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The efficacy of cancer immunotherapy relies on a sufficient amount of func-
tional immune cells. Triple-negative breast cancer lacks enough immune cell
infiltration, and adjuvant therapy is necessary to prime anti-tumor immunity.
However, the improvement in efficacy is unsatisfactory with concern about
inducing systemic immunotoxicity. Herein, we create an abemaciclib-loaded
supramolecular peptide hydrogel formed by peptide-drug amphiphiles for
neoadjuvant immunotherapy of triple-negative breast cancer, where the
amphiphile is a conjugate of a B-sheet-forming peptide with 1-cyclohexyl-2-
(5H-imidazol5,1-alisoindol-5-yl)ethanol (NLG919), an inhibitor of indoleamine
2,3-dioxygenase 1. The hydrogel can be injected into the tumor site and
retained for at least one week for the sustained release of both abemaciclib and
NLG919. The abemaciclib is able to induce immunogenic cell death of cancer
cells and increase interleukin-2 secretion by cytotoxic T lymphocytes. Abe-
maciclib adversely upregulates indoleamine 2,3-dioxygenase 1, whose kynur-
enine production activity is inhibited by NLG919. The neoadjuvant
immunotherapy reduces tumor recurrence and pulmonary metastasis and
prolongs the survival of animals. This hydrogel provides a potential platform
for neoadjuvant immunotherapy of triple-negative breast cancer with reduced

toxicity compared with free abemaciclib.

Cancer immunotherapy has revolutionized the field of cancer therapy.
However, immunotherapy alone has moderate efficacy in many
advanced cancers such as triple-negative breast cancer (TNBC)"™*.
TNBC is considered the subtype that can benefit the most from
immunotherapy among breast cancer*® because it is the most immu-
nogenic subtype’® with a high propensity to generate neoantigens'®
and high immune signature scores. Therefore, the low response rate of
TNBC to immunotherapy may be associated with the relatively low
infiltration of cytotoxic T lymphocytes (CTLs) compared with other

types of cancers such as melanoma'". Indeed, TNBC with a higher level
of T lymphocytes typically predicts a better prognosis'> ™. To address
this issue, the combination use of chemotherapy and immunotherapy
has been explored, as many chemotherapeutic agents can directly kill
cancer cells and subsequently prime anti-tumor immunity by trigger-
ing the release of immunostimulatory molecules and inhibiting
immunosuppressive cells'*",

Neoadjuvant therapy (administered before surgical resection) has
recently received increasing attention. Neoadjuvant chemotherapy
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helps identify effective drugs that can shrink the primary tumor for
further lumpectomy and guide further adjuvant therapy against
metastatic loci*®*?. Particularly, neoadjuvant chemotherapy can
induce anti-tumor immunity and restore immune surveillance in breast
cancer patients*?*. For instance, the combined use of Abraxane and
immune checkpoint inhibitor as a neoadjuvant therapy outperformed
Abraxane monotherapy as the first-line treatment for advanced
TNBC'®*%, Although treatment prolonged the median progression-
free survival of the intention-to-treat population with advanced TNBC
based on the IMpassion 130 trial, no statistically significant benefit in
the final overall survival analysis was observed in this population®. In
addition, systemic chemotherapy usually impairs immune cells, lead-
ing to neutropenia and lymphopenia®~°. Patients with metastatic
TNBC who have undergone extensive chemotherapy usually show a
lower overall response rate to subsequent pembrolizumab treatment
than untreated patients®, highlighting the essential role of the func-
tional immune system during TNBC immunotherapy. Therefore, an
effective treatment for TNBC with low immunotoxicity is still of
urgent need.

Molecular targeted therapy has emerged as a promising treatment
for cancer because of its less severe side effects compared with cyto-
toxic agents, as these targets are highly expressed or activated in
cancer cells***. Many types of cancer, including breast cancer, over-
express or hyperactivate cyclin-dependent kinases 4 and 6 (CDK4/6),
and several CDK4/6 inhibitors have been approved for cancer
therapy®. Among these inhibitors, Abemaciclib (Abe) exhibits the most
potent CDK4/6 inhibitory activity®*®, and has been approved for
advanced or metastatic hormone receptor-positive breast cancer®,
Abe is also effective in priming anti-tumor immunity with less severe
myelosuppression, although prolonged Abe exposure may impair
lymphocyte proliferation®°. Given its ability to elicit immune priming
activity, Abe is currently being tested in patients with surgically
resectable chemotherapy-resistant TNBC (NCT03979508). Never-
theless, Abe, like most anti-tumor drugs, may upregulate the intratu-
moral expression of indoleamine 2,3-dioxygenase 1 (IDO-1), which
converts tryptophan (Trp) into kynurenine (Kyn), thus creating an
immunosuppressive tumor microenvironment by activating regulatory
T cells (Treg)*™*. The prolonged depletion of Kyn using PEGylated
Kynureninase reverses the immunosuppressive microenvironment**.
However, the IDO-1 inhibitor failed in the phase I/1l trial, largely because
of its transient tumor exposure**°, Therefore, a local and sustained
delivery of Abe and IDO-1 inhibitors, which may exhibit synergistic
efficacy against TNBC, is required.

