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Dear Editor,

Tumor-associated macrophages (TAMs) account for up
to 50% of tumor mass and serve as key innate immune
cells in the tumor microenvironment (Kzhyshkowska et
al., 2024). TAMs are primarily M2-like phenotypes that
contribute to tumor immunosuppression and promote
immune escape by secreting anti-inflammatory fac-
tors, thereby supporting tumor growth, metastasis, and
angiogenesis. TAMs can be reprogrammed into M1-like
phenotypes by immunostimulatory signals, promoting
pro-inflammatory cytokines such as TNF-o and IL-12
that suppress tumor growth. Growing evidence highlights
TAM modulation as an effective anticancer approach
by boosting immunotherapeutic responses, primarily
through facilitating M2-to-M1 polarization (Mantovani
et al.,, 2022). However, fully harnessing the therapeu-
tic potential of TAMs for cancer therapy requires both
precise targeting and functional reprogramming, which
remains a significant challenge.

Photodynamic therapy (PDT) is a minimally inva-
sive approach and exhibits superior safety and efficacy
across multiple cancer types. Upon local light irradia-
tion, PDT directly kills cancer cells via massive reactive
oxygen species (ROS) generated by photosensitizers in an
oxygen-dependent manner (Agostinis et al., 2011).
Besides, PDT demonstrates great potential to polar-
ize TAMs, offering a promising strategy to activate

anticancer immunity (Li et al., 2024). Accumulating
researches suggest that light-stimulated excessive
ROS in tumor cells promotes immunogenic cell death
(ICD), thereby activating TAMs. In this context, effec-
tive ICD induction in tumor cells necessitates intensive
laser irradiation, a condition more feasible for surface
tumor cells because light penetration decreases with
depth due to progressive light absorption and scattering
in tissue. As most of the photosensitizers lack tumor-
targeting capability, their specific delivery into TAMs
may serve as a powerful approach to directly modulate
TAMs and eradicate tumors via PDT. Increasing reports
have suggested that encapsulating photosensitizers into
nanocarriers not only efficiently enhances their bio-
availability but also improves their TAM targeting abil-
ity (Wang et al., 2019; Weissleder et al., 2014). Previously,
we observed that positively charged dextran nanogels
(nanoscale hydrogels) exhibited a superior TAM targeting
efficacy (Deng et al., 2024), highlighting the potential of
photosensitizer-loaded nanogels for light-induced TAM
polarization.

To achieve superior anticancer PDT efficacy through
TAM targeting and functional modulation, here we
explore the positively charged diethylaminoethyl-
dextran nano-photosensitizer (p-Dex PS) (Fig. S1, sup-
plemental results and discussion in Supplementary
Materials) for cancer PDT, focusing on TAM-mediated
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delivery, metabolic programming, TAM polarization, and
anticancer immune effects. Chlorin e6 (Ce6) was selected
asamodel photosensitizer sinceithasbeen widely usedin
various PDT applications (Pham et al., 2021). As Ce6 nano-
carrier control, the negatively charged carboxymethyl-
dextran nano-photosensitizer (n-Dex PS) was also
prepared (Fig. S2). Generally, the p-Dex PS and n-Dex PS
demonstrate similar Ce6 loading efficiency (Table S1),
comparable hydrodynamic size (Fig. S3), and stability
(Fig. S4), but with different surface charges, which allow
us to investigate the anticancer PDT efficacy through
adjusting the TAM delivery efficiency. Considering nano-
carriers would interact with both tumor cells and TAMs
within the tumor microenvironment, the murine cancer
cell line 4T1 and macrophage cell line RAW264.7 were
used as model cells. As shown in Fig. SSA and S5D, the
p-Dex PS delivered the highest Ce6, with similar uptake
observed in tumor cells and macrophages, while n-Dex
PS exhibited markedly reduced uptake by RAW?264.7 cells,
suggesting the positive dextran nanogels have a higher
propensity to accumulate in macrophages (Deng et al.,
2024). Upon light irradiation, p-Dex PS produced more
intracellular ROS (Fig. S5E) and elicited much higher tox-
icity than that with n-Dex PS in 4T1 and RAW264.7 cells
(Fig. S5F and S5G), while both of them exhibited minimal
cytotoxicity in the absence of light at the tested Ce6 con-
centrations (Fig. S6). The superior phototoxicity of p-Dex
PS was also validated through live/dead staining in 4T1
cells (Fig. S7), ascribing to the enhanced Ce6 delivery and
the resultant ROS generation.

