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Abstract

Targeted radioligand therapy (TRT) is an emerging therapeutic modality for advanced tumors like metastatic castration-
resistant prostate cancer. The patients bare, however, varying degrees of resistance to TRT, which would greatly lessen the
treatment efficacy and response rate. Here, we find that oral medication of D-mannose effectively enhances the radiosensitiv-
ity of PSMA-positive murine RM1-hPSMA prostate cancer cells to TRT by suppressing glucose metabolism. This metabolic
disruption not only impeded the proliferation of RM1-hPSMA cells but also augmented DNA damage within tumor cells
subjected to TRT, co-promoting cell apoptosis. Interestingly, TRT-D-mannose combination strongly boosted the anti-tumor
immune responses by inducing immunogenic cell death, disrupting the immune evasion mechanisms employed by tumor
cells, and reducing immunosuppressive cells in the tumor. D-mannose significantly improved the TRT efficacy for highly
aggressive murine RM1-hPSMA and human LNCaP Clone FGC models, without causing adverse effects. Hence, D-mannose
is potentially a safe radio-sensitizer and a potent immune activator for TRT.
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Introduction

Prostate cancer (PC) ranks as the fifth leading cause of can-
cer-related mortality among men globally [1]. Within five
years after diagnosis, about 20% PC patients will progress
to metastatic castration-resistant prostate cancer (nCRPC),
a stage that poses significant therapeutic challenges [2, 3].
Targeted radioligand therapy (TRT), which utilizes lute-
tium-177 (!"’Lu) as a radionuclide and prostate-specific
membrane antigen (PSMA) as a target, offers a breakthrough
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treatment for mCRPC [4, 5]. Notably, despite its potential to
slow down disease progression and extend patient survival
time, approximately 30% of patients exhibited resistance to
TRT monotherapy [6]. The existing intrinsic and acquired
resistance to TRT, which would greatly lessen the treatment
efficacy and response rate, is a critical issue for clinical out-
comes [7-9].

The glycolytic activity is markedly elevated in mCRPC
cells, with characteristics of increased lactate production and
ATP generation [10]. The radiation therapy, while effective
in killing tumor cells, may inadvertently exacerbate glyco-
lytic processes, reducing tumor cell sensitivity to radiation
[11] and promoting immune evasion [12, 13]. Additionally,
radiation may activate alternative metabolic pathways, fur-
ther enhancing tumor cell resistance to treatment [14]. To
enhance tumor cell sensitivity to radiation, researchers have
proposed strategies to inhibit glycolysis or oxidative phos-
phorylation, key components of tumor metabolism [15-18].
However, the inhibition of various metabolic pathways in
tumor cells may impact the proliferation and functional-
ity of immune cells such as effector T cells and dendritic
cells [19-21]. This highlights the need for careful evalua-
tion of metabolic modulation strategies within the context
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Scheme 1 Schematic illustration of enhanced TRT of prostate cancer
by supplementing D-mannose. (A) SIR/PSMA-P is a sigma-1 recep-
tor and PSMA dual-targeted radioligand. (B) D-mannose enhances
the radiosensitivity of PC cells to TRT by suppressing TRT-induced

of a fully functional immune system. Moreover, given that
most malignant cells can switch between various metabolic
states to sustain tumor progression [22], targeting a single
metabolic pathway may be insufficient to meet therapeu-
tic needs [23]. Recently, D-mannose, a naturally occurring
monosaccharide, has garnered attention for its anti-tumor
potential [24]. D-mannose could disrupt glycolysis in tumor
cells, thereby inhibiting cell growth [25], and mitigate the
acidosis induced by high glucose uptake in tumor cells,
reducing drug resistance and enhancing chemotherapy
[25]. D-mannose was reported to enhance the sensitivity of
triple-negative breast cancer cells to radiation by downregu-
lating mRNA levels of DNA repair genes [26]. Furthermore,
D-mannose could regulate the tumor microenvironment and
enhance anti-tumor immunity in mouse models, showing
synergistic effects when combined with immune checkpoint
inhibitors [27, 28].

