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Combination of photodynamic therapy and stimulator of
interferon genes (STING) agonist inhibits colorectal tumor

growth and recurrence

Dear Editor,

Great progress has been made in the clinical use of photo-
dynamic therapy (PDT) for the treatment of patients with
superficial tumors [1]. However, cancer recurrence and
metastasis have limited the application of PDT in the treat-
ment of solid tumors and advanced cancers. In this context,
combining PDT with other complementary immunother-
apy regimens may overcome these limitations of PDT [2].
Therefore, we aimed to elucidate the inhibitory efficiency
of PDT in combination with an agonist stimulator of inter-
feron genes (STING) in colorectal cancer (CRC) models
and to explore the underlying regulatory effects on the host
immune system. STING agonists play an important role
in the induction of innate anti-tumor immunity on tumor
growth and recurrence potential. All methods used in this
work are described in the Supplementary Material.

First, we showed that the photosensitizer verteporfin®
was internalized into CRC MC38 and CT26 cells 3 h
after incubation and effectively induced cell death by gen-
erating reactive oxygen species (ROS) after irradiation
(Figure 1A-B and Supplementary Figure S1). PDT-induced
dying tumor cells could be phagocytosed by dendritic
cells (DCs) (Figure 1C), which in turn stimulated the
phenotypic maturation of DCs [3]. Furthermore, ADU-
S100 (synthetic cyclic dinucleotides that activate the cyclic
GMP-AMP synthase [cGAS]-STING pathway) amplified
this immunological effect of PDT-treated cells on DC acti-
vation, as shown by the increased expression of CD86 and
major histocompatibility complex (MHC)-II (Figure 1D
and Supplementary Figure S2). We explored the effect
of PDT-treated cells and ADU-S100 on the polarization

Abbreviations: BMDMs, bone marrow-derived macrophages; cGAS,
cyclic GMP-AMP synthase; CRC, colorectal cancer; DCs, dendritic cells;
H&E, hematoxylin and eosin; IFN, interferon; IgG, immunoglobulin G;
IL, interleukin; MHC, major histocompatibility complex; NIR,
near-Infrared; PDT, photodynamic therapy; ROS, reactive oxygen
species; STING, stimulator of interferon genes; dLNs, tumor-draining
lymph nodes; TME, tumor microenvironment; VP, Verteporfin.

state of macrophages. Although PDT-treated cells did
not alter the polarization state of bone marrow-derived
macrophages (BMDMs) in vitro, treatment with ADU-S100
could re-polarize anti-inflammatory M2-type BMDMs [4]
toward the pro-inflammatory M1 phenotype; shown by
the increased mRNA expression of M1 markers, surface
polarization protein level and production of inflammatory
mediators, as well as the decreased expression of key M2
markers (Supplementary Figure S3).

The accumulation of photosensitizers at tumor sites is
a prerequisite for PDT. We confirmed that verteporfin was
efficiently accumulated in tumors but was also found in
metabolic organs (Supplementary Figure S4). Importantly,
since the near-infrared (NIR)-laser is a local treatment, no
side effect is expected in other organs. Next, we investi-
gated the anti-tumor effects of PDT in combination with
ADU-S100 via immunocompetent syngeneic CRC mouse
models (Figure 1E). The results showed that the combina-
tion of PDT with ADU-S100 exerted a highly suppressive
effect on tumor growth and cell proliferation compared
to the mild and moderate effects of PDT and ADU-S100
monotherapy, respectively (Figure 1F-G and Supplemen-
tary Figure S5A-C). Kaplan-Meier survival curve analysis
revealed that the combination of PDT with ADU-S100
almost completely eradicated the MC38 tumors of tumor-
bearing mice (survival probability, 91%) compared with
PDT (survival probability, 22%) or ADU-S100 (survival
probability, 64%) monotherapy (Figure 1H). The same
trend was confirmed in the CT26 model (Supplementary
Figure S5D-G).