Based on the intrinsic fluorescence of Ce6, we next
determined the biodistribution of p-Dex PS in the
immune-competent 4T1 tumor-bearing mice (Fig. 1A
and 1B). Due to the rapid clearance of free Ce6, a negli-
gible tumoral signal was found in the Ce6 group. While
compared with n-Dex PS, intravenous administration
of p-Dex PS displayed much higher fluorescence accu-
mulation at tumor sites up to 7 days, suggesting an
improved tumor-targeting of p-Dex PS (Fig. 1A and 1C),
which was also verified by ex vivo imaging (Fig. 1B and
1D). Clear fluorescence in both liver and kidney for
p-Dex PS and n-Dex PS after 1 day was observed, which
could be explained by the altered Ce6 biodistribution
that delivered by dextran nanogels (Cabral et al., 2024).
Encouraged by this efficient tumoral delivery, the in vivo
PDT effect was further evaluated in tumor-bearing mice
treated by PBS (control), free Ce6, n-Dex PS and p-Dex
PS with or without light irradiation (Fig. 1E). Compared
to the control group, no significant inhibition of tumor
growth was found in the treatment groups without light
irradiation (Figs. 1G and S8). The p-Dex PS with light irra-
diation (p-Dex PS + L) displayed a stronger tumor inhi-
bition rate than that of n-Dex PS+ L group (81.73% vs.
32.11%) (Fig. 1H). The H&E and cell proliferating indica-
tor Ki67 staining of the tumor slices, further confirmed

the excellent anticancer PDT effects of p-Dex PS (Fig. S9).
Additionally, the H&E staining of major organs did not
exhibit any observable abnormality (Fig. S10A), which
was correlated with the neglectable mouse weight vari-
ance during the treatment process (Fig. S8B). Meanwhile,
serum biochemistry analyses of alkaline phosphatase
(ALP), total protein (TP), and creatinine (CREA) revealed
that p-Dex PS, either with or without light irradiation,
had no significant effects on liver and kidney functions
(Figs. S10B-D and S11), confirming the in vivo safety at
the tested dose.

We further scrutinized the distribution of p-Dex PS
within the tumor by examining Ce6 fluorescence in 4T1
cells constitutively expressing GFP (4T1-GFP) and TAMs
highlighted by immunofluorescence staining with Cy3-
labeled F4/80 antibody. At 1 day after intravenous injection,
the Ce6 fluorescence of p-Dex PS colocalize well with that
of TAMs, and its fluorescence intensity was significantly
higher than that of n-Dex PS (Figs. 1F and S12). Although
the fluorescence intensity of p-Dex PS group decreased
somewhat 2 days after administration, consistent with
in vivo imaging, greater colocalization of Ce6 with tumor
cells was observed (Fig. S12). Based on these observations,
we assumed that the p-Dex PS targeted to TAMs could be
re-distributed into tumor cells. To test this, RAW264.7 cells
loaded with nano-photosensitizer were co-cultured with
4T1 cells through both direct and indirect contact models,
and the transfer of the nano-photosensitizer between cells
was assessed using Ce6 fluorescence. As illustrated in Fig.
11, the macrophage pretreated by p-Dex PS was directly
co-cultured with 4T1-GFP cells, and clear Ce6 fluorescence
transferred to 4T1-GFP cells was observed (19.55% + 3.61%).
While bare Ce6 fluorescence was found in 4T1-GFP cells in
the cases of control, free Ce6 and n-Dex PS groups, with
the Ce6 positive rates of 0.04% = 0.02%, 0.08% = 0.03%, and
0.63% +0.21%, respectively (Figs. 1], 1K and S13). To fur-
ther exclude the possible 4T1 cell’s internalization of the
whole Raw264.7 cell loaded with Ce6, the macrophages
with different pretreatments were cultured in the upper
chamber of a transwell system with a pore size of 1 pm,
and the lower chamber was seeded with 4T1 cells (Fig.
S14A). After 24 h, the p-Dex PS group exhibited signifi-
cantly higher Ce6 fluorescence in the upper medium (Fig.
S14B), supporting an active excretion by the macrophage
engulfing p-Dex PS. Moreover, this further led to a trans-
fer of Ce6 from RAW?264.7 to 4T1 cells as verified by FACS
(Fig. S14C). Overall, the p-Dex PS engulfed by macrophages
could be more efficient for the transport and redistribution
of encapsulated Ce6 to 4T1 tumor cells than the cases of
n-Dex PS and free Ce6, which potentially contributed to the
superior phototoxicity observed in vivo.