Here, we report on oral administration of D-mannose to
enhance the radiosensitivity of PC cells to TRT (Scheme 1).
In contrast to external radiation therapy, TRT induces
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glucose metabolism reprogramming, and improves the anti-tumor
immune responses by inducing immunogenic cell death, disrupt-
ing the immune evasion mechanisms employed by tumor cells, and
reducing immunosuppressive cells in the tumor

specific and prolonged radiation exposure [29]. We recently
developed a dual-targeted radioligand, SIR/PSMA-P, which
utilizing '""Lu or **>Ac as a radionuclide showed better ther-
apeutic efficacy for PC than single targeted PSMA-617 [30,
31]. The aim of this study was to investigate the radiosensi-
tizing effect of D-mannose in TRT with !7’Lu-S1R/PSMA-P
for prostate cancer, with a focus on elucidating the under-
lying mechanisms by which D-mannose modulates tumor
cell metabolism to enhance radiosensitivity and its role
in reshaping the tumor immune microenvironment. These
insights may contribute to developing interesting strategies
to boost TRT and immunotherapy for advanced tumors.

Methods
Radiolabeling

Radiolabeling was performed as our previous report [30]
with slight modifications. Briefly, SIR/PSMA-P (0.2 mg)
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Fig. 1 In vitro sensitizing effects of DM on TRT. Viability of RM1-
hPSMA cells incubated with different doses of (A) TRT, (B) DM or
(C) TRT (5 or 50 pCi/mL) plus DM (5 mM) for 48 h (n =6). (D)
Clone formation assay of RM1-hPSMA cells treated with TRT (50
pCi/mL), DM (5 mM) or TRT-DM for 7 days. (E) Cell cycle flow
cytometric histogram and (F) quantitative analysis of RM1-hPSMA
cells under different treatments for 48 h by flow cytometry (TRT:

was dissolved in 200 pL of 0.4 M ascorbic acid buffer (pH
4.5) and sonicated for 5 min. Next, 1 mCi of 177LuCl3 was
prepared in a 1.5 mL Eppendorf tube. An appropriate vol-
ume of the SIR/PSMA-P solution, ensuring a 1:6 molar ratio

o o 8 o
«‘33

50 pCi/mL, DM: 5 mM, n= 3). (G) Immunofluorescence images of
y-H2AX expression of cells post varous treatments and DAPI staining
(scale bar: 10 pm). (H) Percentages of apoptotic cells after different
treatments (TRT: 50 pCi/mL, DM: 5 mM, n= 3). Data are presented
as mean +SEM. The p values in A-C, F and H were calculated by
one-way ANOVA with Tukey’s multiple comparison test; * p <0.05,
**p <0.01, #** p <0.001

between !"’Lu and DOTA, was added, followed by adding
ascorbic acid buffer to achieve a final volume of 50 pL.. The
mixture was then incubated at 90 °C with shaking at 400 rpm
for 10 min to complete the reaction.
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Fig.2 Metabolic mechanisms of DM in enhancing TRT sensitivity.
Changes of glucose metabolites in RM1-hPSMA cells treated with
TRT, DM and TRT-DM for 48 h: (A) lactate concentration, (B) ATP
content, (C) G-6-P concentration, and (D) HK activity. Flow cytom-
etry analysis of mitochondrial membrane potential using the JC-1
probe. (E) Representative flow plots of aggregate (Red) and mono-
mer (Green) proportions and (F) the corresponding ratios of red fluo-