PDT and ADU-S100 have been reported to exert anti-
tumor effects by converting the tumor microenvironment
(TME) and the tumor-draining lymph nodes (dLNs) from
an immunosuppressive to a pro-inflammatory state [2, 5].
As shown in Figure 11, 3 h after the first ADU-S100 treat-
ment, tumors treated with combinational therapy showed
a higher expression of genes encoding pro-inflammatory
cytokines [9] than tumors subjected to monotherapies.
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FIGURE 1 Combination of Verteporfin-supported PDT with ADU-S100 cooperatively modulates the TME, thereby
mediating anti-tumor immunity in CRC mice model. (A) Typical fluorescence microscopy images of MC38 cells taken 3 h after
incubation with 0.5 umol/L VP. Scale bar = 50 um.VP can be rapidly taken up into the MC38 tumor cells. (B) The phototoxic effects of VP in
MC38 cells were investigated by flow cytometry analysis. Single cells were gated into live cells (FITC~DAPI ), early apoptotic cells
(FITC*DAPI™), late apoptotic cells (FITC*DAPI') and necrotic cells (FITC™DAPI*). VP by itself is not directly toxic to the MC38 tumor cells
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in the absence of light irradiation; however, it can effectively cause cancer cell death after exposure to light from a 690 nm laser. (C)
PDT-treated MC38 tumor cell debris phagocytosed by DCs after 2 h of co-culturing in two different ratios (1:1 and 1:5) immediately
post-treatment. Phagocytosis of DCs was measured by determining the percentage of CD11ct CMFDA™-double positive populations as the
mean values + SEM. PDT-induced dying MC38 tumor cells could be phagocytosed by DCs. (D) The graphs show the mean gMFI + SEM of
CD86 (left panel) and MHC-II (right panel) on DCs after 24 h co-culture with ADU-S100, dying MC38 tumor cells induced by three
freeze/thaw cycle treatments at -20°C (F/T), dying MC38 tumor cells induced by VP-PDT treatment or the combination of dying MC38 tumor
cells and ADU-S100 by flow cytometric analysis. PDT-induced dying tumor cells could be phagocytosed by DCs. which in turn stimulated the
phenotypic maturation of DCs, while ADU-S100 amplified this immunological effect of PDT-treated MC38 cells on DCs activation. (E)
Schematic representation of the time course and administration regimen for MC38 tumor-bearing mice was shown. Tumor-bearing mice were
treated with PDT, and the next day, two intra-tumoral injections of ADU-S100 were administered at one-week intervals. (F) Representative
H&E staining images of MC38 tumors on day 10 after mice received different treatments. Scale bar = 100 um. A large number of tumor cells
with large nuclei and abundant vascular interstitium were visible in the control section. In contrast, in the treatment groups, the membranes
of some tumor cells were disrupted and fused with intercellular material to form faint erythema; the damage extent was mildest in the PDT
group, moderate in the ADU-S100 group, and highest in the COMB group. (G) Average tumor size of MC38 tumors over time, and data are
expressed as mean + SEM: Control vs. PDT P < 0.0001; Control vs. ADU-S100 P < 0.0001; Control vs. PDT + ADU-S100 P < 0.0001; PDT vs.
PDT + ADU-S100 P < 0.0001; ADU-S100 vs. PDT 4+ ADU-S100 P = 0.0015. The log-rank test was used to assess the statistical significance of
survival time. Two-way ANOVAs were used for the statistical analysis of the significance of tumor volume and statistical differences were
considered significant at * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Either PDT or ADU-S100 had an inhibitory effect on the
progression of tumor growth, but the combinational therapy had the highest effect. (H) Percentage survival of MC38 tumor-bearing mice
receiving different treatments: Control vs. PDT p = 0.0019; Control vs. ADU-S100 P < 0.0001; Control vs. PDT + ADU-S100 P < 0.0001; PDT
vs. PDT + ADU-S100 P = 0.0065; ADU-S100 vs. PDT + ADU-S100 P = 0.1627. The log-rank test was used to assess the statistical significance
of survival time and statistical differences were considered significant at * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. The
combinational therapy significantly improved the survival time of MC38 tumor-bearing mice compared to single therapies. (I)
Inflammation-associated gene expression by qRT-PCR in tumors 3 h after the first ADU-S100 treatment for all groups. Three hours after the
first ADU-S100 treatment, tumors treated with combinational therapy showed higher expression of genes encoding pro-inflammatory
cytokines: TNF-«, IFN-y, IL-6, and IFN-S compared to tumors subjected to single treatments. (J) Flow cytometry analysis of
inflammation-associated cell populations in dLNs on day 10 from mice received different treatments. Living (DAPI~) CD45" cells were
further gated to neutrophils (CD11b*Ly6G™), mature inflammatory myeloid cells (CD11b*CD86" Ly6C"e"), non-inflammatory myeloid cells
(CD11b*Ly6Cl°") and DCs (CD11b*CDlict), plotted data is expressed as min to max. Either treatments alone or combinational therapy
induced the formation of pro-inflammatory dLNs state, but combinational therapy triggered the most significant changes, including
infiltration of dLNs by neutrophils, increased levels of mature inflammatory myeloid cells and decreased proportions of non-inflammatory
myeloid cells. (K) Flow cytometry analysis of DCs in dLNs and the violin graphs show the mean gMFI of CD86 and CD40 on DCs
(CD11b*CD1l1c*) to indicate their activation. All treatment groups induced the infiltration and activation of DCs in the dLNs, and the most
significant changes were observed in dLNs from combinational therapy-treated mice. (L) Flow cytometry analysis of lymphocyte influx into
the TME after receiving different treatments of tumors. Plotted data is expressed as min to max. Living (DAPI™) CD45 * cells were further
gated to CD3* T cells, CD4* T cells (CD3"CD4%), and CD8* T cells (CD3"CD8"). (M) Statistical evaluation of the percentage of circulating
CD3*, CD4" and CD8* T cells. Data are expressed as mean + SEM (*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). The combinational
therapy treatment significantly increased the levels of CD3* and CD4* T cells in the blood compared to PDT, and the increase in CD8* T cells
in the combinational therapy group was significantly different compared to the groups that received either monotherapy. (N) Total serum IgG
concentrations of MC38 tumor-bearing mice in different subgroups on day 23 were assessed by ELISA. Data are expressed as mean + SEM.
The intensity of IgG in the serum of combinational therapy-treated mice was significantly improved compared to that of mice receiving PDT
alone but not to the ADU-S100-treated group. (O) The dot graphs show functional immune memory T cells in the dLNs of cured mice by
initial treatments at 21 days after tumor rechallenge. Living (DAPI ™) single cells were gated into CD4* central memory
(CD3*CD4*tCD44"CD62L"), the CD4* effector memory (CD3TCD4*CD44+CD62L~), CD4" naive memory (CD3*CD4*CD44~CD62L"),
CD8* central memory (CD3*CD8*CD44*CD62L"), the CD8* effector memory (CD3*CD8*CD44+CD62L "), and CD8" naive memory
(CD3*CD8*CD44~ CD62L"). Age-matched naive female mice (n = 5) were used as control and injected with the same amount of MC38 tumor
cells. Detailed methods and materials are described in supplementary files. (P) Schematic illustration of our current working model by which
PDT in combination with a STING agonist (ADU-S100) elicits anti-tumor immunity in colorectal cancer. 1). NIR irradiation allowed the
photosensitizer to directly kill tumor cells via ROS but induced insufficient immune responses. 2). The combination of PDT and intratumoral
ADU-S100 induced an inflammatory state in the TME and dLNs, thereby leading to a series of immune responses, including adaptive cellular
and humoral immune responses. 3). ADU-S100 promotes the repolarization of M2 macrophages toward the M1 phenotype, relieving their
immune inhibitory effects. The diagram was created at biorender.com. Abbreviations: three freeze/thaw cycle at -20°C (F/T);
4’,6-diamidino-2-phenylindole (DAPI); analysis of variance (ANOVA); bone marrow-derived macrophages (BMDMs); cyclic GMP-AMP
synthase (cGAS); colorectal cancer (CRC); dendritic cells (DCs); Enzyme-Linked ImmunoSorbent Assay (ELISA); geometric mean
fluorescence intensity (gMFI); hematoxylin and eosin (H&E); immunoglobulin G (IgG); interferon (IFN); interleukin (IL); major
histocompatibility complex (MHC); near-Infrared (NIR); photodynamic therapy (PDT); reactive oxygen species (ROS); Real-time quantitative
reverse transcription PCR (qQRT-PCR); standard error (SEM); stimulator of interferon genes (STING); T cell receptor (TCR); tumor
microenvironment (TME); tumor-draining lymph nodes (dLNs); tumor necrosis factor (TNF); verteporfin (VP).
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These cytokines play a key role during initial inflam-
mation and the transition to T-cell-mediated immune
responses.

