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ABSTRACT: Toll-like receptors (TLRs) are a class of pattern
recognition receptors (PRRs) crucial for the detection of
infections and activation of downstream signaling pathways that
lead to the production of pro-inflammatory cytokines and
interferons. The TLR pathway is an attractive actively studied
target pathway. Because of their strong immunostimulatory
activity, TLRs are thought to be a “double-edged sword” for
systemic treatment, even in the cancer field. To solve this, we
have developed dextran-based TAM targeting activating
conjugate (D-TAC) technology, which successfully uses
tumor-associated macrophages (TAMs) to deliver the TLR7
agonist DSP-0509. We used low molecular weight dextran to
target CD206 high M2-type macrophages, activate them, and induce a change in phenotype to antitumor M1-type
macrophages with rapid clearance from the body and astonishing antitumor activity. We also demonstrated that the antitumor
effect of our best drug candidate 5DEX-0509R is dependent on the abundance of TAMs, which is consistent with their
mechanism of action. We believe that 5DEX-0509R generated by D-TAC technology can be a clinically applicable
immunotherapy targeting the TLR signaling pathway.
KEYWORDS: cancer immunology, tumor associated macrophages, nanomedicine, TLR7. tumor microenvironment

INTRODUCTION
Toll-like receptors (TLRs) are a class of pattern recognition
receptors (PRRs) capable of recognizing pathogen-associated
molecular patterns (PAMPs)1 and damage-associated molec-
ular patterns (DAMPs)2 to initiate immune responses. Because
TLRs are crucial for the detection of infections and activating
downstream signaling pathways that lead to the production of
pro-inflammatory cytokines and interferons, the TLR pathway
is an attractive, actively studied target.3,4 Although several TLR
agonists, such as bacillus Calmette−Gueŕin, monophosphoryl
lipid A, and imiquimod, have been approved for cancer
therapy, they are still being actively studied in the cancer field.5

TLR7 is predominantly expressed on the endosomes of
plasmacytoid dendritic cells (pDCs), B cells, and monocytes.6

It recognizes viral single-stranded RNAs and activates signaling
pathways that lead to innate immune responses.7 TLR7 signal
activation triggers antitumor immunity by stimulating secretion

of inflammatory cytokines such as IL-6, TNFα, and IL-12 in a
NF-kB-dependent manner, and interferon regulatory factor 7
(IRF7) signaling leads to the secretion of type 1 interferons.8

So far, imiquimod is the only approved TLR7 agonist, and
since then, several TLR7 agonists have been developed and
studied in preclinical and clinical studies. Most of these
compounds have been developed as intratumoral injectables,
conjugated with tumor targeting antibodies or utilizing
nanomolecules to reduce their systemic toxicity.9 Based on
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these facts, we have developed the small molecule TLR7
agonist, DSP-0509, which has physicochemical features that
enable it to be administered systemically and endow it with a
short half-life.10 On the other hand, shorter half-life may result
in weaker antitumor immune responses.11

Tumor-associated macrophages (TAMs) are well-known to
be major components and play a pivotal role in the tumor
microenvironment. Classically, macrophages are divided into 2
types: M1 macrophages, which show a tumor-killing capacity
and produce inflammatory cytokines to boost tumor immunity,
and M2 macrophages, which show anti-inflammatory and
immune suppressive phenotypes.12 Especially, the presence of
M2-like macrophages, which suppress tumor immunity, is
closely related to a poor prognosis. Indeed, several approaches

targeting TAMs have been studied clinically and preclini-
cally.13,14 Though TAMs are a very heterogeneous population,
several major markers identify tumor-promoting macrophages
such as SPP1, MARCO, CD163, CD204, and CD206.14,15

TLR7 is known to be expressed in TAMs,16 and a recent study
demonstrated that TLR7/8 agonists strongly reverse the TAM
M2 phenotype to M1 and show strong antitumor activity.17

Interestingly, some sugar particles such as cyclodextrin and
dextran tend to accumulate and become incorporated by
TAMs relatively specifically.17,18

Based on this evidence, we sought to deliver the TLR7
agonist DSP-0509 specifically to TAMs by using dextran, a
biocompatible and safe molecule with stable formulation, to
enhance antitumor activity without severe toxic side effects.

