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Ginseng-derived nanoparticles potentiate immune
checkpoint antibody efficacy by reprogramming
the cold tumor microenvironment
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Cold tumor microenvironment (TME) marked with low
effector T cell infiltration leads to weak response to immune
checkpoint inhibitor (ICI) treatment. Thus, switching cold to
hot TME is critical to improve potent ICI therapy. Previously,
we reported extracellular vesicle (EV)-like ginseng-derived
nanoparticles (GDNPs) that were isolated from Panax ginseng
C.A. Mey and can alter M2 polarization to delay the hot tumor
B16F10 progression. However, the cold tumor is more com-
mon and challenging in the real world. Here, we explored a
combinatorial strategy with both GDNPs and PD-1 (pro-
grammed cell death protein-1) monoclonal antibody (mAb),
which exhibited the ability to alter cold TME and subsequently
induce a durable systemic anti-tumor immunity in multiple
murine tumor models. GDNPs enhanced PD-1 mAb anti-tu-
mor efficacy in activating tumor-infiltrated T lymphocytes.
Our results demonstrated that GDNPs could reprogram tu-
mor-associated macrophages (TAMs) to increase CCL5 and
CXCL9 secretion for recruiting CD8" T cells into the tumor
bed, which have the synergism to PD-1 mAb therapy with no
detected systemic toxicity. In situ activation of TAMs by
GDNPs may broadly serve as a facile platform to modulate
the suppressive cold TME and optimize the PD-1 mAb immu-
notherapy in future clinical application.

INTRODUCTION

By inactivating inhibitory immune receptors (immune checkpoints),
immune checkpoint inhibitor (ICI) therapies have greatly expanded
the landscape of carcinoma treatment.”” Among ICI therapies,
monoclonal antibodies (mAbs) targeting programmed cell death pro-
tein-1 (PD-1) or its ligand PD-L1 have become popular inhibitors
that can activate tumor-infiltrated T lymphocytes and induce an
anti-tumor immune response. Currently, many clinical trials on
PD-1/PD-L1 therapies have shown promising therapeutic outcomes
in multiple types of cancer.” However, there has been a relatively
low overall response rate in a large proportion of patients who un-
dergo ICI treatments.' T cell infiltration into tumors may be the pri-
mary factor for effective ICI treatments, and tumors with high T cell

infiltration are defined as “hot” or “T cell-inflamed” tumors. When
tumors per se lack T cell infiltration, or there is a paucity, they are
characterized as “cold” or “non-inflamed” tumors.* ® Cold tumors
typically do not respond well to ICI therapy, as in the case of colon,
breast, and pancreatic cancers.”” Therefore, boosting T cell infiltra-
tion into tumors is critical for improving the effects of ICI
treatments.”

Tumor-associated macrophages (TAMs) play critical roles in sup-
porting tumor progression, metastasis, and therapy resistance.”'’
the early stages of tumor formation, tumoricidal macrophages (M1-
like, CD206'°CD86™) are the main phenotype of TAMs. As the tumor
microenvironment (TME) is modified to support tumor progression,
tumor-supportive macrophages (M2-like, CD206™CD86™) represent
the majority of TAMs in advanced tumor stage.'’ Thus, TAMs with
plasticity can be further therapeutically exploited to reactivate anti-
tumor properties.'” Recent studies indicated that TAMs mediate
the resistance of ICI or adoptive T cell immunotherapies.'>'* So
they have emerged as a target of immunotherapy. Notably, the expres-
sion of pro-tumor M2-like phenotype on TAMs is strongly correlated
with poor prognosis.'>' Furthermore, TAM-targeting treatments in
clinical trials and pre-clinical studies, such as colony-stimulating fac-
tor-1 receptor blockade,'” interferon (IFN)—')(,18 Toll-like receptor 7/8
(TLR7/8) agonists imiquimod,ls’lg and iron oxide nanoparticles,20
indicated that reprogramming M2-like macrophage to M1 like or
decreasing TAM tumor infiltration percentage is promising to effec-
tively delay tumor progression. However, whether macrophage polar-
ization by reprogramming macrophage could inflame the cold tumor
immunophenotype to hot has not been reported.
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Our previous study demonstrated that ginseng-derived nanoparticles
(GDNPs), isolated from fresh Panax ginseng C.A. Mey, induce macro-
phage polarization to the tumoricidal phenotype through the TLR4/
myeloid differentiation antigen 88 (Myd88) signaling pathway.”’
We found that GDNPs monotherapy significantly suppressed B16-
F10 tumor growth. Moreover, GDNPs increased CD8" T/regulatory
T cells (Tregs) ratio in TME in vivo and promoted CD8" T lympho-
cyte proliferation in vitro. As GDNPs showed potential to reverse cold
TME to hot, we hypothesized that GDNPs could be an auxiliary factor
for ICI therapy.

In this study, we explored whether GDNPs combined with PD-1
blockade could alter the pro-tumor environment to an anti-tumor
environment, initiated by polarizing M2-like to M1-like TAMs. The
results demonstrated that, compared with T cells in the Vehicle group
(immunoglobulin G [IgG] isotype), more T cells were recruited by
TAM-derived chemokines to the TME after Combo (combinatorial)
treatment. This Combo strategy aided conversion of the TME from
cold to hot and further enhanced the anti-tumor efficacy of PD-1
mAb.

