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Purpose: Prostate cancer (PCa) is one of the most common malignancies in males. Despite the
success of immunotherapy in many malignant cancers, strategies are still needed to improve therapeutic
efficacy in PCa. This study aimed to investigate the effects of Akkermansia muciniphila-derived
extracellular vesicles (4kk-EVs) on PCa and elucidate the underlying immune-related mechanism.
Methods: Akk-EVs were isolated by ultracentrifugation and intravenously injected to treat
syngeneic PCa-bearing immune-competent mice. Immunophenotypic changes in immune cells,
such as cytotoxic T lymphocytes and macrophages, were measured via flow cytometry analysis.
Histological examination was used to detect morphological changes in major organs after Akk-
EVs treatments. In vitro, flow cytometry was performed to confirm the effects of 4kk-EVs on the
activation of CD8" T cells. Quantitative PCR and immunofluorescence staining were carried out
to test the impact of 4kk-EVs on macrophage polarization. Cell counting kit-8 (CCK-8) analysis,
colony formation assays, and scratch wound healing assays were conducted to assess the effects
of Akk-EVs-treated macrophages on the proliferation and invasion of PCa cells. CCK-8 assays
also confirmed the impact of Akk-EVs on the viability of normal cells.

Results: Intravenous injection of 4kk-EVs in immune-competent mice reduced the tumor
burden of PCa without inducing obvious toxicity in normal tissues. This treatment elevated the
proportion of granzyme B-positive (GZMB") and interferon y-positive (IFN-y") lymphocytes in
CD8" T cells and caused macrophage recruitment, with increased tumor-killing M1 macrophages
and decreased immunosuppressive M2 macrophages. In vitro, Akk-EVs increased the number of
GZMB'CDS8" and IFN-y"CD8" T cells and M1-like macrophages. In addition, conditioned
medium from Akk-EVs-treated macrophages suppressed the proliferation and invasion of pros-
tate cells. Furthermore, the effective dose of Akk-EVs was well-tolerated in normal cells.
Conclusion: Our study revealed the promising prospects of Akk-EVs as an efficient and
biocompatible immunotherapeutic agent for PCa treatment.

Keywords: Akkermansia muciniphila, extracellular vesicles, immunotherapy, prostate
cancer, cytotoxic T lymphocytes, macrophages

Introduction

Prostate cancer (PCa) is a common malignancy occurring in the prostate epithelium of
older men, and its incidence has been gradually increasing worldwide in recent years.'*
Current treatment options for PCa include radiation therapy, minimally invasive ablative

surgery, androgen deprivation therapy, and radical prostatectomy.* Although
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progression-free survival in low-risk and early-stage patients
is favorable, most PCa patients eventually progress to castra-
tion-resistant PCa after castration, and the treatment options
for this advanced-stage and metastatic disease are limited and
not satisfactory.>> Thus, new treatments and therapeutic
advances are still urgently needed.

In recent years, cancer immunotherapy has been
regarded as one of the most promising strategies for
tumor treatment due to its ability to boost the immune
system, potential efficiency in various cancers, and feasi-
ble long-lasting effects.® Numerous ongoing cancer inves-
tigations are now focusing on tumor immunotherapy,
including nonspecific immune stimulation, immune check-
point blocking, adoptive cell transplantation, and vaccina-
tion strategies.”® These therapeutic strategies have led to
many breakthroughs in cancer research, regulating antitu-
mor immunity and bringing survival benefits to many
cancer patients.” However, different tumor immunotherapy
regimens present various effects in PCa patients.>'® For
instance, the therapeutic vaccine sipuleucel-T has shown
a survival benefit in PCa patients, while clinical trials
using immune blockade agents, such as ipilimumab, have
failed to present impressive outcomes.™'''* Hence, it is
essential to develop more efficient strategies to potentiate
the efficacy of immunotherapy in the PCa tumor
environment.

One of the approaches is integrating nanomedicine
with cancer immunotherapy to improve clinical responses
while mitigating possible side effects.'*"'* Biogenic nano-
sized extracellular vesicles (EVs), secreted by both eukar-
yotic and prokaryotic cells, are enriched in molecules from
host cells, including nucleic acids, proteins, lipids, and
lipopolysaccharides.'”> Recently, abundant studies have
shown that EVs can be widely used as functional media-
tors for parent cells or modified for desired purposes, such
as modulating antitumor responses.'®'”  Akkermansia
muciniphila (Akk) is a Gram-negative anaerobic bacterium
that contributes to homeostasis maintenance and barrier
integrity in the gastrointestinal tract.'®'® Recently, it was
reported that supplementation with A4kk promotes the
immunotherapy efficacy in a mouse melanoma tumor
model via the modulation of immunological responses by
increasing the CCR9'CXCR3'CD4" T lymphocyte
infiltration.® Although this study elucidated the cause-
effect relationship between the clinical response to pro-
grammed cell death protein 1 (PD-1) blockade and the
distinct commensal abundance of Akk, the immunomodu-
latory effects of Akk in cancer remain largely unexplored.