In vitro cytotoxicity

The cytotoxicity of !”’Lu-S1R/PSMA-P (TRT) and D-man-
nose (DM) was assessed using the MTT assay. RM1-
hPSMA cells (3x10%/well) were seeded in 96-well plates
and incubated for 24 h. Cells were then treated with varying
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rescence to green fluorescence of RM1-hPSMA cells with different
treatments. (G) Schematic diagram of the regulatory effect of DM on
TRT-induced glucose metabolism (TRT: 50 pCi/mL, DM: 5 mM, n=
3). Data are presented as mean +SEM. The p values in A-D and F
were calculated by one-way ANOVA with Tukey’s multiple compari-
son test; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001

doses of TRT and DM for 48 h. After that, 10 pL of MTT
reagent (5 mg/mL) was added, and cells were incubated for
4 h. The medium was replaced with 150 pL of DMSO to
dissolve the formazan crystals, and absorbance at 570 nm
was measured to assess cell viability.
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Fig.3 DM enhanced the in vivo therapeutic effect of TRT in RM1-
hPSMA tumor-bearing mice. (A) Treatment schedule for studying
the efficacy of various TRT doses and (B) tumor growth curves. (C)
Treatment regimens for TRT-DM for D-H. (D) Tumor growth curves,
(E) individual tumor growth curves, (F) survival curves, and (G)

relative average body weight of mice (n =5). (H) Typical hematoxy-
lin—eosin (H&E, scale bar: 80 pm) of RM1-hPSMA tumors. Data are
presented as mean +SEM. The p values in B and D were calculated
by one-way ANOVA with Tukey’s multiple comparison test; ** p
<0.01, *** p <0.001, **** p <0.0001; ns, no significance
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«Fig.4 DM enhanced the anti-tumor immune response of TRT. ICD
markers (A) ATP, (B) CRT, and (C) HMGB1 in RM1-hPSMA cells
subjected to TRT, DM, and TRT-DM for 48 h (n =3). (D-G) Analy-
ses of tumor-draining lymph nodes (TDLNs). (D) Flow cytometric
plots and (E) semi-quantitative analysis of mDCs (CD11ct CD80*
CD86™), as well as the populations of (F) CD4* and (G) CD8* T
cells in TDLNs of RM1-hPSMA tumor-bearing mice (n =4). (H-M)
Analyses of immune cells in the tumor tissues. Populations of (H)
CD4" and (I) CD8* T cells in tumors (n =4). (J) Representative flow
cytometry plots and (K) semi-quantitative analysis of activated CD8*
T cells (CD8" CD25"), along with (L-M) cytotoxic CD8" T cells
(CD8* Perforin*/Granzyme B*) within tumors (n =4). (N) Illustra-
tion depicting the enhancement of the anti-tumor immune response
by TRT-DM. Data are presented as mean +SEM. The p values in
A-C, E-I and K-M were calculated by one-way ANOVA with Tuk-
ey’s multiple comparison test; * p <0.05, ** p <0.01, *** p <0.001

Cell cycle analysis

RMI1-hPSMA cells (3x10°/well) were seeded in 6-well
plates and treated with TRT, DM, or TRT-DM for 48 h.
After treatment, cells were fixed in 70% ethanol at 4 “C for
24 h. Fixed cells were then incubated with RNase A (100
mg/L) and Propidium Iodide (50 pg/mL) for 30 min. Cell
cycle distribution was analyzed using flow cytometry and
Modifit software.

Immunofluorescence staining analysis of y-H2AX

To assess the level of DNA double-strand breaks (DSBs) in
RM1-hPSMA cells, the cells (5><104/we11) were seeded in
12-well plates and treated with TRT (50 pCi/mL), DM (5
mM), or TRT-DM for 48 h. Cells were fixed, washed, and
blocked, then incubated overnight with a rabbit monoclonal
anti-y-H2AX antibody. After incubation with a Cy3-labeled
secondary antibody for 1 h at 4 “C, nuclei were stained with
DAPI. Staining was observed using a confocal fluorescence
microscope (Olympus).