RESULTS

Immune checkpoint blockade response positively correlated
with CD206'°CD86"'CD8" status

The phenotype of TAMs is significantly correlated with patients’ sur-
vival.” The high density of tumor-supportive (M2-like) macrophages
in the TME may indicate poor prognosis.”* ** To better explore the
correlation between tumor-supportive (CD206™CD86'")/tumoricidal
(CD206"°CD86™) TAMs and tumor cytotoxic T lymphocytes (CTLs)
in colon adenocarcinoma (COAD) and triple-negative breast cancers
(TNBCs), gene transcript analyses using Gene Expression Omnibus
(GEO) was performed. The results showed that CD8A gene expression
is lower in patients with CD206"'CD86" than that of CD206"” CD86"
patients in both COAD and TNBC (Figure 1A, p = 0.00028, gene
sets GEO: GSE17356 + GEO: GSE17357; Figure 1B, p = 0.0047, gene
set GEO: GSE58812). Moreover, we found that patients with higher
CD8A expression may indicate longer overall survival in both
COAD and TNBC (Figure 1A, log rank test p = 0.0035, n = 355,
best cut-off; Figure 1B, log rank test p = 2.8793e-05, n = 252, best
cut-off). As CD206 expression could be treated as a surrogate for
M2-like TAMs in tumors,” 52 clinical colorectal cancer samples
were stained for CD206 and CD8A by immunohistochemistry. The
results showed negative correlations between CD206 and CD8A
in COAD tumor samples (Figure 1C; n = 52, R = —0.4047, p =
0.0029), which indicated that lower tumor-supportive macrophage
infiltration in tumors is accompanied with higher CD8" T lymphocyte
infiltration.

To mimic the ICI treatment efficiency in human cancer, we applied
anti-PD-1 mAbs to multiple murine tumor models. As expected,
PD-1 mAb alone significantly inhibited the growth of hot tumors
such as B16-F10 murine melanoma'® (Figures S1A and S1B), but
mice bearing CT26 murine colon tumor and 4T1 murine breast
tumor were resistant to PD-1 mAb treatment®”*® (Figure S1B). Sub-
sequently, we analyzed the TME in three murine models on day 21
following tumor inoculation by flow cytometry, and the results
showed that a ratio of F4/80"/CD45" is more than 10% in the 4T1
murine breast tumor, CT26 murine colon tumor, or B16-F10 murine
melanoma model (Figure S1C). Moreover, to understand the associ-
ation between ICI therapy resistance and TAMs characterization,
correlations between a ratio of CD8"/CD45" and tumor-supportive
macrophages/TAMs (CD206"/F4/80") were analyzed, and the results
showed negative correlation in a CT26 murine colorectal cancer
model, which were consistent with the results of gene expression
trends in COAD (Figure S1D).

Therefore, we hypothesized that polarizing TAM:s to the tumoricidal
phenotype could effectively increase infiltration of CD8" T cells into
the TME, which may inflame cold tumors to improve a response to
ICI therapy.

Combo therapy of GDNPs and PD-1 mAb reverses TAMs
polarization and effectively inhibits growth of multiple tumors
Our previous data demonstrated that GDNPs isolated from fresh
ginseng root can effectively inhibit melanoma (hot tumor) progres-
sion by polarizing TAMs to M1-like macrophages.”' Moreover, we
found that the percentage of T cells in TME increased markedly.
Based on these findings, we speculated that a GDNPs-induced in-
crease in M1-like macrophages may improve immunosuppressive
status in TME. Furthermore, GDNPs treatment can induce the acti-
vation of T cells to inflame cold tumors to hot tumors and enhance
the efficacy of ICI. To clarify the efficacy of GDNPs in different tumor
immunophenotypes, we prepared GDNPs as previously reported”’
and confirmed their characterization. The Nanosight tracking anal-
ysis showed that mean size GDNPs is around 200.4 nm (Figure S2A).
Transmission electron microscopy (TEM) examination indicated that
GDNPs are spherical in shape (Figure S2B). By developing a sensitive
liquid chromatography-mass spectrometry (LC-MS) method, Ginse-
noside Re contents of GDNPs in each batch were detected without
significant changes (Figure S2C). Besides, the GDNPs macrophage
targeting properties (Figure S2D).
Interestingly, a remarkable decrease in tumor growth in CT26 murine
colon tumor and 4T1 murine breast tumor models with GDNPs
treatment (Figure S1E) was observed. However, 5-time GDNPs
treatment did not maintain the long-time survival of CT26 murine

were reclarified as well

Figure 1. CD8A and tumor-associated macrophages (TAMs) marker expression in clinical specimens from the Gene Expression Omnibus (GEO) cancer

dataset and multiple tumor models

Samples across (A) colon adenocarcinoma (COAD) or (B) triple-negative breast cancer (TNBC) were divided into CD206"CD86'° and CD206'°CD86" using the median of all
specimens (analyzed by t test, p = 0.00028 for COAD and p = 0.0047 for TNBC). Kaplan-Meier analyses of patients stratified by CD8" versus CD8" in (A) COAD or (B) TNBC
(p=0.0035 for COAD and p = 2.8793e-05 for TNBC). (C) Immunohistochemical staining of CD206 and CD8 in COAD samples (scale bars, 200 um). Correlation analyses CD8

expression and CD206 expression in n = 52, p = 0.0029.
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Figure 2. Combinatorial (Combo) therapy using GDNPs and PD-1 mAb elicits rejections of the CT26 murine colon tumor by polarizing M2-like macrophages

to M1-like phenotype

(A) Time schedule for tumor implantation and drug treatment. (B) Tumor volume and (C) tumor weight for different treatment types, such as Vehicle, PD-1 mAb, GDNPs, or
Combo treatment in CT26 murine colon tumor model (n = 6 for each group, one-way ANOVA or two-way ANOVA, **p < 0.01, ****p < 0.0001). (D) Ratio of CD45" in tumor
microenvironment (TME), CD11b*CD45" in immune cells, F4/80*CD11b* inimmune cells in the CT26 murine colon TME (n = 5 for each group, one-way ANOVA, *p < 0.05).
(E) Representative fluorescence-activated cell sorting (FACS) plots and quantification of M2/M1. Percentage of PD-L1%/F4/80" in TAMs. Representative flow cytometry
picture for M2-TAM and M1-TAM (n = 5 for each group, one-way ANOVA, *p < 0.05).