However, to date, the roles of EVs derived from Akk (Akk-
EVs) in PCa tumor immunity have not been described.

In the present study, we isolated and purified EVs from
Akk and investigated their therapeutic effects in an immune-
competent PCa-bearing mouse model. Moreover, we
described the immunologic changes mediated by Akk-EVs
and evaluated these effects in vitro. Our investigation provides
a new strategy for developing an effective Akk-EVs-based

cancer vaccine or adjuvant immunotherapy in the future.

Materials and Methods

Culture of Akk

Akk (ATCC, BAA-835, Manassas, USA) was cultured in
brain-heart-infusion broth (BD Bioscience, San Jose,
USA) containing 0.5% porcine mucin (Sigma-Aldrich,
USA) and 0.05%
Aldrich) under anaerobic conditions. The bacteria were

Saint Louis, L-cysteine (Sigma-
shaken constantly and cultured at 37 °C, as previously
described.?' The concentration of bacteria was detected
by measuring optical density (OD) at 600 nm wavelength.

Isolation of Akk-EVs

Akk-EVs were obtained by the ultracentrifugation method
according to the reported literature.®” Briefly, the culture
medium of Akk was harvested by centrifugation twice at
6,000 x g for 30 min at 4 °C and then filtered through
a 0.45 pm filter (Millipore, Billerica, USA). The medium
was then concentrated with Amicon Ultra-15 Centrifugal
Filter (100 kDa; Millipore), and the EV pellet was obtained
by serial gradient centrifugation with OptiPrep™ solution
(60% w/v iodixanol; Sigma-Aldrich) at 100,000 x g for 18
h at 4 °C.** Collected EVs were resuspended in PBS and
filtered through a 0.22 pm filter to avoid any contamination.
After total protein concentration quantification, EVs were
stored at —80 °C for further study.

Animals and Treatments

Animal protocols and experimental procedures were
approved by the Ethical Committee at Xiangya Hospital,
Central South University, and performed in accordance
with the Guidelines for the Care and Use of Laboratory
Animals of the Ethical Committee at Xiangya Hospital. To
investigate the effects of Akk-EVs on tumor immunity, we
used C57BL/6 male mice (8 weeks old) with an intact
immune system in the present study. The RM-1 (a mouse
PCa cell line derived from the C57BL/6 strain) was sub-
cutaneously inoculated (1 x 10° cells per mouse) into the
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mice’s right axilla to establish the syngeneic tumor mouse
model. Five days after RM-1 inoculation, these mice were
randomly divided into two groups (n = 5 per group), which
were respectively injected with solvent (normal saline) or
Akk-EVs (40 pg per mouse) every other day through the
tail vein. The tumor length and width were measured three
times a week using a vernier caliper. The tumor volume
(V) was calculated by the formula: V = (length x width?)/
2. Body mass, as well as food and water consumption,
were recorded during the experiments. The mice were
sacrificed after 13 days of treatment. Blood cells were
collected for flow cytometry analysis, and subcutaneous
tumors were excised and weighed for further analysis. The
major organs, including the liver and kidney, were also
harvested for systemic toxicity analysis.

Flow Cytometry

For flow cytometry analysis of the mice specimen, single-
cell suspensions were first prepared. Tumor tissue was
gently ground and filtered through a 70 pm nylon mesh
strainer. Collected blood was mixed with red blood cell
lysis buffer (Solarbio, Beijing, China) to remove the
erythrocytes. The cells were resuspended and counted
for the next steps. Cells were generally stained with
Zombie Aqua™ Fixable Viability Kit (423102;
Biolegend, San Diego, USA) or Fixable Viability Stain
620 (FVS620, 564996; BD) to distinguish live/dead cells.
After blocking the IgG Fc portion with CD16/CD32
(101320; Biolegend) antibody, cells were divided into
several tubes and stained in different antibody panel con-
taining varied cell-surface markers, including APCCY7-
CD45 (557659; BD), PECY7-CD8a (552877, BD),
FITC-CD11b (101206; Biolegend), PE-F4/80 (123110;
Biolegend), and BV421-MHC-II (107632; Biolegend) in
recommended concentrations at 4 °C for 30 min. After
fixation and permeabilization by Cytofix/Cytoperm Plus
kit (BD), intracellular granzyme B (GZMB), CD206, and
interferon y (IFN-y) were stained using APC-GZMB (17-
8898-82; ThermoFisher, Waltham, USA), APC-CD206
(141708; Biolegend), and BV421-IFN-y (563376; BD)
antibodies. For the T cell intracellular IFN-y cytokine
staining, cells were stimulated with 50 ng/mL phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich), 1 pug/mL
ionomycin (Tocris, Bristol, UK), and 5 pg/mL protein
transport inhibitor (BD) for 6 h after cell counting.
Fluorescence Minus One (FMO) control was used for
gating analysis. For flow cytometry analysis of cultured
cells, cells were washed and centrifuged. After being

resuspended and counted, cells were stained with
FVS620, CD8a, GZMB, and IFN-y as described above.
Data of stained cells were acquired by FACS DXP Athena
(Cytek, Fremont, USA) flow cytometer with Flowjo CE
software. Data were further analyzed by FlowJo software
version 10.0.