Cell metabolism experiments

RMI-hPSMA cells (3x10°/well) were cultured in 6-well
plates for attachment, followed by treatment with TRT (50
pCi/mL), DM (5 mM), or TRT-DM for 48 h. Intracellu-
lar lactate content detection: After treatment, cells were
collected, lysed, and centrifuged to obtain the supernatant.
Lactate content was measured using a lactic acid assay kit
according to the manufacturer's instructions. ATP content
evaluation: Post-treatment, cells were lysed using ice-cold
lysis buffer, and the ATP content in the supernatant was
quantified using the Enhanced ATP Detection Kit. HK
activity assay: Cells were treated as described and then
sonicated for 15 min. The supernatant was centrifuged, and

HK activity was measured by mixing with preheated HK
reagent. Absorbance at 340 nm was recorded initially and
after 5 min at 37 °C, and the activity was calculated using
the HK Activity Assay Kit. G-6-P content test: After treat-
ment, cells were collected, lysed with cold G-6-P extract,
and centrifuged. The supernatant was incubated with G-6-P
detection reagent, and absorbance was measured at 450 nm
to determine G-6-P concentration using a standard curve.
Mitochondrial membrane potential assay: After 48 h of
treatment, cells were washed with PBS, stained with JC-1
probe for 20 min in the dark, then centrifuged, washed twice
with cold JC-1 buffer, and resuspended. Mitochondrial mem-
brane potential was assessed by flow cytometry.

Immunogenic cell death (ICD) effect assessment

RMI1-hPSMA cells (8x10*well) were seeded in 12-well
plates and treated with TRT (50 pCi/mL), DM (5 mM),
or TRT-DM. For ATP and HMGBJ1 content, supernatants
were collected and analyzed using the Enhanced ATP
Detection Kit and mouse HMGB1 ELISA Kit, respectively,
with results measured by a microplate reader (BioTek) and
GraphPad Prism. For CRT expression, cells were digested,
centrifuged, and stained with CRT antibody and Alexa Fluor
647-labeled secondary antibody. After washing, cells were
resuspended in PBS, and CRT expression was assessed by
flow cytometry.

Establishment and treatment of RM1-hPSMA
tumor-bearing mice

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Soochow University (P.R. China) and approved by the Ani-
mal Ethics Committee of Soochow University. To simulate
prostate cancer heterogeneity, RM1 and RM1-hPSMA cells
were digested during logarithmic growth and mixed at a
ratio of 70% RM1-hPSMA to 30% RM1. A 100 pL suspen-
sion containing 2.5x10° cells was injected into the shaved
subcutaneous region of the right shoulder of C57BL/6 J
mice to establish the RM1-hPSMA tumor model.

To determine the optimal TRT dose for combination ther-
apy, RM1-hPSMA tumor-bearing mice (100150 mm?) were
assigned to four groups (n =5): (1) Control (untreated), (2)
TRT at 50 pCi, (3) TRT at 100 pCi, and (4) TRT at 200 pCi.
Mice received the respective TRT dose via tail vein injection
on day 0. Tumor volume was monitored every three days to
assess efficacy, with tumor volume calculated as tumor vol-
ume =L X W?/2, where L and W are tumor length and width.

To evaluate the sensitizing effect of DM, RM1-hPSMA
tumor-bearing mice (100-150 mm?) were treated as follows

@ Springer
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(n=6): (1) Control, (2) DM (5% w/v), (3) TRT at 100 pCi,
and (4) TRT-DM. On day 0, groups (3) and (4) received TRT
through intravenous tail injection, while DM was adminis-
tered ad libitum in drinking water at a concentration of 5%