Figure 1. Tissue and cellular distributions of 6 kDa and 20 kDa aminodextran conjugates. (A, B) Organ distributions of 6 kDa (A) and 20
kDa (B) dextrans labeled with AF750 in EMT6 tumor-bearing mice (n = 3). Mice were inoculated with EMT6 tumors and then intravenously
injected with AF750-labeled dextrans (1 mpk). After 24 h, the blood, heart, thymus, lymph node, spleen, lung, stomach, kidney, and colon
were dissected, and their fluorescence intensities were measured. Tu: tumor, St: stomach, Col: colon, Li: liver, and Ki: kidney. (C−E)
Cellular uptakes of 6 and 20 kDa dextran conjugates. Mice were inoculated with EMT6 tumors and then injected intravenously with AF750-
labeled dextrans (1 mpk) (n = 2). After 24 h, the tumors (C, D) and spleens (E) were dissected, dissociated into single-cell suspensions, and
then analyzed with flow cytometry. Macrophages were categorized as CD11b+ F4/80+ cells; MDSC as CD11b+ Gr1high cells; other myeloid
cells as CD11b+ F4/80− cells, and T, B, NK, etc., cells as CD11b− F4/80− cells.
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Figure 2. Antitumor effect and safety profiles of dextran conjugates. (A) Structure of DEX-0509A. (B−D) Antitumor effect of different sizes
of dextran conjugates. EMT6-bearing mice (n = 5 per group) were intravenously injected once a week for 2 weeks with DSP-0509 (1 mpk)
and different sizes of aminodextran-DSP0509 conjugates (0.2 mpk as the equivalent dose of DSP-0509). (B) Tumor sizes of each of the
groups. Data are shown as mean ± SD. Statistical differences were evaluated by the parametric Dunnett test vs vehicle (PBS treatment) (*p
< 0.01, **p < 0.001). (C) Weight changes of treated mice. (D) Individual tumor size in mice treated with vehicle, DSP-0509, 6 kDa
aminodextran conjugates (6DEX-0509A), and 20 kDa aminodextran conjugates (20DEX-0509A). (E−G) Body temperature changes in
tumor-bearing mice treated with 6DEX-0509A (E), 20DEX-0509A (F), and 20DEX-0509R (G). Mice were treated with each dextran (0.2
mpk as equivalent dose of DSP0509) at day 0 and day 7. Statistical differences were evaluated by the parametric Dunnett test. *p < 0.05 vs 0
min. (H, I) Comparison of the anti-EMT6 tumor effect of 6DEX-0509A and cytokine profiles in injected mice. EMT6-bearing mice (n = 6
per group) were intravenously injected once a week for 3 weeks with DSP-0509 (5 mpk) and 6DEX-0509A (0.2 mpk as equivalent dose of
DSP-0509). (H) Tumor sizes of each of the groups. Data are shown as mean ± SD. Statistical differences were evaluated by the parametric
Dunnett test vs vehicle (PBS treatment) (*p < 0.05). (I) Blood cytokine profiles. EMT6-bearing mice were intravenously injected once with
DSP-0509 (5 mpk) and 6DEX-0509A (0.2 mpk as equivalent dose of DSP-0509), blood samples were collected 2 h after injection (n = 3),
and plasma cytokines were measured. Data are shown as mean ± SD. Statistical differences were evaluated by the t-test.
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Figure 3. In vivo profiles and antitumor effect of 5 kDa dextran conjugated with DSP-0509 at the reduced end. (A, B) Tissue and cellular
distributions of 5 kDa dextran conjugates. Organ distribution of 5 kDa dextran labeled with AF750 in EMT6 tumor-bearing mice (n = 3).
Mice were inoculated with EMT6 tumors and intravenously injected with the dextran-small molecule AF750 complex at 1 mg/kg of AF750
equiv. After 24 h, the blood, heart, thymus, lymph node (LN), spleen, lung, stomach, kidney, and colon were dissected, and their
fluorescence intensities were measured. Data are shown as mean ± SD (B) Cellular uptake of 5 kDa dextran conjugates. Mice were
inoculated with EMT6 tumors and then intravenously injected with the dextran-AF750 complex 1 mpk of AF750 (n = 3). After 24 h, the
tumors and spleens were dissected, dissociated into single -cell suspensions, and then analyzed with flow cytometry. Macrophages were
categorized as CD11b+ F4/80+ cells. (C) Chemical structure of DEX-0509R. (D) Dose-dependent antitumor effect of 5DEX-0509R and
weight changes in mice injected with 5DEX-0509R. EMT6-bearing mice (n = 6 per group) were intravenously injected once a week for 2
weeks with different doses of 5DEX-0509R (indicated as equivalent dose of DSP-0509). Data are shown as mean ± SD. Statistical differences
were evaluated by the parametric Dunnett test vs vehicle (PBS treatment) (*p < 0.05, **p < 0.01). (E) Comparison of the antitumor effect of
5DEX-0509R with that of anti-PD1 and DSP-0509. Colon26-bearing mice (n = 6 per group) were injected with vehicle (PBS, i.v., once a
week), anti-PD1 (10 mg/kg, i.p., twice a week), DSP-0509 (5 mg/kg, i.v., once a week), and 5DEX-0509R (0.5 mpk as equivalent dose of
DSP-0509, once a week) for 3 weeks. Data are shown as mean ± SD. Statistical differences were evaluated by the parametric Dunnett test vs
vehicle (PBS treatment) (*p < 0.01). (F) Reinjection of EMT6 tumor cells into cured mice. Mice showing complete remission of EMT6
tumors by 5DEX-0509R treatment, and naiv̈e mice were injected with EMT6 tumor cells (0.5 × 106 cells/mouse) and monitored. (G, H)

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c08811
ACS Nano 2024, 18, 23757−23772

23760

https://pubs.acs.org/doi/10.1021/acsnano.4c08811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08811?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c08811?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c08811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


RESULTS
Size-Dependent Distribution and Cell Uptake of

Dextran Conjugate in Mice. In the previous study, DSP-
0509 was designed as a systemically injectable TLR7 agonist
which achieved safety by having a short half-life in the body.10

We first tested small molecular weight dextrans below 20 kDa,
which are excreted from the kidney and have a short half-life
comparable with DSP-050919−21. Both 6 kDa and 20 kDa
AF750-labeled dextrans at the amino linker were successfully
detected in tumor-bearing mouse organs (Figure 1A,B). There
was not a very big difference in accumulation between the 6
and 20 kDa dextrans. In both cases, high kidney accumulation
and reasonable tumor accumulation were observed, but with
20 kDa dextran, there was a tendency toward greater liver
accumulation, too (Figure 1B). We next analyzed macrophage
uptake by flow cytometry (Figure 1C). The uptake of both
dextrans by macrophages was extensive and CD206-depend-
ent, which is consistent with other reports that dextran is a
CD206 ligand.22,23 Interestingly, 6 kDa dextran was not
incorporated by other tumor microenvironment cells or splenic
cells including macrophages, but 20 kDa dextran was slightly
incorporated by splenic macrophages (Figure 1D,E).
Size-Dependent Antitumor Effect of Dextran Con-

jugates in the Mouse Breast Tumor Model. We next
investigated the molecular size dependence of the antitumor
effect of aminodextran conjugates (Figure 2A) from 1 to 20
kDa (Figure 2B−D). Compared with the small molecule DSP-
0509, all dextran conjugates showed better antitumor activity
with 1/5 agonist equivalent dose. Concerning weight loss,
there was not much difference between treatments, with a
slightly higher loss at the first dose (Figure 2C, day 10) of
dextran conjugates. Larger size conjugates tended to have
stronger antitumor activity, but the activity with over 6 kDa
conjugates was strong enough with a 2/5 complete response
rate and no complete response with small molecule DSP-0509
and smaller DSP-0509-dextran conjugates (Figure 2D). During
the experiment, we realized that several mice treated with 20
kDa aminodextran conjugates (20DEX-0509A), but none
treated with 6DEX-0509A, exhibited anaphylactic shock at
the second dose (Figure 2E,F). Several researchers have
reported the occurrence of macrophage-dependent anaphylac-
tic shock, which is caused by IgG and platelet-activating factor
(PAF),24 and TLR signaling causes IgG-dependent anaphylac-
tic shock.25 Compatible with these reports, the present study
found that the shock caused by our dextran conjugates was
inhibited by Fc receptor blocking and PAF inhibition (Figure
S1). To avoid this, we optimized the method of DSP-0509

conjugation to dextran. We speculated that the free amino-
linker might increase the immunogenicity because charges of
the haptens are important for producing the antibody.26−28 We
made two different 20 kDa conjugates, 20DEX-0509A and a
reduced end type (20DEX-0509R), and found that only
20DEX-0509A caused the shock in mice (Figure 2F,G). We
analyzed the antitumor activity and plasma cytokines of mice
injected with 6DEX-0509RA, compared with DSP-0509 at a
maximum effective dose at 5 mg per kilogram (mpk),10 and
confirmed that 6DEX-0509A compared with DSP-0509
showed superior antitumor activity and induced the expression
of similar levels of blood cytokines (Figure 2H,I). So, we
named this conjugation technology D-TAC (dextran-based
TAM-targeting activator conjugates) and applied it to the
synthesis of 5 kDa dextran conjugated with DSP-0509 at the
reduced end (5DEX-0509R), using the highest grade of
dextran available to minimize the anaphylactic shock risk for
further study.
In Vivo Distribution and Cellular Uptake of 5 kDa D-