Histological and Immunofluorescence
Staining Analysis

Tumor and organ tissues were fixed, dehydrated, and
embedded in paraffin. Then the tissue paraffin blocks
were cut into 5-um-thick slices. After being deparaffi-
nized, rehydrated, slices were subjected to histological
and immunofluorescence staining. For histological
examination, sections of organ tissues were performed
with hematoxylin and eosin (H&E) staining according to
Wuhan,  China).

Immunofluorescence staining of Ki67, a cell prolifera-

the  instruction  (Servicebio,
tion marker, was performed as previously described.?*
Briefly, sections were performed with antigen retrieval
in 10 x 107 M citrate buffer (pH 6.0) at 95 °C and
blocked with 3% bovine serum albumin. The sections
were then incubated with the primary antibody anti-
Ki67 (1:200; GB13030-2; Servicebio) at 4 °C overnight.
Following washing, they were incubated with secondary
(1:200; 711-295-152;
ImmunoResearch, West Grove, USA). Nuclei were

antibody Jackson
counterstained and mounted with the antifade mounting
medium with DAPI (H-1200; Vector Laboratories,
Burlingame, USA). For CD86 staining, cells were
seeded in climbing slices. The treated cells were fixed
in 4% paraformaldehyde and then permeabilized with
0.25% TritonX-100/PBS. After blockage with 5% goat
serum/0.25% Triton/PBS, cells were then incubated with
the primary antibody anti-CD86 (1:200; NBP2-25208;
Novus Biologicals, Littleton, USA) and secondary anti-
body (1:300; 115-545-003; Jackson ImmunoResearch).
The nuclei were stained by DAPI. Images were captured
with a Zeiss fluorescence microscope equipped with an
ApoTome.2 system or Olympus CX31 microscope. For
Ki67-positive cell counting, three slides per group were
calculated.

Cell Culture
Mouse PCa cell line RM-1 and human PCa cell line DU-
145 and PC-3 were purchased from Zhong Qiao Xin

Zhou Biotechnology Company (Shanghai, China).
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Human monocytic leukemia cell line THP-1 and mouse
leukemic macrophages cell line RAW264.7 were pur-
chased from Procell Life Science Technology Company
(Wuhan, China). Human VSMC (vascular smooth mus-
cle cell) was purchased from Fu Heng Biology Co.
(Shanghai, China), and HMEC (human microvascular
endothelial cells) were purchased from Cell Bank of
the Chinese Academy of Sciences (Shanghai, China).
Human prostate hyperplasia cell line BPH-1 was kindly
gifted from Prof. Long Wang (The Third Xiangya
Hospital, Changsha, China), and the use of the gifted
cell line has been approved by the Ethical Committee at
Xiangya Hospital. RM-1 and BPH-1 were cultured in
RPMI Beit
HaEmek, Israel) supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island, USA) and 1%
Penicillin/Streptomycin (P/S, 100 U/mL; Solarbio). DU-
145 and RAW264.7 were cultured in DMEM (Gibco)
medium with 10% FBS and 1% P/S. PC-3 was cultured
in DMEM/F-12 (Gibco) with 10% FBS and 1% P/S.
THP-1 cells were cultured in RPMI-1640 medium with
10% FBS, 1% PS, and 0.05 mM B-mercaptoethanol.
VSMC was cultured in F12K medium (Hyclone,
Logan, USA) with 10% FBS and 1% P/S. HMEC was
cultured in MCDB131 medium (Gibco) with 10% FBS
and 1% GlutaMAX (Gibco). All cells were maintained at
37 °C in a humidified atmosphere with 5% CO,.

For mouse naive CD8" T Cell isolation, the commer-

1640 medium (Biological Industries,

cial isolation kit (480008; Biolegend) was used according
to the manufacturer’s protocol. Briefly, the spleens of
C57BL/6 mice were harvested and softly ground for sin-
gle-cell suspension. Single cells were incubated with the
biotin antibody cocktail followed by incubation with mag-
netic streptavidin nanobeads. Non-CD8" T cells were
depleted using a magnetic separator. CD8" T cells were
cultured in RPMI-1640 medium with 10% FBS and 1% PS
in the presence of 1 mM pyruvic acid sodium, 0.05 mM (-
mercaptoethanol, and 10 ng/mL of IL-2 (51061-MNAE;
Sino Biological, Beijing, China) for two days. Anti-mouse
CD3¢/CD28 antibodies (2 pg/mL; 100339 and 102115,
Biolegend) were also used to stimulate T cells’
proliferation.