tumor-bearing mice (clinical end point, tumor volume > 2,000 mm?;
Figure S1F).

Thus, we evaluated whether the combination of PD-1 mAb with
GDNPs could improve the anti-tumor response in cold tumors
(Figure 2A). In the CT26 murine colon tumor model, the tumor
progression in mice with Combo treatment was significantly de-
layed compared with that in the PD-1 mAb group and Vehicle
group. Meanwhile, the GDNPs treatment was more efficient than
Vehicle or PD-1 mAb treatments (Figure 2B). Consistently, the
Combo group showed a much lower tumor weight (Figures 2C;
Figure S3A) than Vehicle, PD-1 mAb, and GDNPs groups. Similar
results were found in 4T1 murine breast tumor and MC38 murine
colon tumor models (Figures S4A—S4D). Thus, we concluded that
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Combo treatment of PD-1 mAb and GDNPs enhanced anti-tumor
efficiency in cold tumor models. In addition, monitoring mice
weight (Figure S3B) and organ tissue histological staining (Fig-
ure S5) showed Combo treatment was tolerated without significant
toxicity.

Further analyses of Tumor infiltrated lymphocytes (TILs) in TME
were carried out on day 21 after tumor inoculation by flow cytometry.
The results indicated that the percentage of CD45" immune cells
increased 2- to 3-fold in tumors treated with GDNPs or Combo treat-
ment than in those treated with PD-1 mAb in CT26-bearing mice
(Figure 2D). In TILs, the percentage of myeloid cells in TME immune
cells significantly decreased in the GDNPs group compared with that
in the Vehicle or PD-1 mAb group (Figure 2D). The ratio of TAMs in
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all TILs (CD11b* F4/807/CD45") did not differ in each group; how-
ever, GDNPs and Combo therapy decreased the M2/M1 ratio in tu-
mors (Figures 2D and 2E). We also tested PD-L1" expression on
TAMs and found no significant changes among different treatment
groups (Figure 2E). Thus, these results suggested that re-polarizing
of TAMs by GDNPs can enrich immune cells in the TME and
improve the efficacy of ICIs in cold tumors.

Combination of GDNPs and PD-1 blockade promotes T
lymphocyte infiltration and anti-tumor immune response

CTLs play a central role in killing tumor cells. The ratio of infiltrated
CD8" T cells in tumors is the major difference that distinguishes cold
tumors from hot ones.”* As PD-1 mAb mainly targets CTLs, we vali-
dated the percentage of T cell infiltration and the protein level of cyto-
toxic cytokines in T lymphocytes. Analyses of the graft TME by flow
cytometry showed an increase in T cell (CD3"/CD45") infiltration in
the CT26 murine colon cancer model after GDNPs or Combo treat-
ment (Figure 3A). The ratio of CD8*/CD3" increased in GDNP- and
Combo-treated groups compared with that in the PD-1 mAb or
Vehicle group (Figure 3B). We also analyzed CD8 protein expression
in the CT26 murine colon tumor by immunohistochemistry (IHC),
which showed the same trend as that in the flow cytometry analyses
(Figure 3C).

CTLs are characterized by the secretion of IFN-vy, granzyme B, and
tumor necrosis factor (TNF)-a, which kill tumor cells directly. In
this study, the upregulation of IFN-y and TNF-o was detected in tu-
mor-infiltrated CD8" T cells from the CT26 murine graft colon tumor
in the Combo group (Figures 3D and 3E). Meanwhile, CD8" T lym-
phocytes showed higher expression of Ki67" in the Combo-treated
group compared with that in the PD-1 mAb/Vehicle group, which
showed higher proliferation ability of CTLs in the Combo group (Fig-
ure 3E). We next focused on the expression of co-inhibitory mole-
cules on T cells. For CD8" T cells, the lower expression of T cell Ig
mucin domain-3 (TIM3; Figure S6A), inducible co-stimulator
(ICOS; Figure S6B), and PD-1 (Figure S6C) was observed in the
CT26 murine colon tumor with Combo treatment. These results indi-
cated that combining GDNPs with PD-1 mAb therapy could induce
CD8" T cell activation in the TME.

In addition, we found a higher T helper 1 cells (Th1)/Treg ratio (Fig-
ure 3G) and upregulated expression of granzyme B, IFN-y*, and
TNF-o" CD4" T lymphocytes in tumors in the Combo group as
compared to that of Vehicle-treated mice. Besides, the improved
percentages of IFN-y" and TNF-a.* CD4" T lymphocytes were de-
tected in the Combo group rather than those in the PD-1 mAb group.
These results suggested that more CD4" T cells were differentiated
into Thl cells in the Combo-treated TME (Figures 3F and 3G).
Besides, the Milliplex Luminex assay was performed to clarify the
cytokine changes in the plasma in Combo treatment. Results showed
that the concentrations of interleukin (IL)-2 and IL-12 p40 strongly
increased in plasma under Combo treatment. Although the IL-12
p70 concentration showed no significant changes, the data are in
the same trend as IL-2 (Figure S3C).