@ Springer
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w/v (10 g DM dissolved in 200 mL water), starting from day
1 and continued for two weeks. Tumor volume and body
weight were recorded every three days. On day 2 post-treat-
ment, one mouse from each group was dissected, and tumor
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«Fig.5 Immunological mechanism study of DM-potentiated TRT.
(A) Schematic illustration of DM inhibiting immune evasion induced
by TRT in RMI-hPSMA tumor-bearing mice. (B-H) Analyses
of immune cells in the tumor tissues. (B) PD-L1 expression lev-
els on tumor cells (CD457) and (C) PD-1 expression on CD8" T
cells within the TME. (D) Representative flow cytometric plots and
(E) semi-quantitative analysis of Tregs (CD4* CD25% FoxP3") in
tumors. Populations of (F) MDSCs (CD11b* Grl1%), (G) M2-type
macrophages (CD11b* F4/80* CD206"), and (H) ratios of M1-type
macrophages (CD11b* F4/80% CD86%) to M2-type macrophages. (I-
L) Quantitative analyses of cytokines in serum by ELISA (n =4). (I)
IFN-y, (J) TNF-a, (K) IL-12p70, and (L) IL-10. Data are presented
as mean +SEM. The p values in B, C and E-L were calculated by
one-way ANOVA with Tukey’s multiple comparison test; * p <0.05,
** p <0.01, *** p <0.001

tissues were analyzed via H&E and immunofluorescence
(CD8, CD206) staining. Mice with tumors exceeding 2000
mm? or > 15% weight loss were euthanized.

Remodeling of the immune microenvironment in vivo

To assess the immune effects of TRT-DM, RM1-hPSMA
tumor-bearing mice (n =4) with tumor volumes of 300
mm? were treated as previously described. On day 2 post-
treatment, blood was collected for immunological analysis.
Serum was obtained via centrifugation and used to quan-
tify IFN-y, TNF-a, IL-10, and IL-12p70 by ELISA. Mice
were then euthanized, and lymph nodes, spleens, and tumor
tissues were harvested and processed into single-cell sus-
pensions. Red blood cells were lysed, and live cells were
identified using Zombie NIR solution. Surface antigens
were stained following Fc receptor blocking with CD16/32
antibodies. For intracellular and nuclear staining, cells
were fixed and permeabilized using the Foxp3/Transcrip-
tion Factor Staining Buffer Set. Flow cytometry was used
to analyze various immune cell populations, including T
cells (CD45" CD3* CD4" CD8* CD25"), dendritic cells
(DCs; CD11ct MHCIT* CD103%/CD80* CD86™), myeloid-
derived suppressor cells (MDSCs; CD45% CD11b* Gr1™),
macrophages (CD11b* F4/80* CD86" CD206™), regulatory
T cells (Tregs; CD45% CD3* CD4* CD25 FoxP3™), PD-1*
T cells (CD45* CD3" CD8" PD-1%), and Granzyme B*/Per-
forin™ T cells (CD45* CD3* CD8" Granzyme B* Perforin™)
(Table S1).

Antitumor effect on LNCaP Clone FGC
tumor-bearing mice

LNCaP Clone FGC tumor-bearing mice (200 mm?®) were
randomly assigned to four groups (n =5): (1) Control; (2)
DM: 20% w/v DM via gavage, with 5% w/v DM in drinking
water; (3) TRT: 100 pCi; (4) TRT-DM. On day 0, TRT was
administered intravenously to groups (3) and (4). From day
1, groups (2) and (4) received 5% w/v DM in water for 14

days, and starting on day 2, groups (2) and (4) were gavaged
with 20% w/v DM every two days (five doses total). Tumor
volume and body weight were measured every three days.
After treatment, blood samples were collected for routine
analysis. Mice with tumor volumes > 2000 mm?® or > 15%
weight loss were euthanized.

Statistical analysis

Data were presented as mean + SEM (n > 3) and analyzed
using a two-tailed Student's t-test for two-group compari-
sons, and one-way ANOVA for multiple group differences
(GraphPad Prism 8.0.2). Survival rates were analyzed by
the Kaplan-Meier method with Log-rank test comparisons.
Significance thresholds were set at * p <0.05, ** p< 0.01,
**% p<0.001, #*** p< 0.0001.