Preparation of Condition Medium (CM)

from Akk-EVs-Treated Macrophages
THP-1 cells were treated with 100 ng/mL PMA for 48 h to
obtain PMA-differentiated THP-1 macrophages followed

by one day in the complete medium without PMA.
Subsequently, differentiated THP-1 or RAW264.7 macro-
phages were incubated with Akk-EVs (10 pg/mL) or an
equal volume of solvent (PBS) for 24 h. The CM of Akk-
EVs-treated (CM “WEV9) or solvent-treated (CM S°1vem)
macrophages were collected and centrifuged at 2000 x
g for 10 min to remove dead cells and cellular debris.
The supernatant was filtered through 0.22 um filters and
stored at —80 °C for downstream experiments.

Cell Counting Kit-8 (CCK-8) Assay

Cell viability was assessed by CCK-8 assay as previously
described.” Briefly, cells (5 x 10° cells per well) were
seeded into 96-well culture plates and incubated for 24
h. Next, the medium was replaced with complete medium
supplemented with different treatment agents, and the cells
were incubated for another 24 h. After that, cells were then
incubated for 3 h in 100 pL fresh medium with 10 uL
CCK-8 reagent (7Sea Biotech, Shanghai, China), and OD
values were measured using a microplate reader
(Varioskan LUX, Thermo Scientific, Waltham, USA) at
450 nm wavelength. A group without cells served as the
blank. The viability of cells (%) of the control group (CM
(solvent)_treated or solvent-treated) was set as 100%, and
that of other experimental groups (CM ““**EV9)_treated or
Akk-EVs-treated) was calculated by the following formula:
viability (%) = (mean OD of cells of the experimental
group — mean OD of blank)/(mean OD of cells of the
control group — mean OD of blank) x 100.

Colony Formation Assay

Cells (0.2 x 10° cells per well) were seeded into 6-well
culture plates and treated with the above-described CM for
14 days. Then cells were stained with 0.5% crystal violet
(Solarbio) for Smin, and the numbers of colonies (> 50 cells
per colony) were photographed and manually quantified.

Scratch Wound Healing Assay

Cells (2 x 10° cells per well) were seeded into 12-well
culture plates and treated with the above-described CM.
Once the cells were approximately 100% confluent, the
monolayer was scratched using a sterile p200 pipette tip.
Unattached cells were removed by gentle washing. Then, the
attached cells were treated with the above-collected CM.
Mitomycin-C (5 pg/mL; Sigma-Aldrich) was also added to
avoid the effects of cell proliferation on wound closure.
Images of different cells were photographed at various
time points under an inverted microscope (AE2000, Motic,
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China). The following formula calculated the ratio of migra-
tion area: migration area (%) = (A0 — Ar)/A0 x 100, where
AO represents the area of the initial wound area, Ar repre-
sents the remaining wound area at indicated time point.

Quantitative Real-Time PCR Analysis
Total RNA was extracted from the treated THP-1 cells
using TRIzol reagent (Takara Biotechnology, Japan) and
reverse-transcribed into cDNA by All-in-One cDNA
Synthesis SuperMix (Bimake, Houston, USA) according
to the manufacture’s protocol. The cDNA was amplified
using 2x SYBR Green qRT-PCR Master Mix (Bimake)
on an FTC-3000 real-time PCR system (Funglyn Biotech
Inc., Toronto, Canada). The PCR results were analyzed
using the 27T method.?®* GAPDH was selected as the
internal reference. All primers were synthesized by
Sangon Biotech Co., Ltd (Shanghai, China). The primer
sequences for human used in this study were as follows:
INOS: forward, 5-TTCAGTATCACAACCTCAGCAAG
-3’ and reverse, 5'-TGGACCTGCAAGTTAAAATCCC
-3"; CD6S: forward, 5'-CTTCTCTCATTCCCCTATGGA
CA-3', and reverse, 5-GAAGGACACATTGTACTCCA
CC-3%; IL-15: 5'-CCACAGACCTTC
CAGGAGAATG-3', and reverse, 5'-GTGCAGTT
CAGTGATCGTACAGG-3'; GAPDH: forward, 5'-
GGAGCGAGATCCCTCCAAAAT-3',
GGCTGTTGTCATACTTCTCATGG-3'.

forward,

and reverse, 5'-

Statistical Analysis

All descriptive statistical data were presented as mean +
standard error of mean (SEM). Two-group comparisons
were analyzed by unpaired, two-tailed Student’s ¢-test.
Statistical analyses were conducted using GraphPad
Prism 7 software. A value of P < 0.05 was considered to
indicate a statistically significant difference. * P < 0.05, **
P <0.01, ¥** P <0.001, **** P <(.0001.