Finally, to validate the importance of CD8" and CD4" T lympho-
cytes in activating anti-tumor effects in Combo treatment, CD8"
and CD4" T lymphocytes were independently ablated in CT26 mu-
rine colon tumor-bearing mice (Figure 4A). The depletion efficiency
was confirmed in peripheral blood before Combo or Vehicle treat-
ment by flow cytometry (Figures S7A and S7C). The results indi-
cated that CD8" or CD4" T lymphocyte depletion reduced the
Combo tumoricidal efficiency (Figures 4B and 4C; Figures S7B
and S7D). Thus, these results are consistent with our hypothesis
that CD4" and CD8" T lymphocytes play crucial roles in achieving
efficacy with the Combo treatment. Taken together, these findings
suggest that anti-tumor efficacy of Combo therapy is T lymphocyte
dependent.

Combo therapy enhances long-term antigen-specific anti-
tumor memory and inhibits tumor metastasis

Of note, 40% of CT26-bearing mice in the Combo group were ethi-
cally survived for over 50 days with treatment administered only
14 days after tumor inoculation (Figure 5A). As the surviving mice
in the Combo group were accompanied with complete regression of
CT26 murine colon tumors after the first inoculation, it raised the
question whether the mice can survive the relapse of the tumors. A
rechallenge assay revealed that approximately 50% of mice in the
pre-Combo-treated group overcame CT26 murine colon tumor
recurrence (Figures 5B and 5C). However, tumor rejection was not
observed in the 4T1 murine breast tumor in the same mice. The re-
sults further verified the specificity of anti-tumor immune response
induced by Combo treatment.

To further investigate the latent changes in the long-term antigen-
specific anti-tumor memory behind the encouraging results, we eval-
uated memory T cells in the spleen by flow cytometry. In the spleen,
central memory T lymphocytes (CD44" CD62L") and effector mem-
ory T lymphocytes (CD44" CD62L") in both CD4" and CD8" pop-
ulations significantly increased in pre-Combo-treated survivors
compared with that in tumor-bearing mice of the same age (Fig-
ure 5D). These results indicate that Combo treatment may elicit a
durable anti-tumor immune memory.

As tumor metastasis highly affects the mobility and mortality of
patients, we established a 4T1-Luc murine breast cancer lung metas-
tasis model (Figure S8A). A significant reduction in tumor nodules in
the lungs of the mice was observed with Combo treatment compared
with that for treatment with PD-1 mAb alone (Figure S8B). More-
over, bioluminescent signals were also analyzed to assess lung metas-
tasis. We found that Combo treatment decreased the luminescence in
lungs of tumor-bearing mice (Figure S8C). These results indicate
GDNPs combined with PD-1 mAb may activate the immune system
to better depress tumor metastasis.

GDNPs elicited M2-like macrophage-secreting chemokines for
T cell chemotaxis in vitro

Mounting evidence showed that GDNPs combined with PD-1 mAb
optimized the TME by increasing TIL infiltration, which successfully
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Ratio of different T cell phenotypes and T cell-related functional analyses in CT26 murine colon TME by FACS. (A) Ratio of CD3* in CD45* cells (n = 5 for each group, one-way
ANOVA, *p < 0.05). (B) Ratio of CD8" in CD3* T cells (n = 5 for each group, *p < 0.05. *p < 0.01, ***p < 0.0001). (C) Representative pictures of CD8 IHC staining in TME and
the quantification of the H-score of IHC staining for CD8 in CT26 murine colon tumor samples (scale bar, 50 pm; n = 3 for each group, *p < 0.05). (D) Quantification of IFN-y*
CD8" T cells and representative FACS histograms (n = 5 for each group, *p < 0.05, **p < 0.01). (E) Quantification of TNF-o* CD4* T cells, granzyme B* CD8" T cells, and Ki67*
CD4* T cells (n = 5 for each group, *p < 0.05, **p < 0.01). (F) Quantification of IFN-y* CD4* T cells and representative FACS histograms (n = 5 for each group, *p < 0.05,
**p < 0.01). (G) Ratio of TNF-a" CD4" T cell, granzyme B* CD4* T cell, Ki67* CD4* T cell, and Th1/Treg (n = 5 for each group, *p < 0.05, **p < 0.01). Data are presented as

mean + SEM and analyzed by one-way ANOVA.

converted cold tumors to hot. This led us to explore how
GDNPs-treated macrophages enhance T cell infiltration in the
TME. To further clarify whether CTLs were recruited under
GDNPs-treated bone marrow-derived macrophages (BMDMs) or
not, 1,I’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlo-
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rate (Dil)-stained CD8" T cells (CD8" T microbeads isolated from
spleen) were intravenously (i.v.) injected into tumor-bearing mice.
The immunofluorescence staining data showed that GDNPs treat-
ment recruited more CD8* T cells in the tumors than the phos-
phate-buffered saline (PBS) treatment group (Figure 6A).
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The CD8" T cell infiltration always has been measured by Cd8a tran-
script expression level in tumor tissue, and chemokines have been clar-
ified to regulate immune cell trafficking and tumor development.
Therefore, we selected Cd8a as a gene marker for quantifying chemo-
kine-associated genes. We found that Cd8a expression significantly
correlated to Ccl5, Cxcl9, Cxcll0, and Cxcll3 high expression in
COAD and TNBC across The Cancer Genome Atlas (TCGA) data
(Figure 6B). Thus, we performed whole transcriptome RNA
sequencing (RNA-seq) of M2-BMDMs with or without GDNPs
in vitro, and the gene differential expression analyses showed signifi-
cantly higher pro-inflammatory cytokines and chemokines, such as
Ccl2, Ccl3, Ccl5, Cxcl9, and Cxcl10 genes in the GDNP-treated group
(Figure 6C). Based on the RNA-seq results and bioinformatic analyses,
real-time polymerase chain reaction (PCR) for chemokines was per-
formed. Our results confirmed the significantly increased expression
of Ccl5 and Cxcl9 transcriptomes in M2-like macrophages with GDNPs
treatment (Figure 6D). Based on the chemokine sequencing results,”'