TAC and Biological Properties of 5DEX-0509R. We first
analyzed the in vivo distribution in the same manner described
in Figure 1A,B. Surprisingly, 5 kDa D-TAC showed superior in
vivo distributions compared with the 6 kDa amino conjugate,
and its accumulation was the highest in tumors compared with
the organs, including the kidney (Figure 3A). Cellular uptakes
were almost the same with 6 kDa aminodextran, with slight
incorporation of 6 kDa aminodextran into the CD206
expressing myeloid-derived suppressor cell (MDSC) popula-
tion (Figures 3B and S2A). We also confirmed CD206-
dependent cellular uptakes of 5 kDa D-TAC using the blocking
antibody with human monocyte-derived M2 macrophages
(Figure S2B), the M0 and M2-differentiated macrophage cell
lines (Figure S2C), and human CD206-transduced cells
(Figure S2D). Our 5DEX-0509R (Figure 3C) showed dose-
dependent antitumor activity, reaching saturation at 0.5 mpk,
and was tolerated at doses of at least 3 mpk, without severe
weight loss in the mouse EMT6 tumor model (Figure 3D). In
the E0771 model, which is the same triple negative breast
cancer mouse model with EMT6 but has low CD206
expressing TAMs, 5DEX-0509R did not show good antitumor
efficacy (Figure S3A−C). This suggests that CD206 expression
on TAMs is the essential for 5DEX-0509R activity. The
combination of 5DEX0509 with anti-PD1 successfully over-
came this. 5DEX-0509R strongly prevented tumor metastasis
to the lung at 0.1 mpk in the EMT6 model (Figure S3D). In
addition, 5DEX-0509R showed the strong antitumor activity
with almost all tumors eliminated completely but no
elimination with anti-PD1 antibody or DSP-0509 in the

Figure 3. continued

Antitumor effect and cytokine profiles of mice injected with 5DEX-0509R via different routes. EMT6-bearing mice (n = 6 per group) were
injected once a week for 2 weeks with 5DEX-0509R (0.2 mg/kg as equivalent dose of DSP-0509) by the i.v. bolus, s.c. bolus, and i.v. infusion
routes. Data are shown as mean ± SD. Statistical differences were evaluated by the parametric Dunnett test vs vehicle (PBS treatment) (*p <
0.05, **p < 0.01). (H) Plasma cytokine levels of mice injected with 5DEX-0509R via the i.v. bolus and i.v. infusion routes at 2 h after
injection. Data are shown as mean ± SD. Statistical differences were evaluated by t-tests. (I, J) Plasma pharmacokinetics and cytokine
profiles of 5DEX-0509R. Mouse plasma samples (n = 3) were collected at 10 min, 30 min, 1 h (60 min), 2 h (120 min), 4 h (240 min), 24 h
(1440 min), 48 h (2880 min), and 12 h (7200 min) and subjected to (I) pharmacokinetic analysis and (J) cytokine analysis. (K) Antitumor
Effect of 5DEX-0509R and DSP-0509. Colon26-bearing nu/nu mice (n = 6 per group) were treated at day 7 with vehicle (PBS, i.v.), DSP-
0509 (5 mg/kg, i.v.), or 5DEX-0509R (0.5 mpk as equivalent dose of DSP-0509, i.v.). Data are shown as mean ± SD. Statistical differences
were evaluated by the parametric Dunnett test vs vehicle (PBS treatment) (**p < 0.01). (L) Antitumor effect of 5DEX-0509R in the B2M
KO CT26 tumor model. B2M knockout of the CT26 cell line was confirmed by Western blotting (left panel). The cells were inoculated, and
the tumor-bearing mice (n = 6 per group) were treated with vehicle (PBS, i.v., once a week), DSP-0509 (5 mpk, i.v., once a week), or 5DEX-
0509R (1 mpk as equivalent dose of DSP-0509, i.v., once a week) for 3 weeks. Data are shown as mean ± SD.
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Colon26 model (Figure 3E). When the mice showed complete
tumor elimination for more than 40 days, they were reinjected
with the same tumor cells, but there was no tumor regrowth
(Figure 3F), suggesting the establishment of the long-lasting
antitumor activity. We next investigated whether the same
antitumor activity is achieved by s.c. bolus, i.v. bolus, and i.v.
infusion administration of 5DEX-0509R. Activity was the same
regardless of the administration route (Figure 3G) but found
that the infusion route lowered plasma inflammatory cytokines
(Figure 3H), suggesting that administration by infusion has the
benefit of lowering systemic cytokines. We further tested 0.5
mpk in the Colon26 model and obtained the same strong
antitumor activity (Figure S3E). On the other hand, DSP0509
tended to show a weaker antitumor effect by the infusion route
and not be completely eliminated. These results indicate that
5DEX-0509R is easy to handle in the clinic.
PK/PD Profiles of 5DEX-0509R. We next investigated the

plasma PK profiles in mice. We developed a bioanalytical
method to measure the total amount of DSP-0509 in mouse
plasma by the hydrolytic degradation of the amide bond of
5DEX-0509R. (Figure 3I). 5DEX-0509R showed rapid
clearance from the body with a t1/2 of 0.461 h. Without the
alkaline treatment of plasma, DSP-0509 was not detected,
suggesting that conjugation is highly stable within the mouse
body. We also analyzed time course plasma cytokine profiles to
see whether 5DEX-0509R caused a cytokine storm. 5DEX-
0509R at 1 mpk caused rapid elevation of cytokines to a
maximum at 1−2 h, but levels disappeared rapidly by 24 h
(1440 min), suggesting that the elevation of inflammatory
plasma cytokines by 5DEX-0509R was not long-lasting (Figure
3J). Interestingly, IFNγ was re-elevated at day 5, suggesting
5DEX-0509R also induces a later-phase antitumor immunity,
probably T cell immunity. We also tested different tumor-type
syngeneic tumor models and found that 5DEX-0509R exerts
significant tumor growth inhibition in most of them (Table 1
and Figure S4).
T Cell-Independent Immunity of 5DEX-0509R. Several

reports show that macrophages directly kill tumor cells without
T cells.14,15,29 To investigate T cell-independent antitumor
effect of 5DEX-0509R, we used the in vivo Colon26 tumor-

bearing mouse model established by injecting athymic nude
mice with Colon26 tumor cells (Figure 3K). Although we
could not see complete elimination, 5DEX-0509R clearly
showed an antitumor effect, suggesting that 5DEX-0509R
modulates tumor suppressive activity in a T cell-independent
manner. We next used B2M knockout CT26 tumor cells to see
whether 5DEX-0509R exerts an antitumor effect under
conditions of immune checkpoint resistance and CD8 T cell
dysfunction.30 As shown in Figure 3L, 5DEX-0509R, but not
anti-PD-1 antibody, still elicited strong antitumor immunity.
Comparison of 5DEX-0509R with the TLR7 Agonist-