Next, we analyzed the immune cell populations in the
tumor, spleen and dLNs ten days after tumor inocula-
tion. The results showed that either treatment alone or
PDT and ADU-S100 combined induced the formation of
a pro-inflammatory dLNs state, but the combinational
therapy triggered the most significant changes, including
infiltration of dLNs by neutrophils, increasing levels of
mature inflammatory myeloid cells and decreasing pro-
portions of non-inflammatory myeloid cells (Figure 1J).
Rapid recruitment and an increase in neutrophil numbers
are manifestations of acute inflammation and can initiate
anti-tumor adaptive immune responses under inflam-
matory conditions [6]. Moreover, combinational therapy
increased DC numbers and induced relatively enhanced
DCs activation in dLNs compared with control or PDT
alone (Figure 1K). The tumors treated with the combina-
tion exhibited significantly more infiltration of cytotoxic
T lymphocytes (CTLs, CD8* T cells) than helper (CD4%)
T cells into the TME compared to tumors treated with
monotherapies or control (Figure 1L). Of note, changes
in the proportions of CD4* lymphocytes and CTLs in
the spleen and dLNs were not significantly different
(Supplementary Figure S6). These data proved that the
combinational therapy amplified the effects of monothera-
pies on the immune-enhancing transformation of the TME
and dLNs.