Results and discussion
D-mannose sensitizes TRT in vitro

We conducted a systematic study on the radio-sensitizing
effect of D-mannose (DM) in RM1-hPSMA prostate cancer
cells. MTT assays showed that when treated with only ""Lu-
S1R/PSMA-P (TRT), even at a high dose (50 pCi/mL), cells
maintained round 84% viability (Fig. 1A), demonstrating the
inherent resistance of RM1-hPSMA cells to TRT. DM used
alone at concentrations up to 5 mM did not cause obvious
toxicity (Fig. 1B), indicating its good safety profile. TRT
(5 or 50 pCi/mL) combined with DM, however, signifi-
cantly elevated cell inhibition (Fig. 1C). Clonogenic assays
showed markedly reduced colonies in the TRT-DM group
(Fig. 1D). The sensitizing effect of DM was also reflected in
the regulation of the cell cycle and the exacerbation of DNA
damage. The cell cycle analysis demonstrated that TRT-DM
significantly increased the accumulation of cells in the G2/M
phase (Fig. 1E, F), indicating increased DNA damage [32].
The immunofluorescence staining visualized that TRT-DM
induced marked increase of y-H2AX signal (Fig. 1G), sup-
porting an increased DNA double-strand break. Figure 1H
shows that DM boosted the apoptosis rate, particularly late
apoptosis, caused by TRT. These data corroborate that DM
effectively sensitizes RM1-hPSMA cells to TRT.

D-mannose sensitizes TRT by inhibiting glucose
metabolism

A prominent characteristic of prostate cancer is the repro-
gramming of glucose metabolism, primarily manifested
by enhanced glycolysis and accelerated energy metabo-
lism [33]. Although radiotherapy can effectively kill tumor
cells, it may enhance the tumor cells' radiation resistance by
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intensifying glycolysis and even activating other metabolic
pathways such as the pentose phosphate pathway (PPP) [14].
Here, we assessed the role of DM in regulating the glycolytic
changes induced by TRT. TRT was shown to significantly
increase the lactate levels, a marker of glycolytic activity,
which was markedly reduced by DM (Fig. 2A), suggest-
ing its strong inhibitory effect on glycolysis. Similarly, DM
also reduced ATP levels (Fig. 2B) and glucose-6-phosphate
(G-6-P) levels caused by TRT (Fig. 2C). The hexokinase
(HK) activity and mitochondrial membrane potential (MMP)
assays revealed that DM significantly downregulated HK
activity (Fig. 2D) and the aggregate-to-monomer ratio
(Fig. 2E, F), respectively, indicating a strong inhibition of
the initiating enzyme of glucose metabolism and substantial
mitochondrial dysfunction, which could be a key pathway in
further weakening glucose metabolism [34].

Hence, DM comprehensively inhibits metabolic path-
ways such as glycolysis, PPP, and OXPHOS by regulating
key enzyme activities and damaging mitochondrial func-
tion, weakening the metabolic enhancement effect induced
by TRT (Fig. 2G). This intervention not only restricts the
energy supply and proliferative capacity of tumor cells but
also impedes DNA damage repair [11, 35]. It is acknowl-
edged, nevertheless, that our results regarding the sup-
pression of glucose metabolism were derived solely from
in vitro experiments, and there is lack of in vivo validation
(e.g., via FDG-PET imaging) using tumor-bearing models.

D-mannose enhances the TRT of murine prostate
cancer in vivo

The radio-sensitization effect of DM was studied in murine
RM1-hPSMA tumor model. We firstly investigated TRT
with different doses of !"’Lu-S1R/PSMA-P by monitor-
ing tumor volume changes over 13 days (Fig. 3A). The
results displayed that 100 pCi of TRT significantly sup-
pressed tumor growth, whereas doubling the dose to 200
pCi did not induce significant difference in tumor inhibi-
tion (Fig. 3B), in line with radiation resistance. In the fol-
lowing, 100 pCi was selected as an optimal TRT dose for
subsequent experiments and DM was given daily for two
weeks (Fig. 3C). Tumor growth curves revealed that DM
while alone had trivial impact on tumor growth signifi-
cantly enhanced TRT of RM1-hPSMA tumor (Fig. 3D, E).
In accordance, TRT-DM greatly prolonged the median sur-
vival time to 37 days, which contrasts with 22 and 24 days
for DM and TRT single treatments, respectively (Fig. 3F).
All groups had little body weight loss (Fig. 3G), indicat-
ing a good safety of all treatments. H&E staining of tumor
tissues revealed a more pronounced apoptosis and necrosis
by TRT-DM (Fig. 3H). The above results confirm that DM
can significantly enhance the radiosensitivity of prostate
tumor to TRT without causing apparent side effects.
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D-mannose-TRT induces strong anti-tumor immune
response