We analyzed the changes in chemokines secreted

by TAMs in different treatment groups in CT26

murine colon cancer model. 2 weeks after CT26
colon tumor cell subcutaneous inoculation, we found that the expres-
sion of CCL5 (Figure 7A) and CXCL9 (Figure 7B) markedly increased
in TAMs in the Combo group, and CXCL9*/F4/80" significantly
increased in the GDNPs group.

As the gene transcript of CXCL9 and CXCR3, CCL5 and CCR5 showed
positive correlations in both COAD and BRCA, two tumor types (Fig-
ure S9),29 we investigated CCL5 and CXCL9 receptors, CCR5 and
CXCR3 expression on T lymphocytes in tumors by flow cytometry.
Flow cytometry analyses indicated that CCR5"/CD8" and CCR5"/
CD4" were found to significantly increase with Combo treatment in tu-
mor samples (Figure 7C). These results indicated that increased chemo-
kines from TAMs and chemokine receptors on T cells could be the
causes of increased T lymphocyte infiltration.

Moreover, we found that higher CCL5 and CXCL9 expression in
COAD and TNBC patients indicated longer overall survival, using
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has yielded remarkable clinical benefits to many
cancer patients. However, a large proportion of
patients are refractory to PD-1/PD-L1 blockade
treatment due to the paucity of tumor T cell infil-
tration that characterizes cold tumors. Thus,
boosting T cell infiltration in tumors is critical
for improving ICI treatment. Studies have re-
ported many optional therapies for cold tumors,

Spleen

TCGA and GEO datasets (Figure 7D). Taken together, GDNPs
increased TAM-derived CCL5 and CXCL9 secretion for further T
lymphocytes recruitment in vivo and were more efficient with PD-1
mAb treatment in cold tumors. In addition, we deleted the macro-
phage in vivo in the Combo-treated group using clodronate liposome
(CL) (Figure S10A). Macrophage depletion efficiency by CL was
confirmed by flow cytometry in peripheral blood (Figure S7E). The
results showed a reverse of tumor decrease after in vivo macrophage
deletion in Combo treatment (Figure S7F), and there was a reduction
in CCL5 or CXCL9 in the tumor suspension in the Combo + CL
group (Figure SI0A), which verified the important roles of CCL5
and CXCL9 in a Combo-induced tumor decrease. Then, CDS8 infiltra-
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> for example, radiotherapy, chemotherapy, tar-

geted therapies, DNA repair-based therapy, adop-

tive cell therapy, oncolytic therapy, vaccine-based
therapy, and T cell immunomodulators.>*>*" However, those thera-
pies have not been clearly verified to effectively change cold tumors to
hot. Thus, employing ICI-related Combo treatment to improve ther-
apy efficacy raises great interest in translational medicine of related
research.”

For most tumor types, especially cold tumors, TAMs are the major
immune cells in the TME, and a high percentage of M2-like TAMs
infiltration indicates poor clinical prognosis. Thus, targeting of
TAMs using pan-therapy strategies, including targeting polarization
signaling pathway and TAMs phagocytosis, has gained great
interest.””> Many studies have published various strategies for



www.moleculartherapy.org

Day 0 Day 7

CT26 implantation BMDMs+GDNPs/PBS
s.c.

1

Day 8
Dil stained CD8* T cells

(5x10° cells/ 100 pl/mouse/i.v.) (4x10%cells/ 100 pl/mouse/i.v.)

DAP CD8-Dil

Merge

C

-

BMDMs + PBS

BMDMs + GDNPs

Numbers of infiltrated Dil-CD8 T cells
per tumor horizon by IF

<4+—Cxcl10

o 4—Cxcl13

— Cxcl9

eece 4— Cxcl9

-log10 (p values)

}

Day 13
Sacrifice

Volcano picture of Diff mMRNA

Cel_Cxel10
Ce2  Cols

Figure 6. GDNPs may elicit macrophages to secrete
chemokines for T cell chemotaxis