To explore the mechanisms underlying the excel-
lent PDT potency of p-Dex PS, we further assessed the
TAMs phenotypes by staining excised tumors for iNOS
and CD80 (M1 markers) and CD206 (an M2 marker). The
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Figure 1. In vivo biodistribution, antitumor efficacy, and TAM-mediated delivery of p-Dex PS. (A) Live animal imaging of p-Dex
PS in 4T1-bearing mice within 7 days. The dashed lines represents the tumor site. Intravenous injection of equal doses of Ce6 and
n-Dex PS was included as controls. (B) The biodistribution of p-Dex PS, n-Dex PS, and Ce6 in major organs and tumors at 1 and 2 days.
(C) The fluorescent intensity obtained from the tumor area in Fig. 1A. (D) The fluorescent intensity of organs measured from ex vivo
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p-Dex PS+L treatment clearly increased the propor-
tion of M1 macrophages while decreasing the propor-
tion of M2 macrophages within tumor (Fig. 2A and 2B).
Compared with the control, p-Dex PS + L treatment also
significantly induced a 2.3- and 6.5-fold increase for IL-12
and TNF-a in serum, respectively (Fig. 2C and 2D), which
well confirmed the strongest TAM polarization effects
of p-Dex PS upon light exposure. To validate the light-
triggered immune activation of this p-Dex PS, intra-
tumoral T cell infiltration and TAM populations were
further analyzed. The viable cell population was selected
for FACS gating as shown in Figs. S15 and S16. Compared
with the control treatment, the p-Dex PS + L induced a
modest decrease (~30%) of the whole TAM population,
which could be resulted from the direct phototoxicity
(Figs. S17 and S18). Within the gated TAM population,
p-Dex PS + Lled to a significant increase of M1-phenotype
TAMs (F4/80*CD86%) and a decrease of M2-phenotype
TAMs (F4/80+CD163*), when compared with other treat-
ments (Fig. 2E, 2F, 21, and 2J). Specifically, the intratu-
moral M1/M2 ratio in p-Dex PS + L group was the highest,
corresponding to around 2.4- and 2.5-fold higher than
that in the Ce6+L and p-Dex PS groups, respectively
(Fig. S19). Considering the reduction of the total num-
ber as well as polarization of TAMs play a crucial role in
activation of intratumoral T cells to enhance the anti-
cancer immunity (Cheng et al., 2022; Mantovani et al.,
2022), the intratumoral CD8* T cells infiltration was fur-
ther assessed. As shown in Fig. 2G and 2K, 6.8% of CD8&*
T cells infiltration in the p-Dex PS + L group was found
in tumor, which was 4-, 1.3-, and 1.7-folds higher than
that in the control, Ce6 + L and p-Dex PS groups, respec-
tively. Besides, the ratio of tumoral CD4* T cells in p-Dex
PS + L group was also the highest among all treatments
(Fig. S20). Taken together, these findings indicate light-
triggered TAM polarization in the p-Dex PS + L group pro-
motes antitumor immunity, thereby contributing to the
excellent antitumor PDT efficacy.

To further probe the mechanism behind the light-
mediated polarization of TAM when treated by p-Dex
PS, metabolomics analysis was performed considering
that metabolic variation could closely reflect the func-
tional and phenotype changes in cells (Mehla and Singh,
2019). The light-induced polarization of RAW?264.7 cells
was firstly confirmed in vitro by assessing changes in
M1 and M2 protein markers. Rather than focusing on
the phototoxicity to eradicate tumor cells, a sublethal
light dose (10 mW/cm?) was selected to perform the PDT