Results
Characterization of Akk-EVs

First, we isolated EVs from the culture medium of 4kk and
then characterized the isolated EVs using transmission
electron microscopy (TEM) and dynamic light scattering
(DLS) analysis. As shown in Figure 1A and B, Akk-EVs
exhibited typical cup-shaped or spherical morphologies
with a diameter of 181.9 + 42.4 nm, similar to previously
described EVs derived from bacteria.’”*® These data indi-
cate that Akk-EVs were successfully collected.

Akk-EVs Reduced Tumor Burden in a PCa

Mouse Model

To explore the in vivo effects of Akk-EVs on PCa growth,
we constructed syngeneic tumor models via subcutaneous
inoculation of RM-1 cells in immune-competent C57BL/6
mice. Mice with an intact immune system elicit a robust
immune response to tumors and reflect the efficacy of Akk-
EVs on the immune system.

A schematic diagram is illustrated in Figure 1C. In Akk-
EVs-treated mice, tumor growth progression was signifi-
cantly slowed compared with solvent-treated control mice
(Day 11: P =0.0272, Day 13: P < 0.0001; Figure 1D). In
general, no significant difference in the average body mass
was observed between the two groups, and the body mass of
both groups gradually increased during the later observation
period (Figure 1E), suggesting that these tumor-bearing
mice did not develop cancer cachexia. The weight difference
between the two groups might result from the slower tumor
growth in Akk-EVs-treated mice. At the end of the interven-
tion, the size of tumor specimens from mice with Akk-EVs
treatment was smaller than that from solvent-treated control
mice (Figure 1F). Akk-EVs induced nearly 60% inhibition of
tumor growth on day 13 (P = 0.0019; Figure 1G). Cell
proliferation was assessed by immunofluorescence staining
of Ki67. As evidenced in Figure 1H, systemic administration
of Akk-EVs significantly reduced the number of proliferating
cells within the tumors. The counts of Ki67-positive cells
also confirmed this observation (P = 0.0002; Figure 1I).
Taken together, these findings demonstrate the potent anti-
tumor efficacy of Akk-EVs against PCa due to their powerful
function in inhibiting proliferation.

Akk-EVs Elevated the Proportion of
GZMB" and IFN-y" Lymphocytes in
CD8" T cells in vivo and in vitro

To evaluate the effects of Akk-EVs related to the antitumor
immune response, we first assessed CD8' cytotoxic
T lymphocytes (CTLs) in vivo. Using flow cytometry,
we found that the activity of GZMB and IFN-y in infil-
trated CD8" T cells was significantly enhanced in tumors
from Akk-EVs-treated groups, as shown in representative
plots (Figure 2A and C) and quantification analysis (P =
0.0309; Figure 2B and P = 0.0492; Figure 2D). Similarly,
in the peripheral blood (Figure S1A-D), we observed
a significantly higher proportion of GZMB'CD8" T cells
in the Akk-EVs-treated group (P = 0.0040; Figure S1B),
and IFN-y'CD8" T cells showed the same trend, although
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Figure | Akk-EVs reduced tumor burden in a PCa mouse model. (A) Representative TEM image of Akk-EVs. Scale bar: 200 nm. (B) The particle size distribution of Akk-EVs
detected by DLS. (C) Schematic diagram of the treatment schedule for subcutaneous RM-I tumor-bearing C57BL/6 mice. (D) Tumor volumes of mice in different treatment
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the difference was not statistically significant (P = 0.0642;
Figure S1D).

Next, we examined the effects of 4Akk-EVs on GZMB
and IFN-y expression in CD8" T cells in vitro. Akk-EVs
treatment significantly increased the proportion of GZMB™
cells in CD8" T cells compared to the solvent treatment
group (representative image in Figure 2E and statistical
analysis in Figure 2F: P = 0.0179). Likewise, the Akk-EVs
-treated group exhibited a drastically higher proportion of
IFN-y ' CDS8" T cells than the control group (representative
image in Figure 2G and statistical analysis in Figure 2H:
P =0.0367). These results suggest that the Akk-EVs treat-
ment provoked a CTL-mediated antitumor response.