(A) CD8" T trafficking and biodistribution of Dil-labeled
CD8* T lymphocytes in CT26 murine colon tumor with
BMDMs + PBS or BMDMs + GDNPs treatment admin-
istered intravenously (scale bar, 50 um; n = 5 for each
group, **p < 0.01). (B) Bubble plots showing correlations
between Cd8a and chemotactic gene-related transcripts
in COAD and TNBC from TCGA cancer datasets. (C)
Volcano plot showing upregulated chemotactic gene
expression from results of RNA sequencing for M2-
BMDMs + GDNPs or M2-BMDMs + PBS (p < 0.05, fold
change (FC) > 1.2, three samples each group). (D)
Relative gene expressions of Ccl3, Ccl5, Cxcl9, and
Cxcl10 in M2 like-BMDMs or GDNPs-stimulated M2-
BMDMs for 12 h/24 h by real-time PCR (n = 3—4 for each
group, ***p < 0.0001). (E) CCL5 and CXCL9 concen-
tration in the culture media of M2-BMDMs, GDNPs + M2-
BMDMs for 12 h, and GDNPs + M2-BMDMs for 24 h by
ELISA (n = 4 for each group, *p < 0.05, **p < 0.001). (F)
Schematic diagram and quantification of chemotactic
assay. CFSE-stained CD8* T cells migrated toward the
supernatant from TAM culture media of the Combo group
in the presence of anti-CCL5 and anti-CXCL9 neutrali-
zation by flow cytometry (n = 3 for each group, **p <
0.01). For all panels, data are presented as mean + SEM
and analyzed using one-way ANOVA or Student’s t test.
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TAMs-M1 polarization in tumor therapy including extracellular ves-
icles (EVs).””** Some reports have demonstrated that different EVs
from others mammalian cells with high stability and high bioavail-
ability are a promising candidate for drug delivery systems.
Compared with mammalian cell-derived EVs® and artificial EVs,
plant-derived EVs are more advantageous with respect to scale-up
and non-toxicity.”® Many studies have identified that multiple
plant-derived EVs have biological properties of tissue and organ spec-
ificity and low immunogenicity and are easily mass produced.”” >’
GDNP, a plant-derived nanoparticle drug, is a discovery in the

log2 (fold change)

O M2+GDNPs 12h

CXCLS concentration

cutting-edge area of EV drug delivery, with
many advantages similar to most of plant-
derived nanoparticles. to data,
GDNPs are the only reported fresh plant-
derived EVs to cause TAMs polarization to
the tumoricidal phenotype, and their high
biosafety demonstrates that GDNPs could be
safely used in combination with ICI.

O M2+GDNPs 24h
However,

700

medium (pg/ml)

By analyzing the transcript expression between
CD8 and CD206"CD86” in multiple human
cold tumors, the results indicated that M1-like
macrophage polarization may improve the
cold TME by increasing CD8 infiltration and
reversing cold tumors to hot. In this study,
GDNPs combined with PD-1 mAb therapy in-
hibited tumor progression more efficiently in
three different murine tumor models compared
with PD-1 mAbD treatment alone. The Combo treatment successfully
altered macrophage polarization and overcame low CD8" T cell infil-
tration to improve the effects of anti-PD-1.

= GDNP

+ aCCLS

" aCXCL9

+ aCCL5 + aCXCL9

An activated immune system accompanied with immunological
memory is necessary for resisting tumor relapse.”>”” Besides, tumor
metastasis plays an important role in patient mortality, as lung metas-
tasis mostly occurs in advanced breast cancer progress.”’ The CT26
murine colon cancer rechallenge assay and 4T1-Luc murine breast
cancer lung metastasis assay were performed, and the results
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Figure 7. GDNPs combined with PD-1 mAb elicit TAM-secreting chemokines to change the TME

(A) Ratio of CCL5*/F4/80*" and (B) CXCL9™/F4/80™ in CT26 colon tumor model TME under Vehicle, PD-1 mAb, GDNPs, or Combo treatment (n = 5 for each group, **p < 0.01,
****p < 0.0001). (C) Ratio of CCR5*/CD8*, CXCR3*/CD8*, CCR5*/CD4", and CXCR3*/CD4" in tumors with Vehicle, PD-1 mAb, GDNPs, or Combo treatment in CT26
murine colon tumor models (n = 5 for each group, **p < 0.01, **p < 0.001, ***p < 0.0001). Kaplan-Meier analyses for (D) COAD or TNBC datasets from GEO and TCGA were
divided into two groups independently, stratified by CCL9 or CXCL5 median of all specimens (p = 0.04 for CCL5 in COAD, p = 0.015 for CXCL9 in COAD, p = 0.00018 for
CCL5 in TNBC, p = 0.0023 for CXCL9 in TNBC). Data are presented as mean + SEM and analyzed using one-way ANOVA or Kaplan-Meier analyses.

indicated that GDNPs combined with PD-1 mAb effectively activated
the immune system, which helps to reduce tumor relapse and depress
tumor lung metastasis foci formation.

To better illustrate the mechanism through which GDNPs-reprog-
rammed macrophages increased the ratio of T cells in the TME,
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multiple assays were performed. The results all supported that che-
mokines secreted by GDNP-polarized macrophages are the main
cause of T cell tumor infiltration. Chemokines regulate the migration
of leukocytes, and inducible chemokines increase at the inflamed site,
which recruits activated leukocy‘[esf“’42 Indeed, chemokines such as
CCL5, CXCL9, CXCL13, CXCL10, and CXCL16 have been reported



www.moleculartherapy.org

to recruit effector CD8" T cells in the tumors, resulting in an anti-car-
cinoma TME.*"*”*"* Qur data indicated that CCL5 and CXCL9
induced by GDNPs polarized M1-like macrophages, contributing to
the hot tumor immunophenotype establishing, which is consistent
with previous reports.*’

Whereas T lymphocyte recruitment-related chemokines increased in
the TME, some chemokine receptors, such as CCR5 and CXCR3, are
highly expressed in T lymphocytes as well, which are important for T
lymphocyte infiltration in tumor beds. In our study, the increased T
lymphocyte receptors CXCR3 and CCR5 enhanced CTL activation
under Combo treatment. Although PD-1 mAb treatment alone led
to a marked increase in CCR5 expression on CD4" T cells, it was
not sufficient to change the cold tumor immunophenotype. The
key role of CXCL9 that binds CXCR3 on T cells enhances recruitment
of CD4™ T cells and promotes the differentiation of inflammatory Th1
CD4" T cells as well. CCR5 and CXCR3 are known markers of acti-
vated T lymphocytes, especially Th1 cells, and their anti-tumor prop-
erties are well studied.***® These results indicate that the Combo
treatment can effectively transform cold tumors to hot by activating
peripheral T lymphocytes.