Loaded Nanomicelle Formulation, MBS-8. There are
several TLR7 agonist-based nanomedicines in the clinical stage
of testing. One of them is MBS-8, which is a formulation of the
TLR7 agonist loaded into relatively small nanomicelles (∼10
nm diameter). The formulation has a longer blood PK half-life
and strong antitumor activity similar to that of 5DEX-0509R
(WO 2021/053163 Al). We made this MBS-8 nanomicellar
formulation according to the patent information and compared
it with our 5DEX-0509R. 5DEX-0509R showed similar
antitumor activity at 0.1 mpk with MBS-8 at 100 nmol/
mouse (Figure 4A). We next investigated the blood cytokine
profiles to assess systemic inflammation. At this dose, 5DEX-
0509R showed a lower peak amount and shorter period of
elevation of inflammatory cytokines compared with MBS-8
(Figure 4B). That may reflect a shorter blood pharmacokinetic
half-life of 5DEX-0509R than MBS-8 (WO 2021/053163AI).
5DEX-0509R Induced TNFα Release from CD206-

Expressing Human Monocyte-Derived M2 Macro-
phages. Our prior study basically focused on the mouse
immune system. Thus, we sought to examine whether 5DEX-
0509R, compared with DSP-0509, preferentially activates and
induces phenotypic changes in human M2-type macrophages.
We first used peripheral blood mononuclear cells (PBMCs) to
compare agonistic ability between 5DEX-0509R and DSP0509
and found that DSP-0509 induced more TNFα production
from PBMCs than 5DEX-0509R (Figure 4C). That is
consistent with the CD206 expression profiles in PBMCs
where few or no cells express CD206 molecules on their
surface. On the other hand, in vitro differentiated M2
macrophages from monocytes, which express that strong
CD206 only produced TNFα when stimulated by 5DEX-
0509R (Figure 4D), suggesting that because of its targeting
ability, 5DEX-0509R is also able to change the M2-like
macrophage phenotype to the M1-like one.
Gene Expression Profiling of Immune Cells and Their

Changes Induced by 5DEX-0509R Treatment. Next, in
order to examine the overall effects of the compound on
immune status in the tumor microenvironment, we first
measured the bulk gene expression profiles of CD45+ cells
from tumors by RNA-seq. 5DEX-0509R was found to greatly
affect CD45+ cells since expression levels of over 1000 genes
were significantly changed at early (4 h) and later time points
(days 5 and 7) (Figure S5A). The early changes included
upregulation of interferon-responsive genes, which is a well-
established effect of TLR7 agonism. The latter changes
included elevation of marker genes for various immune cell
types (Figure S5B,C). Intratumor abundance of immune cell
types estimated from gene expression profiles suggested that
5DEX-0509R increased frequencies of macrophages and
granulocytes in the tumor from 4 h after administration and
also clearly increased CD8+ T and B cells at a later time point
(day 7) (Figure 5A,B). Time course changes in expression of

Table 1. Summary of In Vivo Antitumor Efficacy by 5DEX-
0509R Treatment

cancer types mouse strain cell line CR (%) TGI (%)

colon Balb Colon26 100 100
colon Balb CT26 83.3 96.3
osteosarcoma Balb K7M2 60 94.5
bladder B6C3HF1 MBT2 37.5 93.9
breast Balb EMT6 60 93
colon B6 MC38 50 89
B cell Balb A20 60 85.3
pancreatic B6 Pan02 0 81.1
liver B6 Hepa1−6 40 70.4
kidney Balb Renca 0 67.7
HNSCC C3H SCCVII 0 67.2
prostate B6 RM-1 0 63.9
lung B6 LLC 0 63.3
ovary B6C3HF1 HM-1 0 55.8
AML SCID/Beige MV4;11 0 51.7
T cell lymphoma Balb EG7 0 46.8
melanoma B6 B16_BL6 0 40.9
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individual genes also suggested an increase in the number of
macrophages, CD8+ T cells, and B cells (Figure 5C−E).
Consistent with this, immunohistochemistry and flow
cytometry analysis suggest the increase of B cells and CD8 T
cells and the decrease of Foxp3+ Tregs (Figure S6). Although
we detected markedly increased expression of marker genes for
M1-type macrophages (Cd86, Stat1, and class II MHC [H2-
Aa]) (Figure 5C), expected decreases of genes for M2-type
macrophages (Mrc1/CD206 and Cd163) were not statistically
significant, which were then re-examined at single-cell
resolution.
Single-Cell Gene Expression Profiling. To examine

detailed compound-related changes in the composition and
status of tumor CD45+ cells, we carried out single-cell RNA-
seq. Single cells were roughly classified into major cell types
(Figures 6A and S7A−D). Monocytes, macrophages, and

cDCs were classified into 22 clusters (Figure 6B). Among the
clusters, the C17 cluster showed prominently high expression
of Mrc1/CD206 (Figure 6B,C). When compared among
treatment arms, the CD206-high C17 cluster was found to
have almost disappeared at 2 and 7 days after compound
treatment, and new groups of cells (C1 and C8) had emerged
on day 7 (Figures 6D,E and S7E). The newly emerged cells
showed high expression of genes known to be upregulated or
downregulated in M1-type macrophages (Figures 6F,H, S7B
and D), and the disappeared C17 cluster had high expression
of genes for markers of M2-type macrophages (Figures 6F, S7B
and D).
Expression levels of CD206 and compound-induced

frequency changes were inversely correlated among clusters
(Figure 6G). Furthermore, cells having intermediate pheno-
types between CD206-high cells (C17) and M1-like cells (C1

Figure 4. Comparison of 5DEX-0509R with the clinical stage agent MBS-8 and its effect on human PBMCs and monocyte-derived M2
macrophages. (A) Antitumor effect and blood cytokine profiles of MBS-8 and 5DEX-0509R. LLC-bearing mice (n = 6 per group) were
intravenously injected once a week with 5DEX-0509R (0.1 mpk) and MBS-8 (100 nmol/mouse). Data show the average tumor size in each
of the groups. Data are shown as mean ± SD. Statistical differences were evaluated by the parametric Dunnett test vs vehicle (PBS
treatment, *p < 0.05). (B) Cytokine profiles of 5DEX-0509R (0.1 mpk as equivalent dose of DSP-0509) and MBS-8 (100 nmol/mouse).
Data are shown as mean ± SD. Statistical differences were evaluated by t-tests. (C, D) CD206 expression and TNFα production from
PBMCs (C) and monocyte-derived M2 macrophages (D). Each of the cells (PBMCs and M2 macrophages) was stimulated with 1 μM
DSP0509 and 5DEX-0509R, and their supernatants were subjected to TNFα measurement.
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and C8) were observed (Figure 6D, red arrowheads). These
data may indicate that CD206-targeted 5DEX-0509R causes
CD206-high macrophages to gradually shift phenotypes from
the M2-like phenotype into the M1-like phenotype. One of the
increased clusters, C9, showed a different profile from those of
M1-like C1 and C8 and had higher expression of B cell-related
genes Cd72 and Cd79b (Figure 6F,I). Since this cluster did not
show upregulation of other genes characteristic of B cells (such

as CD19 or CD20) or genes suggestive of macrophages
functional subtypes, the significance of this treatment-specific
cluster in mediation of the antitumor effect remains unknown.
Subclustering of CD8+ T cells yielded several cell clusters