Akk-EVs Recruited Macrophages and
Skewed Them to an MI-Like Phenotype

We also examined the macrophages in the tumor micro-
environment (TME) of RM-1 tumors using flow cytometry
analysis. We observed a significantly increased proportion
of F4/80" macrophages to total CD11b" myeloid cells in
the Akk-EVs-treated group compared to the solvent-treated
group (representative image in Figure 3A and statistical
analysis in Figure 3B: P = 0.0181). While macrophages
are recognized to exhibit a complex spectrum of activation
status, we further analyzed the expression of MHC-II and
CD206 (M1 and M2 macrophage markers, respectively) to
define the activation states of macrophages within the
TME.?* A higher proportion of M2 macrophages is asso-
ciated with a poorer prognosis, while the M1 population

3031 We  observed

can enhance tumor-killing effects.
a significant increase in M1 macrophages in the tumors
from Akk-EVs-treated mice (representative image in
Figure 3C and statistical analysis in Figure 3D: P =
0.0155), as well as a decrease in M2 macrophages (P =
0.0318; Figure 3E), while the proportion of an intermedi-
ate state of macrophages (expressing both MHC-II and
CD206) remained unchanged (P = 0.4425; Figure 3F).
We also examined the populations of macrophages in the
peripheral blood. Flow cytometry analysis results showed
a similar trend as in the tumor, although the difference was
not statistically significant (P = 0.2061, 0.2312, 0.3687,
0.3549 respectively in Figure S2A-D).

We further tested whether Akk-EVs affected macrophage
polarization in vitro. PMA-stimulated THP-1 cells were trea-
ted with solvent or 10 ng/ulL Akk-EVs. After 4kk-EVs treat-
ment, the differentiated THP-1 macrophages exhibited an
irregular morphology with longer cellular pseudopodia

compared to the control group (Figure S2E), indicating

changes in the differentiation of these cells.
Immunofluorescence staining confirmed that Akk-EV's upre-
gulated the expression of CD86 in macrophages (representa-
tive image in Figure 3G and statistical analysis in Figure 3H:
P = 0.0033). According to the qPCR results, the mRNA
expression levels of INOS, IL-1f, and CD68 (characterized
as M1 macrophages?) in Akk-EVs-treated cells were signif-
icantly increased than those in the control group (/NOS: P =
0.0060, IL-1p: P = 0.0465, CD68: P = 0.0066; Figure 3I).
RAW264.7 mouse macrophage-like cells were also treated
with Akk-EVs. Immunofluorescence staining results (Figure
S2F) showed that the intensity of CD86" cells was increased
after Akk-EVs treatment (P = 0.0007; Figure S2G), which
was consistent with the observation in THP-1 cells. These
data suggest that Akk-EVs modified macrophage polariza-
tion, predominantly toward an M1-like phenotype, contribut-

ing to the antitumor response in the TME.

Akk-EVs-Treated Macrophages
Suppressed the Proliferation and Invasion
of PCa Cells

To explore the impact of Akk-EVs-treated macrophages
on tumor cells, we collected the CM of PMA-stimulated
THP-1 cells in the presence of Akk-EVs or solvent.
CCK-8 assays were used to test the effects of the CM
on the viability of human PCa cell lines. Compared to
CM Golvend) treatment, incubation with CM “H-EVS) f4r
24 h decreased the proliferation of DU145 cells (P =
0.0043; Figure 4A) and PC-3 cells (P = 0.0371; Figure
4C). We then assayed the influence of CM “HEVS) o
the colony formation capacity of DU145 and PC-3 cells.
CM “-EVS) coculture significantly weakened the ability
to form colonies, suggesting the inhibition on the malig-
nancy of cancer cells (P = 0.0369; Figure 4B and P =
0.0216; Figure 4D).** Furthermore, we determined that
macrophages pretreated with Akk-EVs showed inhibitory
effects on the invasion of DU145 and PC-3 cells, evi-
denced by attenuated wound closure rates in the scratch
wound healing assay (representative image in Figure 4E
and G, statistical analysis: P = 0.0081, <0.0001 in Figure
3F and P = 0.0049, <0.0001 in Figure 4H).

Consistent with these results in human cell lines, RM-1
mouse PCa cells incubated with CM from Akk-EVs-treated
RAW264.7 cells presented similar inhibition on cancer cell
viability, colony formation, and invasion (P = 0.0324,
0.0018, 0.0017, respectively in Figure S3A-D). Taken
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Figure 2 Akk-EVs elevated the proportion of GZMB* and IFN-y"* lymphocytes in CD8" T cells in vivo and in vitro. (A-D) Flow cytometry analysis of the number of GZMB
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shown. n = 5 per group. (E-H) Flow cytometry analysis of GZMB and IFN-y expression of CD8" T cells in vitro. Representative plots (E and G) and quantitative analysis
(F and H). n = 5 per group. Data are shown as mean + SEM. *P < 0.05.
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Figure 3 Akk-EVs recruited macrophages and skewed them to an Ml-like phenotype. (A-F) Flow cytometry analysis of tumor infiltrated macrophages of solvent- or Akk-
EVs-treated mice. Macrophages (M) were identified as CD|1b"F4/80" cells. Representative plots (A) and quantitative analysis (B) of the proportion of F4/80" cells in
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**P < 0.01. NS, not significant.

together, these data demonstrate that after Akk-EVs treat-
ment, macrophages significantly attenuated cell prolifera-
tion and invasion.