Based on most of the anti-tumor immune indicators in this research,
the results showed that the treatment efficacy of Combo was superior
to GDNPs or PD-1 mAb alone. We speculated that it is because
GDNPs reverse TME to make the PD-1 mAb treatment more effective,
and PD-1 mAb blocked PD-1 function in TAMs in the Combo group,
which is important to emancipate reprogrammed TAM anti-tumor ef-
ficacy.* Besides, our previous study indicated that ceramides, an
important lipid component of GDNPs, polarized macrophages to
the pro-inflamed phenotype by activating the TLR4-dependent
signaling pathway.” Following TLR4 activation, Th1 proinflamma-
tory cytokines such as TNF-o and IL-12p70 are highly secreted by
macrophages.”' In fact, Thl activation is necessary for subsequent
CTLs activation, which is important for T cell chemotaxis initiation.

Although the macrophage depletion effectively indicates the
importance of CCL5 and CXCL9 in vivo, the results of the mean
tumor volume in Combo + CL are significantly lower than the
Vehicle group. Our previous research presented that granulocytes
and dendric cells could phagocytose a small amount of GDNPs,
which could be activated as well.”' As the CL could only deplete
83% macrophages in this research (Figures S7E and S7F), and
monocytes could differentiate into macrophages continuously,' >
there are still some macrophages that survived the CL treatment. In
the future, we will continue to figure out the bioactivation for
GDNPs on other immune cells. Besides, many studies have pub-
lished that tumors with low tumor mutation burden (TMB) are
accompanied with a low ICI treatment response rate.”> As CT26
and MC38 murine tumor cells have been reported with a high
TMB, and 4T1 has been recognized with a low TMB,’*>° we
hypothesized that GDNPs treatment could improve the PD-1
mAb efficacy in low TMB, and more research will be performed
to verify the hypothesis in future.

Compared with other reported ICI-related Combo therapies, our
GDNPs and ICI Combo therapy are the discovery of fresh plant-
derived EVs, which are efficient in tumoricidal agents and lack
obvious side effects. As the pharmaceutical content of GDNPs
may have unintended reactions in tumors and other diseases, con-
crete steps are necessary to be taken. Moreover, the universality of
GDNPs, combined with different ICI treatments in tumoricidal
roles, and related clinical research are intensive further steps of
this study.

MATERIALS AND METHODS

The ethics statement, patients’ samples, study design, GDNPs prepa-
ration, RNA-seq analysis, and real-time PCR are presented in online
Supplemental materials and methods.

Isolation of tumor-infiltrating cells and splenocytes

Mouse tumor tissues were sliced into 5 mm pieces and minced before
using the Tumor Dissociation Kit (130096730, MACS) per the man-
ufacturer’s instructions.

The spleens were sliced into 5 mm pieces and passed through a 40-um
filter. After being mixed with red blood cell lysis buffer (C3702; Beyo-
time), the cells were resuspended in RPMI-1640 medium for future
analyses.

After mice were anesthetized by isoflurane, 100 pL peripheral blood
was collected from the mouse tail, and 5 mL red blood cell lysis buffer
was added. After centrifugation at 300 x g for 5 min at 4°C, cells from
peripheral blood were resuspended in RPMI-1640 medium for
further analyses.

Flow cytometry of immune cells in the TME, splenocytes, and
peripheral blood

Immune cells were isolated using Percoll (17-0891-09; GE Health-
care) from tumor cell suspension. These cells were incubated with
CD16/32 (clone 93; BioLegend, San Diego, CA, USA) for 15 min
on ice and then stained with various combinations of the following
fluorochrome-conjugated antibodies at the appropriate dilutions for
30 min on ice: CD3-allophycocyanin (APC)/Cy7 (clone 145-2Cl11;
BioLegend), CD8a-phycoerythrin (PE; clone 53-6.7; BioLegend),
CD45-fluorescein isothiocyanate (FITC; clone 30-F11; BioLegend),
CD11b-APC/Cy7 (clone M1/70; BioLegend), F4/80-PE/Cy7 (clone
BMS; BioLegend), F4/80-BV421 (clone BMS; BioLegend), CD8a-
APC (clone 53-6.7; BioLegend), CD4-APC (clone GK1.5; BioLegend),
CD86-PE (clone PO3; BioLegend), CD206-APC (clone C068C2; Bio-
Legend), CD25-APC (clone PC61.5; Invitrogen), CD4-PE/Cy7 (clone
GK1.5; BioLegend), FVD450 (eflour 450; Invitrogen), FVD506
(eflour 506; Invitrogen), CD45-BV510 (clone 30-F11; BioLegend),
CD62L-APC (clone MEL-14; BioLegend), CD44-PE (clone IM7;
BioLegend), CCR5-APC (clone HIM-CCRS5; Invitrogen), CXCR3-
PE (clone CXCR3-173; BioLegend), TIM3-PE (clone 5D12/TIM-3;
BD Pharmingen), ICOS-PE/Cy7 (clone 7E.17G9; Invitrogen), and
PD-1-APC (clone 29F-1A12; BioLegend).
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After cells were stained with surface markers, a Fixation/Perme-
abilization Kit (00-5123-43, 00-5223-56; Invitrogen) was used ac-
cording to the manufacturer’s instructions. Then, CCL5-PE
(clone 2E9/CCL5; BioLegend), CXCL9-PE (clone MIG-2F5.5;
BioLegend), Forkhead box protein P3 (FOXP3)-PE (clone FJK-
16 s; Invitrogen), or Ki67-Peridinin Chlorophyll-Protein Complex
(Percp)-Cy5.5 (clone B56; BD Biosciences) was diluted in the
permeabilization buffer 10x (1:20) and incubated for 60 min
on ice.