(Figure S8A,B) showing high expression of nav̈e and memory
genes (Tcf 7 and Ccr7) or effector genes (Gzmb and Prf1)
(Figure S8C). Cells having upregulated expression of effector
genes were markedly increased 7 days after 5DEX-0509R

Figure 5. Bulk RNA-seq analysis of tumor tissues. (A) Potentially increased and decreased abundance of cell types at indicated time points
after 5DEX-0509R administration (n = 3). Estimated intratumoral abundance (scores) for each cell type in compound-treated tumors was
compared to scores in vehicle-treated tumors. Significantly increased or decreased abundance scores for cell types (q < 0.25, two-sided
Welch t-test) are shown as red or blue points. (B) Abundance scores for representative, significantly changed cell types. (C−E) Expression
levels of representative marker genes for macrophages (C), T cells (D), and B cells (E). Asterisk denotes significant (q < 0.25) changes
compared to the vehicle by the two-sided Welch t-test.
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administration (Figure S8D). Comparison of gene expression
in the 5DEX-0509R arm to that in the vehicle arm also
detected significant upregulation of effector genes such as
interferon gamma (Ifng), Gzmb, and Prf1 (Figure S8E).

Efficacy-Related Gene Signature. Large variation in
efficacy between different syngeneic models provides an
opportunity to identify molecular biomarkers predictive of
efficacy. To explore these, we utilized RNA-seq profiles of

Figure 6. Single-cell RNA-seq analysis of tumor infiltrating lymphocytes. (A, B) A uniform manifold approximation and projection (UMAP)
representation of CD45+ cells (A) and monocyte, macrophage, and classical dendritic cell (cDC) subsets (B). All treatment groups were
merged. Distinct cell clusters are shown in colors (B). (C) Gene expression levels of Mrc1 (CD206) in monocyte, macrophage, and cDC
populations. (D) Separate UMAP representation for monocytes and macrophages at day 7 after vehicle administration or 0.2 or 0.5 mg/kg
5DEX-0509R administration. Clusters are colored as in (B). Prominently increased or decreased clusters are highlighted with red letters.
Intermediate cells between these clusters are shown by arrowheads. (E) Cellular frequency changes of clusters in the 5DEX-0509R-
administered group compared with the vehicle-administered group. Asterisks denote significant difference (q < 0.05) in the cluster frequency
of 5DEX-0509R versus vehicle, compared by the Fischer exact test. (F) Expression levels of representative marker genes for each cluster.
Sizes of dots indicate percent cells expressing the gene. (G) Correlation of Mrc1 (CD206) expression among clusters to cluster frequency
changes associated with administration (at day 7). Pearson correlation coefficients (r) are shown. (H, I) Over- and under-expressed genes in
cluster 1 and 8 (H) or cluster 9 (I).
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tumors obtained from each model. As in earlier RNA-seq
analysis, we estimated the abundance of immune cell types
from the profiles and examined the relation between the
abundance of each of the cell types and the degree of efficacy
calculated as tumor growth inhibition (TGI). This approach
found significant a correlation between the estimated
abundance of macrophages and TGI (r = 0.8, q = 0.0423)
and between the abundance of CD8+ T cells and TGI (r =
0.59, q = 0.249) (Figure 7A,B). This good correlation with
macrophages supports our macrophage-targeting strategy and
motivated the further selection of biomarker genes from
macrophage-related genes. Gene set enrichment analysis using
cell type-specific gene sets from various cell types throughout
the body (MSigDB gene set collection C8) confirmed that
macrophage-related gene sets from various tissues were most

significantly associated with TGI (Figure 7C). The 27 genes
included in 8 of the top 10 associated gene sets (8/10) were
selected for predictive signature construction to reduce tissue
bias. The 27 genes were all well-correlated with TGI (Figure
7D). By summarizing the expression levels of the 27 genes and
comparing them among the Cancer Genome Atlas (TCGA)
cancer types, we estimated potentially efficacious cancers with
a high expression of macrophage-related and TGI-correlated
genes (Figure 7E).

DISCUSSION
TLR agonists are known to be very strong innate immune
activators. That makes them attractive targets for cancer
immunotherapy.4 However, only 2 drugs have been approved
so far because of their strong systemic inflammatory effects.

Figure 7. Predictive biomarkers. (A) Correlation of estimated abundance of each cell type to efficacy of 5DEX-0509R. Cell types positively or
negatively correlated to tumor growth inhibition (TGI) (q < 0.25) are shown as red or blue points. Pearson correlation coefficients (r) are
shown on the horizontal axis. (B) Relation between the abundance of macrophages or CD8+ T cells and TGI. (C) Cell type-specific gene
sets associated with efficacy. Gene sets showing significant association between their expression and efficacy (q < 0.25, Kolmogorov−
Smirnov test) are shown as colored points. The top 10 strongly associated gene sets in terms of the nominal enrichment score (NES) are
shown in red. (D) Correlation between the expression of individual genes and efficacy (TGI). Signature genes are shown in red. (E)
Summarized expression levels (geneset variation analysis scores) of signature genes for each patient’s tumor from the Cancer Genome Atlas
database. Cancer types are shown on the horizontal axis. The boxplot extends from the 25th to 75th percentile, with whiskers extending to
the minimum and maximum values within a 1.5 × interquartile range.
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We sought TLR7 agonists as good targets for cancer
immunotherapy because of their druggability, induction of
high levels of TLR7 expression on dendritic cells and
macrophages in tumor microenvironments, and induction of
type I IFN.31 Dextran was obtained by Louis Pasteur in 1861
and has been used for several medicinal purposes such as
plasma expanders, blood viscosity reducers, and erythrocyte
aggregators.32 Our fluorescent dextran data showed that the
uptake of small dextran conjugates is more specific to TAMs.
Although we and others showed that dextran is a CD206
ligand, its binding might not be very specific since CD206 is
known to bind collagen and mannose, and specificity of
binding to larger polymers is higher.33 Interestingly, other
reports demonstrated that mannose- or galactose-conjugated
dextran further accumulates in liver tissues.34 This may suggest
that low molecular weight dextran is good enough to bind high
CD206-expressing TAMs. In addition, small-size dextrans also
have the advantage of penetrating tumor tissues.35,36