Akk-EVs Were Tolerated in vivo and

in vitro

RM-1 tumor-bearing mice treated with 4kk-EVs exhibited
no significant decrease in food intake and water consump-
tion compared with the solvent-treated mice (P = 0.7113,
0.9009, respectively in Figure 5A and B), suggesting that

Akk-EVs did not influence the general health condition of
the treated mice. Histological analyses based on H&E
staining were also performed to assess the toxicity of Akk-
EVs to critical organs, such as the kidney and liver, in
RM-1 tumor-bearing mice. No obvious necrosis or inflam-
matory infiltration was observed in these organs, indicat-
ing that little toxic response occurred in these tissues
(Figure 5C). Moreover, the effective dose of Akk-EVs
did not show remarkable toxic effects on many normal
cell lines, including RAW264.7 macrophages, BPH-1
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group. Data are shown as mean + SEM. NS, not significant.

prostate hyperplasia cells, or vascular-related cells, such as
HMECs and VSMCs (Figure 5D). Interestingly, it seems
that Akk-EVs can stimulate proliferation at low concentra-
tions. The results of this short-term study suggest that Akk-
EVs are well tolerated as a safe agent for cancer therapy.

Discussion

In this study, we demonstrated that intravenous adminis-
tration of Akk-EVs reduced the tumor burden in a PCa-
bearing mouse model with an intact immune system.
Furthermore, we confirmed that these EVs were well-
tolerated as biocompatible agents, without a significant
influence on food and water intake and noticeable patho-
logical changes in tumor-bearing mice. Moreover, we
observed activation of CD8" lymphocytes expressing
IFN-y and GZMB and upregulation of macrophages, pre-
dominantly of the MIl-like phenotype. In general, our
study provides a promising immunotherapy strategy
based on Akk-EVs, which might serve as an efficient and
biocompatible tumor vaccine or tumor immunoadjuvant
for PCa treatment.

Akk, an important commensal bacterium in the gut micro-
biota, is now widely investigated and considered a potential
next—generation probiotic.'® Recent studies have found that
the reduction of Akk content in the gut is associated with
various disease conditions. Supplementation with this bac-
terium can facilitate treatment of many metabolic and
immune disorders, including obesity, inflammatory bowel

. 34—
atherosclerosis.>* ¢

disease, type 2 diabetes, and
Remarkably, Akk has also been reported to impact cancer
immunotherapy. It was demonstrated that compared to those
who showed no response to anti-PD-1-based immunother-
apy, responding patients with non-small-cell lung cancer or
renal cell carcinoma had relatively high levels of the bacter-
ium Akk. Supplementation with Akk can restore the efficacy
of PD-1 blockade therapy.”® The mechanisms involved are
being extensively studied. The protective effects of Akk have
long been verified to be due to its ability to degrade mucin in
the gut and its competitive adhesion in intestinal epithelial
cells against pathogenic bacteria, thus facilitating functions
of the gut epithelial barrier and body homeostasis.'*~’
Increasing studies have suggested that these beneficial effects
can also be attributed to surface components or metabolites.
A specific outer membrane protein derived from Akk,
Amuc_1100, has been shown to improve the gut barrier
and metabolism in obese and diabetic mice.”® The role in
host metabolic and immunological regulation may be
explained by activation of Toll-like receptor (TLR) 2/4 and
induction of cytokines, such as IL-10.*° Interestingly,
Amuc 1100 increased the proportion of CTLs in a mouse
model of colitis-associated colorectal cancer to blunt
tumorigenesis.*® Similarly, the supplement of Akk-EVs reg-
ulates gut permeability by enhancing tight junction function
and improves metabolic functions in high-fat diet-fed dia-
betic or obese mice.2>*!4? Moreover, our recent work

revealed that Akk-EVs recapitulate the effects of Akk on
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promoting bone metabolism balance and protecting against
osteoporosis.*® In this study, we found that these EVs could
elicit a protective effect via reducing the tumor burden in PCa
mice.

