visual fields for each sample (three sample per group). Data expressed as mean + SD. ns, not significant.

*p < .05, **p < .01. Chr-L, 20 mg/kg; Chr-H, 40 mg/kg
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FIGURE 4 Chrysin synergistically enhances the anti-tumour activity of PD-1 inhibitors: (A) representative photographs of transplanted

tumours at the end of the experiment; change in mouse body weight (B),

tumour volume (C) and tumour weight (D) after administration of

Chr and PD-1 Ab, whether alone or in combination; (E) survival curve of B16-F10 tumour-bearing mice after Chr and PD-1 Ab were
administered individually or in combination; (F) analysis of 4T1-Luc tumour by live-animal fluorescence imaging; change in mouse body
weight (G), tumour volume (H) and tumour weight (I) after the administration of Chr and PD-1 Ab in 4T1 tumour-bearing BALB/C mice; (J)
survival curve of 4T1 tumour-bearing BALB/C mice after Chr and PD-1 mAb were administered individually or in combination. Data
expressed as mean + SD, n = 6. ns, not significant. *p < .05, **p < .01. Chr-H, 40 mg/kg; PD-1 Ab, 10 mg/kg; Chr, 40 mg/kg + PD-1 Ab,

10 mg/kg

MDSCs exert immunosuppression and also affect
tumour angiogenesis. Therefore, we focused on the
angiogenesis-related part of the proteomic analysis. The
heat maps showed that Chr inhibited the promotion
of tumour angiogenesis by MDSCs (Figure 3A). Flow
cytometry analysis indicated that Chr treatment decreased
G-MDSCs in blood and tumours, whereas CD8* T cell

tumour infiltration increased (Figure 3B-D). Vascu-
lar abnormalities always lead to tumour hypoxia, and
hypoxia-inducible factor (HIF)-1a is a major gene involved
in coordinating tumour cell adaptation to hypoxia and
promoting angiogenesis. Immunohistochemistry (IHC)
showed that Chr reduced HIF-la expression levels in
tumours (Figure 3E). CD31 immunostaining allowed
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the visualization of tumour vessels; when combined
with dextran and lectin, it helped assess tumour vessel
permeability and perfusion levels, respectively. The results
showed that microvessel density decreased, vascular
permeability decreased and vascular perfusion increased
in tumour after Chr administration (Figure 3F). Treatment
with Chr also dose dependently induced the apoptosis of
the tumour cells (Figure 3G). Haematoxylin and eosin
staining indicated increased intratumoural immune
infiltration and enlarged tumour necrosis area after Chr
administration (Figure 3H).

The PD-1/PD-L1 axis inhibited the anti-tumour immu-
nity of T cells. We tried to combine Chr with PD-1 inhibitor
to suppress MDSC-mediated inhibition of T cell prolif-
eration while supporting sufficient T cell activity. Flow
cytometry analysis confirmed that treatment with Chr and
PD-1 inhibitor decreased MDSCs and increased T cells
compared with the single drug group (Figure S3). In vivo,
after the combination treatment, the tumour volume and
tumour weight were smaller, the mice survived better
in the long term and the mice’s body weight remained
stable (Figure 4A-E). Further, the triple-negative breast
cancer cells (4T1)-BALB/C mice model was implemented
to determine whether Chr could broadly enhance the
effects of PD-1 inhibitor. Continuous monitoring showed
that combination therapy with Chr and PD-1 inhibitor
outperformed monotherapy in inhibiting tumour growth
(Figure 4F,H,I) and prolonging survival (Figure 4J) with-
out affecting body weight (Figure 4G). IHC revealed a
decrease in the expression levels of Ki67 and PD-L1 after
the drug combination (Figure S4).

In conclusion, Chr can inhibit the accumulation and
function of MDSCs by targeting RhoA/PI3K/AKT path-
way, and the combination of chrysin and PD-1 inhibitor
can be an anticancer strategy (Figure S5).
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