Considering these reports, our dextran used for D-TAC is a
suitable size for tumor tissue penetration and targeting TAMs
resident deep within tumor tissues.
Dextran sometimes causes anaphylactic shock in animals and

humans, and larger molecular size dextrans tend to be more
immunogenic.37 Since anaphylactic shock and related infusion
reactions are huge matters for clinical application of nano-
medicines,38,39 it is important to lower risks of this toxicity,
especially of targeted immune activators like 5DEX-0509R.
5DEX-0509 is rapidly cleared from the body, and plasma

cytokines disappear rapidly from the plasma, indicating 5DEX-
0509R has similar or better safety than DSP-0509 and MBS-8,
both of which are now cleared investigational new drugs that
have been tested in humans. These facts suggest that 5DEX-
0509R has a good safety profile, at least one worth testing
clinically.
Bulk- and single-cell analyses clearly demonstrated that

5DEX-0509R activates macrophages efficiently. Interestingly,
bulk tissue sequencing showed clear induction of CD8 T cells
and B cells and a decrease of the Foxp3 gene at a later phase.
This may reflect that TAM-dependent immune activation
sequentially elicits antitumor immunity including acquired
immunity. Single-cell RNA-seq showed the disappearance of
the CD206-high cluster in macrophages. It is possible that
5DEX-0509R is mainly incorporated by CD206-high M2-like
TAMs and changes its phenotypes. In the previous study, we
did not observe obvious B cell induction and Treg decrease by
the DSP-0509 treatment in the tumor microenvironment.10

This may be the reason 5DEX-0509R has a stronger antitumor

effect than DSP-0509. Since TAMs and Tregs are closely
interacting in tumor tissues,40 phenotypic change of TAMs
may further inhibit Treg recruitment, induction, and/or
proliferation. In the single-cell analysis, we surprisingly found
that 5DEX-0509R treatment induced a unique macrophage
population, which expresses the B cell markers CD72 and
CD79b. Its function is still unclear because there are no reports
concerning such macrophages so far, but it may be an
intermediate transient phenotype that develops as M2
transitions to M1 phenotype, because this population was
decreased in size at day 7, when the M1-type clusters appeared
(C1 and C8).
In recent cancer therapies, it is important to identify

biomarkers that can be used to select patients suitable for that
therapy. Since 5DEX-0509R specifically targets TAMs, the
population of TAMs in tumors can be a good biomarker. We
successfully screened human tumor types that have high gene
signature expression in our preclinical model. Further screen-
ing to select the right patient within the tumor type may be
needed, but CD206-high M2-type macrophages in tumor
tissues would be a good marker to select those patients.

STUDY LIMITATIONS
In this study, we have unveiled the potential of 5DEX-0509R
as the TAM-targeting agent, demonstrating rapid clearance
from the body alongside strong antitumor efficacy. We
optimized the molecular size, linker, and conjugation method
and successfully improved its distribution and immunotoxicity
without losing the antitumor activity. However, precise
chemical properties such as molecular diameter, molecular
weight distribution, and charges, which are important for a
“nanomedicine” approach, were not thoroughly examined and
optimized in this study. In future studies, it is important to
analyze and define the precise molecular properties through
biological analysis, focusing on parameters crucial for effective
TAM targeting, improved body distribution, and enhanced
antitumor activity and enhancing antitumor activity. Addition-
ally, we optimized our D-TAC through a mouse in vivo study.
To the best of our knowledge, excretion of dextrans from the
body is mostly the same across animal species. Therefore, we
are confident that our technology will be effective in humans,
but further translational studies, including clinical trials, are
desired. We think that additional safety studies are necessary to
assess the feasibility of safely administering D-TAC to humans.

Table 2. Tumor Cell Lines Used in This Study

cell line mouse strain medium cell number source

Colon26 Balb RPMI1640 + 10% FBS 1 × 106 Riken
CT26 Balb RPMI1640 + 10% FBS 1 × 106 ATCC
K7M2 Balb DMEM + 10% FBS + 0.8 mg/mL G-418 1 × 106 ATCC
MBT2 B6C3HF1 MEM + 10% FBS 1 × 106 JCRB
EMT6 Balb Waymouth’sMB752/1 + 2 mM L-glutamine +15% FBS 1 × 106 ATCC
Renca Balb RPMI1640 + 10% FBS 1 × 106 Dr. Fujioka
SCCVII C3H MEM + 10% FBS 1 × 106 Kyoto U
LLC B6 DMEM + 10% FBS 1 × 106 Riken
HM-1 B6C3HF1 MEM- α + 10% FBS 1 × 106 Riken
MV4;11 SCID/Beige IMDM + 10% FBS 10 × 106 ATCC
EG7 Balb ATCC RPMI1640 + 10% FBS + G418 1 × 106 ATCC
E0771 B6 DMEM + 10% FBS 0.5 × 106 ATCC
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CONCLUSION
In summary, we have developed the D-TAC technology TLR7
agonist, 5DEX-0509R, which has a short half-life, a good safety
profile, and strong antitumor activity. By changing the tumor
microenvironment, monotherapy with 5DEX-0509R shows
excellent TAM-targeting ability and strong antitumor activity
with complete tumor elimination. We also demonstrated the
dependence of the antitumor effect of 5DEX-0509R on the
abundance of TAMs, which is consistent with its mechanism of
action. We believe 5DEX-0509R can be the clinically
applicable immunotherapy targeting TLR signaling.

METHODS
Reagents. DSP-0509 was chemically synthesized by

Sumitomo Pharma Co., Ltd. For in vitro studies, 10 mM
solutions were prepared by dissolution in DMSO followed by
dilution of the DMSO up to a final concentration of 0.1%. For
in vivo studies, the compounds were dissolved in a 2.5 mM
glycine buffer solution of pH 10.2. Dextran-DSP-0509
conjugates were synthesized as described in Supporting
Information. Aminodextrans and fluorescent dextrans were
purchased at Fina Biosolutions (Rockville, MD, USA). All
dextran conjugates were dissolved in PBS at 10 mg/mL and
maintained at 4 °C. MBS-8 was generated in the house as
described in the patent (WO 2021/053163 Al).
Cells and Cultures. Sources of cells, culture medium, and

the number of tumor cells inoculated are listed below (Table
2). The Renca cell line was kindly provided by Dr. Fujioka,
Iwate Medical University School of Medicine. The cells were
maintained in the culture by passage 1−2 times a week.
Mice. Balb/c and C57BL/6 mice were purchased from