For T cell-derived anti-tumor cytokines, 2 x 10° splenocytes or
TILs were incubated in RPMI-1640 medium with Cell Stimulation
Cocktail Plus Protein Transport Inhibitors (500x) for 6 h. Then,
the cells were stained with surface markers, fixed, and permeabi-
lized wusing a Fixation/Permeabilization Kit, IFN-y-PE/Cy7
(clone XMG1.2; BioLegend), granzyme B-FITC (clone NGZB;
BioLegend), and TNF-a-BB700 (clone MP6-XT22; BD Horizon),
which were diluent in the permeabilization buffer 10x (1:20) for
45 min.

Stained cells were analyzed on a FACSAria II Flow Cytometer; BD
Biosciences) using BD FACSDiva software (BD Biosciences), and
data were processed using FlowJo version 10 (BD Biosciences). Gating
strategies were showed in Figure S12.

Preparation and polarization of mouse BMDMs

Mouse bone marrow was collected by flushing tibias and femurs of
9-week-old male BALB/c mice with cold PBS. After collection, red
blood cells were lysed with the red blood cell lysis buffer (Beyotime),
and the remaining cells were washed twice with PBS. To induce
macrophage differentiation, the cells were cultured in DMEM with
10% fetal bovine serum and 20 ng/mL mouse macrophage colony-
stimulating factor (M-CSF) (Bioworld Biotech, USA) for 6 days. On
day 7, 20 ng/mL IL-4 (R&D Systems [R&D], USA) and 20 ng/mL
IL-13 (R&D, USA) were added to polarize macrophages to the M2
phenotype macrophage for 48 h. The cells were prepared for real-
time PCR.

Chemokine analyses

The supernatants of the M2 + GDNPs/PBS culture medium and the
Combo-derived TAM culture medium were collected. Enzyme-linked
immunosorbent assay (ELISA) was performed to examine the con-
centration of CCL5 and CXCL9 (ELISA kits were all from Mlbio,
China), according to the manufacturer’s instructions.

Chemotaxis assay

For CD8" T chemotaxis assay in vivo, CT26 murine colon cancer cell-
bearing mice were i.v. administrated with 5 x 10> BMDMs under
GDNPs or Vehicle pre-treated on day 7, followed by Dil-labeled
4 x 10* CD8' T cells i.v. on day 8. The mice were sacrificed, and
the tumors were collected 5 days after CD8" T cell injection. Immu-
nofluorescent assay was performed to analyze the tumor-infiltrated
Dil-CD8" T lymphocytes.

338 Molecular Therapy Vol. 30 No 1 January 2022

Molecular Therapy

For lymphocyte migration assay in vitro, the CD8" T MicroBeads
Mouse Cell Isolation Kit (Miltenyi Biotec, USA) was used to obtain
CD8" T lymphocytes from splenocytes. CD8" T lymphocytes were
labeled for 3 min at 37°C in 5 mM carboxyfluorescein diacetate, suc-
cinimidyl ester (CFSE, Invitrogen, USA). Conditioned media
(150 pL/well) of TAMs from Combo in vitro were loaded in the bot-
tom as part of the Transwell migration chamber containing anti-
CXCL9 1 pg/mL and anti-CCL5 1 pg/mL. CFSE-labeled CD8*
T cells (3 x 10%) were added to the top chamber in the DMEM culture
media. Migration was evaluated by enumerating the number of
migrated cells in the bottom chamber using fluorescence-activated
cell sorting analyses after 24 h.

Bioinformatic analyses
Computations were performed with the R software system for statis-
tics and figure generation.

For COAD and TNBC tumors, the multi-tumor gene expression mi-
croarray dataset from the Expression Project for Oncology (expO;
http://www.intgen.org/; GEO: GSE17356 + GEO: GSE17357 COAD
and GEO: GSE58812 TNBC) and survival data were analyzed using
“survminer” R package.® TCGA (https://www.cancer.gov/about-
nci/organization/ccg/research/structural-genomics/tcga) was used
for multi-tumor chemokine gene expression data analyzed with the
RTCGAToolbox R package.

For chemotaxis-related RNA transcription variation analyses
between M2-BMDMs + PBS and M2-BMDMs + GDNPs, “ggplot2”
R package was used; p < 0.05 and fold change = 1.2 were set as the
criteria.

Statistical analyses

The results are expressed as the mean + standard error of mean
(SEM). All data were analyzed using GraphPad Prism 7.0 (GraphPad
Software, USA) by unpaired Student’s t test, one-way or two-way an-
alyses of variance (ANOVA), and log rank (Mantel-Cox) test. p < 0.05
was considered statistically significant (*p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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