The p-particles emitted by TRT can induce ICD of tumor
cells [36]. Interestingly, our results showed that DM
significantly increased ATP, CRT and HMGBI1 levels
by TRT (Fig. 4A-C), suggesting that TRT-DM triggers
stronger anti-tumor immune response. We further found
that TRT-DM induced significantly more mature dendritic
cells (mDCs, CD80* CD86™) (Fig. 4D, E) and CD103*
DCs (¢cDC1, CD103* MHCII*) (Figure S1) in the tumor-
draining lymph nodes (TDLNs), which are the crucial
sites for the initiation of adaptive immune responses [37].
In accordance, TRT-DM promoted activation of CD4"*
T cells in TDLNs and significantly increased the pro-
portion of CD8* T cells (Fig. 4F-G), similar to previous
report [38]. TRT-DM was further shown to induce signifi-
cantly more T cells (CD3*, CD4*, CD8?) in the spleen
and peripheral blood (Figure S2), signifying systemic
immune activation.

The analysis of tumor microenvironment (TME) revealed
that TRT-DM led to significantly increased infiltration of
CD4" T cells and CD8™ T cells (Fig. 4H, I and S3). Although
TRT alone elevated the activation state (CD25%) of CD8" T
cells and their secretion of perforin, its effect on granzyme B
was limited. In comparison, TRT-DM significantly upregu-
lated the expression of CD25, perforin, and particularly
granzyme B (Fig. 4J-M), thereby enhancing the cytotoxicity
of CD8* T cells [39]. This enhancement may be associated
with DM's inhibition of tumor glycolysis, reduction of lactate
accumulation, and alleviation of metabolic suppression of
T cells in the TME [40—42]. Hence, TRT-DM enhances the
expression of ICD markers and promotes the activation and
functionality of DCs and T cells (Fig. 4N).

D-mannose-TRT remodels tumor microenvironment

The TME characterized by immune suppression is a key
factor contributing to the suboptimal efficacy of anti-tumor
therapies, with immune checkpoint pathways playing a
particularly crucial role [43] (Fig. 5A). Previous studies
have indicated that '""Lu-based TRT would induce PD-L1
upregulation on tumor cells [44, 45], thereby enhanc-
ing the immune evasion of tumor cells. Interestingly, our
results demonstrated that DM significantly reduced PD-L1
protein and mRNA expression levels induced by TRT in
RM1-hPSMA cells (Figure S4, 5). The in vivo experiments
revealed that in contrast to marked upregulation of PD-L1
on tumor cells (CD457) by TRT alone, TRT-DM reduced
PD-L1 expression (Fig. 5B). Moreover, TRT-DM signifi-
cantly reduced PD-1 expression on tumor-infiltrating CD8™*
T cells (Fig. 5C), suggesting that DM may effectively miti-
gate TRT-induced immune escape.
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Fig.6 DM enhanced the in vivo therapeutic effect of TRT in LNCaP
Clone FGC tumor-bearing mice (n =5). (A) Treatment regimen for
TRT combined with DM. (B) Tumor growth curve, (C) tumor growth
curves of TRT and TRT-DM groups, (D) relative body weights of the