Jackson Laboratory Japan or SLC Japan. and 6- to 10-week-old
C3H/HeN and B6C3HF1 mice were purchased from Charles
River Japan. All animal studies were conducted in compliance
with the Sumitomo Pharma Animal Ethics Code.
Organ Distribution of Dextran Conjugates. EMT6

cells were suspended in HBSS and implanted subcutaneously
into Balb/c mice (1 × 106 cells/mouse). When the tumors
reached approximately 100 mm3, the mice were randomly
divided into groups, and AF750-labeled dextrans were injected
intravenously. The organs were then extracted at each time
point described, and fluorescence intensity was measured using
an IVIS Lumina II imaging system (PerkinElmer).
In Vivo Antitumor Study. All tumor cells were suspended

in HBSS and implanted subcutaneously into the mice. The
number of implanted cells per mouse varied from 0.1 × 106 to
10 × 106, summarized below unless otherwise performed at
Crownbio Sciences. When the tumors reached approximately
50−100 mm3, the mice were randomly divided into groups and
treated as indicated. For the rechallenge study, 0.5 × 106
EMT6 cells were inoculated into the dorsal flanks of
completely cured or naiv̈e mice. For the s.c. injection, neck
flank skin was injected with 100 μL volume. For the i.v.
infusion, an i.v. catheter (TERUMO) connected with an
extension tube (JMS) was inserted into the tail vein, and
5DEX-0509R and DSP-0509 were injected at a 500 μL/10 mL
flow rate using a Microsyringe pump (AS ONE, Osaka, Japan).
The tumor volume was calculated using the formula (L ×
W2)/2, where L and W refer to the length and width
dimensions, respectively.
Pharmacokinetics. Blood samples were collected from

EMT6-bearing mice at 5 min, 20 min, 1, 2, 4, 24, 48, and 120 h

and centrifuged at 5000 rpm for 15 min for plasma collection
and storage at −80 °C. After thawing, the plasma samples were
treated with sodium hydroxide (50 μL plasma +450 μL 5 M
NaOH), boiled for 8 h, and treated with 66% acetic acid (220
μL). 50 μL of each sample was transferred to another tube,
treated with acetonitrile (50 μL), and centrifuged. The
supernatant was subjected to LC-MS/MS (AB Qtrap5500,
Sciex and Nexera X2, Shimadzu).
Cytokine Measurement. Whole blood samples were

obtained at indicated time points after intravenous admin-
istration of the compounds described. The plasma was
separated from the collected blood after centrifugation. The
cytokine levels were measured using a mouse Milliplex mouse
cytokine/chemokine panel (Merck Millipore) for the various
other cytokines according to the manufacturer’s instructions.
For human cytokine measurement, Quantkine human TNFα
ELISA kits (R and D Systems) were used according to the
manufacturer’s instructions. Luminex 200 (Luminex) and
Elx808 (BioTek) analyzers were used for detection in each
assay.
Flow Cytometry Analysis. For TILs, tumors were

dissected and minced in digestion buffer (Tumor Dissociation
Kit II, Myltenyi Biotech) as described in the manufacturer’s
instructions using a Gentle MACS dissociator (Myltenyi
Biotech). Then, cells were filtered through a cell strainer
(Falcon), stained with live/dead fixable V450 (Invitrogen) for
10 min at 4 °C, incubated with anti-CD16/32 (BD
Bioscience), and stained with anti-CD11b BV510 (M1/70,
BD), anti-CD45 FITC (30-F11), anti-CD19 PE (1D3), anti-
Gr1 PerCP (RB6-8C5), anti-CD206 PE-Cy7 (C068C2), and
anti-F4/80 APC (BM8) antibodies for myeloid and B cell
markers and anti-CD8 BV510 (53-6-7), anti-CD4 FITC
(GK1.5), anti-KI67 PE (16A8), anti-CD45 perCP (30-F11),
and anti-CD3 PE-Cy7 (17A2) antibodies for T cell markers.
Antibodies were obtained from Biolegend or BD Bioscience
unless otherwise indicated, for example, anti-Foxp3 (eBio-
science). After 20 min of incubation on ice, the cells were fixed
with a Foxp3 staining buffer set (eBioscience) for T cell
staining with Foxp3-APC (FJK-16s) and anti-Ki67 PE, as
detailed in the manufacturer’s instructions, and analyzed with a
MACS Quant analyzer 10 (Myltenyi). Fluorescence-activated
cell sorting (FACS) data were analyzed with FlowJo software
(Tree Star). For the dextran distribution, EMT6 tumor-bearing
mice were injected with dextran-AF750 (1 mg/kg of AF750).
After 1 day, tumors were dissected and analyzed, as described
above.
Bulk Tissue RNA-Seq. EMT6 tumors were dissociated

into single cells using a gentleMACS Octo dissociator and a
mouse tumor dissociation kit (Miltenyi Biotec). CD45+ cells
were isolated using a FACS Aria Fusion cell sorter (BD
Biosciences) after presorting with antimouse CD45 MicroBe-
ads (Miltenyi Biotec). Total RNA was extracted from cells
using an RNeasy Mini kit (Qiagen). An RNA-seq library was
prepared by using a TruSeq Stranded mRNA kit (Illumina)
and sequenced using a NovaSeq 6000 sequencer (Illumina).
Mapping of the sequence data to the genome and the counting
of reads per feature were performed using STAR (ver.
2.7.10a).41 Count data were analyzed in the R environment
(ver 4.1.0). Differentially expressed genes in the treatment
group versus the vehicle group were selected using the
exactTest function of the edgeR package (ver 3.36.0)-
{Robinson, 2010 #2}. Abundance of immune and other cell
types was estimated using the mMCP-counter package (ver
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1.1.0).42 Estimated abundance scores of cell types or
expression levels of individual genes (transcripts per million
[TPM]) were compared between compound and vehicle-
treated groups using the Welch t-test. p values from multiple
testing were adjusted by the Benjamini and Hochberg method,
from which false discovery rates (shown as q values) were
calculated.
ScRNA-Seq. CD45+ single cells were prepared from

tumors as in RNA-seq. The cDNA library was prepared from
cells using Chromium Controller and Chromium Next GEM
Single Cell 3′ GEM, Library and Gel Bead Kit v3.1 (10×
Genomics). The cDNA library was sequenced using a
NovaSeq 6000 sequencer (Illumina). Mapping of the sequence
data to the genome and the counting of reads per feature were
performed using CellRanger software (ver 6.1.2, 10×
Genomics). Count data were analyzed in the R environment
(ver 4.1.0) mainly using the Seurat package (ver. 4.9.9).43