Local treatments have the potential to trigger systemic
immune responses and, in some cases, the potential to
exert an abscopal effect [7]. Hence, we examined the levels
of circulating lymphocytes and total serum immunoglob-
ulin G (IgG) in mice that received different treatments. On
day 16, few changes and moderate increases in circulat-
ing CD3* and CD4" lymphocytes and CTLs were observed
in PDT-treated mice and ADU-S100-treated mice. Impor-
tantly, the combination treatment significantly increased
the levels of CD3*" and CD4* T cells in the blood com-
pared to PDT, and the increase in CTLs in the combined
treatment group was higher compared to the monother-
apy groups (Figure 1M and Supplementary Figure S7A-B).
Of note, elevated expression of costimulatory CD40 on
CD19" B cells, as well as increased IgG levels in blood
serum, were observed on day 23 after combinational ther-
apy (Figure IN and Supplementary Figure S7C-D). This
was probably mediated by the activation of CD4% and
CDS8™ cells. These activated cells produce interferon (IFN)-
y, which in turn can activate CD19" B cells to undergo
isotype switching to produce more IgG. These data col-
lectively suggest that the PDT and ADU-S100 combined
treatment could establish systemic immune responses in
vivo, including an enhanced proliferation of lymphocytes

and antibody production in peripheral blood, which is
essential for complete tumor eradication [8, 9].

Next, we examined the potential of established periph-
erally initiated systemic immunity to produce long-term
immune memory and regulate distant tumors. Indeed,
the mice that were cured by monotherapy and combined
treatment all resisted tumor growth after rechallenging;
this was in contrast to naive controls that exhibited rapid
tumor growth. Through immune memory phenotype anal-
ysis of the blood, dLNs and spleen of these mice, a trend
of increased infiltration of functional memory CD4* and
CD8* T cells was observed in ADU-S100 and combi-
national therapy treatment groups compared to control
(Figure 10 and Supplementary Figure S8). Importantly, the
mice cured by combinational therapy exhibited the most
significant changes, especially in the dLNs (Figure 1N).
This finding suggests that combined treatment resulted
in the most prominent development of systemic memory
immunity after tumor cell rechallenge following tumor
eradication.

Moreover, both primary and distant tumor growth were
inhibited or ablated by PDT, ADU-S100 or the combination
treatment in the MC38 bilateral tumor model (Supple-
mentary Figure S9). Although the combination treatment
did not exert a higher tumor control effect on the dis-
tant untreated tumors than ADU-S100 treatment alone
[10], it increased the survival rate of the mice bearing
two MC38 tumors to 40% compared to that in the PDT
(0%) and ADU-S100 (20%) groups (Supplementary Figure
S9C). A similar effect of delaying untreated tumor growth
was also observed in the CT26 bilateral model (Supple-
mentary Figure S10). Together with previous results, the
rationale underlying our current working model is shown
in Figure 1P.

In conclusion, we provided first-hand evidence that
combinational PDT and STING agonist treatment has
an amplified inhibitory regulation on tumor growth and
recurrence by the induction of anti-tumor immunity in
established CRC models. Further studies are needed to
identify the function of important factors in the TME,
such as other immune cells and endothelial cells, during
treatment.
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in the Supporting Information section at the end of this
article.

85U807 SUOWWIOD 3AIEa.D 3|qeoljdde au Aq pausenob a1e Sajolie VO ‘SN 0 Sa|NnJ 104 Akeiq 1 8UIIUO AB]IA UO (SUORIPUOD-PUe-SWLBH LD A8 |IM"Ale1q 1[BUI|UO//SHNY) SUORIPUOD PUe SWwiie | 8L 88S *[£202/T0/82] U0 AriqiTaulluO A8|IM BulyD8URIL0D A SOKZT 2980/200T OT/I0p/LI0D" A8 |1M Aleid 1 BUI|UO//SANY WO PaPeo|uMoq ‘0 ‘8SEEZST



	Combination of photodynamic therapy and stimulator of interferon genes (STING) agonist inhibits colorectal tumor growth and recurrence
	DECLARATIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	FUNDING
	AVAILABILITY OF DATA AND MATERIALS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	CONSENT FOR PUBLICATION
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