experiments (Fig. S21). Due to limited light penetration in
vivo caused by tissue scattering and absorption (Mallidi
et al., 2016), the sublethal light dose used here simulates
the attenuated light that deep-seated TAMs would expe-
rience, while minimizing macrophage activation linked
to PDT-induced ICD. The p-Dex PS + L treatment resulted
in a significantly higher CD80/CD206 ratio than free Ce6
and n-Dex PS, as determined by Western blot (Fig. S22A
and S22B) and FACS (Fig. S22C). Meanwhile, p-Dex PS + L
successfully increased the ratio of M1/M2 macrophage
markers that were equivalent to lipopolysaccharide
(LPS), a classical activator of macrophage polarization,
indicating a great TAM reprogramming effect of p-Dex
PS initiated by the light. Further metabolomics analysis
showed that the light irradiation (10 mW/cm?) of p-Dex
PS-treated cells could induce the most pronounced
change in metabolite levels compared to n-Dex PS and
free Ce6 groups either with or without light irradiation
(Table S2). The p-Dex PS +L also caused the GSH con-
sumption and a reduction in NAD/NADH ratio (Fig. S23),
suggesting impaired electron transport chain and mito-
chondrial function. This was further supported by the
dramatically reduced level of aspartate that indicates
TCA cycling is blocked (Fig. 2H). Furthermore, p-Dex
PS + L could inhibit central carbon metabolism, includ-
ing glycolysis and glutaminolysis from the accumulation
of glucose and glutamine, and the reduction of gluta-
mate, glucose-6 phosphate. In addition, decreased amino
acids and ATP level were also observed in p-Dex PS + L
treated macrophages (Fig. S24), suggesting the down-
regulated energy metabolism. And notably, the lipol-
ysis was enhanced with p-Dex PS+L treatment,
characterized by a low level of lipids (e.g., phosphati-
dylglycerol) and the accumulation of fatty acids (e.g.,
arachidonicacid) (Fig. 2H). Together with a lower ratio of a-
ketoglutarate/succinate, higher levels of free fatty acids
are indicative of M1 polarization (Fig. 2H) (Ecker et al.,
2010; Liu et al., 2017; Menegaut et al., 2017). Collectively,
with the macrophage targeted by p-Dex PS, light irradi-
ation could induce metabolic reprogramming charac-
terized by adaptive energy and lipid homeostasis, which
was potentially associated with TAM polarization and
thereby enhanced antitumor immunity alongside direct
phototoxic effects against cancer cells (Fig. 2L).

To summarize, we realized a superior anticancer PDT
based on p-Dex PS and unveiled the related immuno-
photodynamic mechanism through focusing on the
TAM-mediated delivery, polarization, and the metabolic

imaging in Fig. 1B. (E) Schematic illustration of the in vivo PDT procedures on 4T1 tumor-bearing mice. (F) The immunofluorescence
images of tumor at 1 and 2 days after intravenous injection of nano-photosensitizers and Ce6. The blue, green, red, and gray signals
represent the fluorescence of F4/80, 4T1-GFP, Ce6, and DAPI-stained nuclei. (G) Photographs of excised tumors. (H) Tumor weight.
(I) Schematic illustration of the intercellular transport and redistribution of p-Dex PS based on the direct cell co-culture model.
(J and K) The 3D reconstruction and multilayer confocal images (J) and the FACS quantification of mean Ce6 fluorescence intensity

of 4T1-GFP cells (K).
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red fluorescence represent the DAPI (nucleus) and F4/80 markers (macrophage), respectively. The green fluorescence represents
CD80 or iNOS (M1 markers). (B) The immunofluorescence images of CD206 of tumor sections. The blue, green, and red signals
represent the fluorescence of DAPI-stained nuclei, CD206 (M2 markers), and F4/80 markers. (C and D) ELISA assays of IL-12 (C) and
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rewiring. During anticancer PDT, following light pene-
tration and attenuation in tumor tissue, while the pho-
totoxicity kills tumor cells (e.g., inducing ICD) that are
exposed to high light doses, our findings suggest suble-
thal light exposure may directly induce the polarization
of TAMs, provided that the photosensitizer is effectively
targeted. Taken together, this p-Dex PS served as not only
an efficient delivery platform for TAM targeting but also
offered a facile strategy to enable light-controlled mac-
rophage polarization.

Supplementary data

Supplementary data is available at Protein & Cell online
https://doi.org/10.1093/procel/pwaf064.
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TNF-a (D) in mice serum. (E) FACS analysis of F4/80*CD86* M1-phenotype TAMs in tumor after control, Ce6 + L, p-Dex PS, and p-Dex
PS + L treatments. (F) FACS analysis of F4/80*CD163* M2-phenotype TAMs in tumor. (G) FACS analysis of CD3*CD8* T cells in tumor.
(H) The representative metabolic pathway induced by p-Dex PS in RAW 264.7 cells. (I-K) Quantitative data of intratumoral M1 (I),
M2-phenotype TAMs infiltration (J) and CD8* T cells infiltration (K) measured from FACS. (L) Schematic illustration of p-Dex PS for
cancer immuno-PDT treatment. With the TAM-mediated delivery of p-Dex PS in tumor, the strong phototoxicity directly mediated
cell killing while an attenuated light in deeper tumor tissue could induce TAM polarization.
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