In addition to PD-L1 and PD-1, radiation might also
enhance immune suppression by increasing the infiltration
of other immunosuppressive cells such as myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages
(TAMs), and regulatory T cells (Tregs) within the tumor
[46]. We found that unlike a significant increase of Tregs
by TRT, TRT-DM effectively reduced Tregs (Fig. 5D, E).
This helps restore the balance between effector T cells and
Tregs, thereby reducing radiation resistance [47]. Simi-
larly, the number of MDSCs also increased after TRT,
which may be related to the upregulation of lactate [13, 48].
DM significantly reduced the number of MDSCs by TRT
(Fig. 5F). Additionally, TRT-DM reduced the proportion
of pro-tumoral M2 macrophages and increased the ratio
of anti-tumoral M1-type macrophages (M1M) to M2-type
macrophages (M2M) (Fig. 5G, H and S3), enhancing the
anti-tumor immune response [49, 50]. Further investiga-
tion through ELISA revealed that compared to TRT alone,

o ot «‘25 o
«‘25

RS

mice. Blood routine analysis of (E) red blood cells (RBC), (F) white
blood cells (WBC), and (G) platelets (PLT). Data are presented as
mean +SEM. The p values in B and C were calculated using a two-
tailed Student’s #-test; **p <0.01, ****p <0.0001

TRT-DM significantly enhanced the secretion of anti-tumor
cytokines such as IFN-y, TNF-a, and IL-12p70, while sig-
nificantly reducing the secretion of the pro-tumoral cytokine
IL-10 (Fig. 51-L), which suggests that DM can also improve
the systemic immune microenvironment by regulating the
secretion of key immune cytokines [51]. Hence, DM effec-
tively reshapes the immunosuppressive microenvironment
induced by TRT by blocking the PD-1/PD-L1 pathway and
regulating the infiltration of immunosuppressive cells.

D-mannose-TRT effectively inhibits human prostate
cancer xenografts in mice

We further studied the radio-sensitization effect of DM in
LNCaP Clone FGC human prostate tumor model. NCG
mice with severe immunodeficiency would limit the immune
modulation ability of DM. Figure S6 shows that DM exerted
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minimal toxic effects on LNCaP Clone FGC cells. The dos-
ing regimen of DM was given in Fig. 6A. The results showed
DM had no any inhibitory effect and tumor grew rapidly
to 1800 mm? in day 15 (Fig. 6B). In contrast, TRT in par-
ticular when combined with DM effectively inhibited tumor
growth, in which tumor volumes of approximately 250 mm?
and 100 mm? were observed for TRT and TRT-DM, respec-
tively, on day 28 (Fig. 6C), supporting radio-sensitization
effect of DM. It is interesting to note that DM was much less
effective in boosting the tumor inhibition in the xenograft
model than in the syngeneic model (Fig. 6B versus Fig. 3D),
supporting that besides enhancing radiosensitivity, reshap-
ing the immune tumor microenvironment has significantly
contributed to the observed therapeutic effects of DM in
TRT for immunocompetent mice. Figure 6D shows that mice
body weights remained within normal ranges. The complete
blood count analyses indicated that red blood cell (RBC),
white blood cell (WBC), and platelet (PLT) counts for all
treatment groups were within normal limits (Fig. 6E-G),
suggesting absence of hematological toxicity and confirm-
ing good safety of TRT-DM.

Conclusion

We have demonstrated that D-mannose (DM) can effectively
sensitize TRT of malignant prostate tumor with '"’Lu-S1R/
PSMA-P by suppressing the TRT-induced enhancement of
glucose metabolism. Interestingly, DM has not only increased
DNA damage by TRT, leading to elevated apoptosis rate, but
also intensifies the immunogenic cell death, inhibits the TRT-
induced upregulation of PD-L1 on tumor cells and PD-1 on T
cells, and reduces the infiltration of immunosuppressive cells
in the tumor microenvironment, thereby impairing tumor
immune escape and enhancing anti-tumor immunity. TRT-DM
results in synergistic treatment effects in murine RM1-hPSMA
tumor model. Enhanced tumor inhibition is also observed in
human LNCaP Clone FGC-bearing NCG mice. This study
proves that DM is an excellent radio-sensitizer and TRT-DM
has a great potential for clinical translation.
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