Initial normalization and scaling were performed with the
default settings. Clustering of cells was performed using the
FindNeighbors function with the top 10 principal components
and using the FindClusters function with a resolution of 0.5 for
whole cells or 1 for the monocyte-macrophage-cDC or CD8+T
cells fraction. In order to annotate cell types, whole cells were
first clustered, and gene expression levels of cell type markers
were manually examined to identify T, NK, B, the macrophage-
cDC fraction, pDCs, granulocytes, and mast cells. Similarly, the
macrophage-cDC population was separated into macrophages,
cDCs, and osteoclasts, respectively, based on clustering and
manual examination of markers. T cells were further separated
into CD8+ or CD4+ T cells based on nonzero expression of
Cd8a or Cd8b1 genes and zero expression of the Cd4 gene for
CD8+T cells and vice versa for CD4+T cells. Differentially
expressed genes between clusters or between treatment groups
were selected using the FindMarkers function with parameters:
test.use = “wilcox”, logfc.threshold = 0, and min.pct = 0.2. The
expression level of a gene is shown as the unique molecular
identifier (UMI) count per 10000 cellular UMI count.
Expression scores for gene sets of macrophage markers were
calculated by using the AddModuleScore function.
Efficacy-Related Gene Signature. TGI data of 5DEX-

0509R were obtained by Crown Biosciences with eight
different in vivo tumor assays (MuScreen). RNA sequencing
data of each of the tumor models were obtained from Crown
Biosciences. From RNA-seq profiles, frequencies of immune
and other cell types were estimated using the mMCP-counter
package (ver 1.1.0). Pearson correlation between efficacy and
cell frequencies or expression was evaluated using the cor.test
function in R. Gene sets showing strong association between
their expression and efficacy were examined with the gene set
enrichment analysis (GSEA) method44 using the clusterPro-
filer package (ver 4.2.2)45 and MSigDB46 8 gene sets (https://
www.gsea-msigdb.org/gsea/msigdb/). For the top 10 efficacy-
associated gene sets in terms of the GSEA nominal enrichment
score, 27 common genes constituting leading edges of at least 8
of the 10 gene sets were selected as signature genes: C1QA,
C1QB, C1QC, C3AR1, CCR1, CD14, CD163, CD83, CD86,
CLEC7A, CSF1R, CYBB, FGD2, FOLR2, FPR1, GPR34, HCK,
IGSF6, LGMN, MPEG1, MS4A7, NLRP3, P2RY13, PLD4,
PTAFR, RNASE6, and SPI1. Expression levels of signature
genes in clinical tumors were summarized into gene set
variation analysis (GSVA) scores using the GSVA package (ver
1.42.0)47 and RNA-seq TPM data from the TCGA database
(obtained using the TCGAbiolinks package, ver 2.22.4).48

Anaphylactic Shock. Dextran conjugates were injected
into Balb/c mice at days 0 and 7. After the second dosing, the
rectal temperature was measured using a digital thermometer
(TD-300, Shibaura Electronics, Saitama, Japan) just before the
challenge and then every 10 min for 1 h. For the blocking
experiment, the PAF inhibitor WEB-2086 (3 mg/kg) was
injected 10 min before, and the anti-CD16/32 antibody (500
μg/mouse, 2.4G2, BioXcell) was injected 1 day before the
second injection.
Establishment of the B2M KO CT26 Cell Line. The

B2M KO CT26 cell line was established by the CRISPR-Cas9
system. Alt-R S.p. HiFi Cas9 Nuclease V3 (Integrated DNA
Technologies) was mixed with Alt-R CRISPR-Cas9 sgRNA
(Integrated DNA Technologies). Then, the mixture above was
transfected to CT26 cells by a NEPA21 Type II electroporator
(Neppa Gene, Tokyo, Japan). The sequence of sgRNA was
FW 5-CTGGTGCTTGTCTCACTGAC-3 and RV 5-
GTCAGTGAGACAAGCACCAGC-3 described in ref.49 Sin-
gle clones of transfected CT26 cells were isolated by limiting
the dilution. The knockout of B2M was confirmed by Western
blot using the anti-B2M antibody (Cell Signaling Technology,
#59035).
Human PBMC Stimulation and Monocyte-Derived

M2 Macrophage Differentiation and Activation. Human
PBMCs were obtained from the CTLs. The cells were thawed
and preincubated with the 5% AIM-V medium (Invitrogen)
supplemented with 5% human serum (BioWest). After
recovery, the cells were seeded in 96-well flat bottom plates
(Falcon) at 1 × 105 cells/well and stimulated with DSP-0509
and 5DEX-0509R (1 μM for 2 h). For the monocyte-derived
M2 macrophage differentiation, the PBMCs were collected,
and monocytes were separated by using EasySep Human
CD14 Positive Selection Kit II (StemCell). Cells were then
suspended with the AIM-V medium supplemented with 10%
fetal bovine serum (FBS) and recombinant human macro-
phage colony-stimulating factor (M-CSF; 40 ng/mL, R and D
Systems) and cultured for 6 days with a half-medium change at
day 3. The cells were then induced to differentiate by the AIM-
V medium supplemented with 10% FBS, recombinant human
M-CSF (40 ng/mL), recombinant human IL-4, and IL-10 (20
ng/mL each, Peprotech). After the differentiation, the medium
was changed to RPMI supplemented with 10% FBS and then
stimulated with DSP-0509 and 5DEX-0509R (1 μM for 6 h).
In Vitro Dextran Uptake Assay. Monocyte-derived M2

macrophages were differentiated as described above. After
differentiation, the cells were incubated with the antihuman
CD206 antibody (10 μg/mL, Biolegend, 15-2) for 10 min.
Subsequently, AF750-5 kDa dextran (5 μg/mL) was added to
the wells and further incubated for 60 min. After incubation,
the cells were washed with PBS and subjected to dextran
uptake analysis by Odyssey CLx (LI-COR). For cell line-
derived M2 macrophages, M0-like macrophage cell line DH82
cells (ATCC) were differentiated into M2-type macrophages
as described prebiously.50 Briefly, the cells were incubated with
recombinant canine IL-4 and IL-10 (R and D Systems, 20 ng/
mL) for 2 days in the growth medium. Then, the cells were
incubated with AF750-5 kDa dextran (1 μg/mL) for 1 h, and
uptake was analyzed as described above. CD206 expression
was confirmed by flow cytometry using antihuman CD206-
APC (Biolegend, 15-2).
For CD206 transfection, 293T cells (ATCC) were trans-

fected with MRC1_OHu11098C_pcDNA3.1 (Genscript) or
control GFP vector (pmaxGFP, LONZA) using Lipofectamine
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3000 (Thermo) according to the manufacturer’s instruction.
After 72 h of transfection, the cells were incubated with
AF750-5 kDa dextran (5 μg/mL) for 1 h and transferred into
384-well plates (Black clear bottom, Falcon), and uptake was
detected as described above.
Data and Statistical Analysis. Stat Preclinica Client (SAS

9.4, Takumi Information Technology Inc.) was used for
statistical analysis in the in vivo antitumor studies. To compare
differences between the two groups, unpaired two-tailed t-tests
were conducted. In the in vivo tumor study, one-way repeated
ANOVA was used, followed by post hoc Dunnett tests, unless
otherwise indicated. All data are presented as mean ± SD.
Sequence data was deposited to NCBI SRA with BioProject
accession ID PRJNA1095666.
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