The critical finding of our study is that 4kk-EVs elicit
significant immunoregulatory responses in the PCa micro-
environment. The TME dynamically changes and plays
a pivotal role during tumor initiation and
progression.**** The TME is composed of tumor cells,
endothelial cells, stromal cells, immune cells, various sig-
naling  molecules, and  extracellular  matrix.*’
Macrophages, antigen-presenting cells, CD8" T cells,
CD4" T cells, and other specific immune cells in the
TME are of great importance in innate and adaptive
tumor immunity.*>*® Cytotoxic CD8" T lymphocytes are
the main effector cells in tumor immune responses.®’
Activated CD8" T cells can infiltrate into tumor tissue
and bind to tumor cell surface ligands via the T-cell
receptor, leading to cell death through secretion of IFN-y,
granzyme, TNFa, or perforin.***’ Provenge (sipuleucel-T)
and Prostvac, both PCa therapeutic vaccines, can present
specific and immunogenic antigens and significantly sti-
mulate CTL-related antitumor immune responses and have
been approved or validated in more extensive clinical
trials.>'"*° Macrophages are highly plastic and heteroge-
neous cells, and the M1 and M2 phenotypes represent the
two distinct termini of the macrophage activation
spectrum.”'! Generally, M1 macrophages have tumorici-
dal activity by producing inflammatory cytokines and acti-
vating the immune response.’>> On the other hand, local
signals in the TME activate M2 macrophages to trigger
tumor neovascularization, immunosuppression, and tumor
extracellular matrix reorganization, contributing to PCa
progression.””>* Recent studies have reported that an
increase in polarized M2 macrophages may serve as
a risk factor for PCa patients.””> The analysis of PCa
patients at different clinical stages revealed an apparent
increase in the M2/M1 ratio, which was correlated with
clinical values.>® Similar to the PCa vaccine, in our study,
Akk-EVs sufficient to activate CDS8"

T lymphocytes and promote T cell effector function, as

therapy was

reflected by the observed upregulation of the number of
cells expressing IFN-y or GZMB both in vivo and in vitro.
Interestingly, our data demonstrated that Akk-EVs treat-
ment also led to recruitment and polarization of macro-
phages to an MI-like phenotype both in the TME and
in vitro. In addition, CM from Akk-EVs-treated macro-
phages elicited potent inhibition on the proliferation and

invasion of PCa cells. Therefore, our findings confirmed
that activated CTLs and polarized macrophages partly
convey the antitumor strength of Akk-EVs.

One limitation of our study is that we did not clarify
the molecular mechanism by which Akk-EVs regulate
these immune changes in the PCa TME. Delivery of
various bioactive molecules is the key mechanism by
which EVs serve as effective therapeutic vehicles in
cancer.””® EVs derived from Gram-negative bacteria,
such as Akk, referred to as outer membrane vesicles, can
transfer pathogen-associated molecular patterns and multi-
ple antigens (such as lipopolysaccharides, peptidoglycans,
and bacterial nucleic acids), which can be recognized by
Toll-like receptors or Nod-like receptors in immune
cells.’>®® Thus, EVs can induce a series of potent inflam-

2761 A previous study

matory and immune responses.
reported that EVs derived from E. coli effectively induced
long-term antitumor immune responses in colon tumor-
bearing mice, and mechanistic studies revealed that this
antitumor effect is dependent on IFN-y production, which
is similar to our findings.®” Furthermore, their results
suggest that trypsin-sensitive surface proteins in bacterial
EVs may be the key factors involved in IFN-y production.
However, the contents incorporated in bacterial EVs may
vary due to the differences in bacterial origin and modulate
immune responses in different TMEs. Specific active com-
ponents and pattern recognition receptors may also be
involved in the Akk-EVs-mediated protective effects in
PCa treatment. Nevertheless, it should be noted that we
could not rule out an impact of 4kk-EVs on other specific
immune cell types, such as natural killer cells and dendri-
tic cells, which are also involved in tumor immunity. Thus,
further explorations are required to determine the under-
lying mechanisms.

Recent evidence has shown effective treatment options
for castration-resistant PCa, such as novel chemotherapeu-
tics, androgen receptor inhibitors, and poly ADP-ribose
polymerase (PARP) inhibitors.>* Numerous clinical trials
are also currently evaluating the efficacy and safety of
these combination strategies.”® For instance, KEYNOTE-
365 is carried out to assess the combination of pembroli-
zumab (immune checkpoint inhibitor) with docetaxel,
Olaparib (PARP inhibitor), or other intervention in patients
with metastatic castration-resistant PCa (NCT02861573).
Future studies will be of great value to investigate whether
Akk-EVs in well-designed combination with other agents
may exhibit robust synergistic antitumor effects in PCa
therapy.
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It is also worth noting that bacteria-derived EVs often
carry several immunogens, such as lipopolysaccharide, which
can trigger systemic side effects.® Consistent with numerous
studies showing the safety of bacterial EVs, our experiments
also confirmed no notable toxic effects in immune-competent
mice.”>*** Further studies are needed to systematically
observe and comprehensively evaluate the long-term effects
and safety of 4kk-EVs application for cancer therapy.

Conclusion

In summary, Akk-EVs provoked antitumor immunity
against PCa, including activation of CTLs and polarization
of macrophages into the tumor-killing Ml-like type.
Therefore, our study suggests a promising immunotherapy
strategy based on Akk-EVs for PCa treatment.
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