Hydrogel is an ideal platform for local drug delivery*. Recently,
considerable efforts have been devoted to the development of
injectable hydrogels that can be delivered easily through local injec-
tion. Based on the mechanism of gelation, stimuli-triggered in situ
hydrogel and shear-thinning hydrogel are the two most common types
of injectable hydrogels***°. An emerging type of injectable hydrogel is
the supramolecular peptide hydrogel, in which nanofibers self-
assembled from peptide-drug/lipid conjugates entangle to form a
macroscale network®*>*, This type of one-component hydrogel has a
high drug-loading capacity and elicits linear and sustainable drug
release, which is directly associated with the gelation behavior®>*°. The
hydrogel can also serve as a reservoir for additional small hydrophilic
and hydrophobic molecules’’, biomacromolecules such as
antibodies®, and nanoparticles?*°. Moreover, Abe suffers from rapid
clearance®, which can be addressed by encapsulating the drug within
the hydrogel.

In this work, we report an injectable supramolecular hydrogel of
Abe-loaded peptide-1-cyclohexyl-2-(5H-imidazo[5,1-alisoindol-5-yl)
ethanol (NLG919) nanofibers (Abe-NF(g)) for neoadjuvant immu-
notherapy of TNBC since TNBC is the most immunogenic subtype of
breast cancer with an unsatisfactory response to immunotherapy
mainly due to limited active CTL infiltration. NLG919 is conjugated to

the cysteine residue of a 3-sheet forming peptide (Cysteine-Glycine-
Valine-Valine-Glutamine-Glutamine-Histidine-Lysine-Aspartate,
CGVVQQHKD) through a disulfide bond to obtain the prodrug (NLG-
HKD). The GVVQQ segments help form interpeptidic hydrogen
bonding, while the HKD segments provide hydrophilic headgroups
that facilitate the formation of hydrogels at physiological pH**. NLG-
HKD can self-assemble into nanofibers to further encapsulate Abe
within the hydrophobic cores formed by NLG919, and the Abe-loaded
nanofibers will entangle with each other to form Abe-NF(g) (Fig. 1a).
The hydrogel is tested on a murine 4T1 tumor model because it reca-
pitulates human TNBC according to a recent multi-omics analysis®®
with considerable expression of CDK4/6 and IDO-1. After local injec-
tion into the tumor site, Abe-NF(g) remains as a drug reservoir for the
sustained release of Abe and NLG919 (Fig. 1b). Abe is expected to
induce immunogenic cell death (ICD) of tumor cells, enhance the
maturation of dendritic cells (DCs), and induce the differentiation of
monocytes toward classically activated macrophages (M1). NLG919 is
expected to be released from NLG-HKD after cellular entry and to
inhibit IDO-1-mediated Kyn production and Tgeg, thereby relieving the
immunosuppressive microenvironment. The two drugs in Abe-NF(g)
function synergistically to improve the infiltration and activity of CD8"
T cells for effective immunotherapy of TNBC.

Results

Preparation and characterization of the Abe-NF(g)

To prepare the building block of the injectable supramolecular pro-
drug hydrogel, we first reacted the hydroxyl group of NLG919 with the
carboxyl group of the bifunctional linker, 4-(Pyridin-2-yldisulfanyl)
butanoic acid (BuSS-Pyr), to obtain NLG919-4-(Pyridin-2-yldisulfanyl)
butanoic acid (NLG-Pyr) (Supplementary Fig. 1). NLG-Pyr was then
reacted with the thiol group of a [-sheet forming peptide
CGVVQQHKD (Supplementary Fig. 2) to give NLG-HKD (Fig. 2a and
Supplementary Fig. 3), which could be efficiently converted back into
NLG919 (>90% conversion within 24 h) in the presence of glutathione
(GSH, 10 mM in phosphate-buffered saline (PBS), pH 7) (Fig. 2b). Fur-
ther analysis showed that NLG-HKD would self-assemble in aqueous
solution with a critical micelle concentration (CMC) of approximately
0.4 pM (Fig. 2c and Supplementary Fig. 4). Cryo-transmission electron
microscopy (cryo-TEM) revealed that NLG-HKD self-assembled into
prodrug nanofibers (NF) with diameters of around 9 nm (Fig. 2d).

We then explored the ability of NF to encapsulate Abe using a co-
assembly strategy. Abe could be efficiently entrapped within the pro-
drug nanofibers (encapsulation efficiency at 92.1+2.9%) to give Abe-
loaded NFs (Abe-NFs) with a drug loading capacity at 3.1+ 0.1%. Cryo-
TEM analysis revealed that Abe encapsulation had no significant
influence on the self-assembly of NLG-HKD, with similar shapes and
diameters recorded under the tested conditions (Fig. 2e and Supple-
mentary Fig. 5). At neutral but not acidic pH, the Abe-NFs (>7.5 mM)
further entangled with each other to form a macroscopic hydrogel
(Abe-NF(g)) (Fig. 2e, f and Supplementary Fig. 6). The formation of
Abe-NF(g) (15mM in NLG-HKD, pH 7) was evidenced by a higher sto-
rage modulus (G’) than the loss modulus (G”) (Fig. 2f). Addition of salts
or application of shear force (injection through 27 G needle) 2 min
before assessment led to no significant change in G’ and G” (Fig. 2g),
which was further confirmed by an instant recovery of hydrogel after
injection (Supplementary Fig. 7), suggesting that the Abe-NF(g) was a
fast recovery hydrogel. Abe-loaded C;6-HKD (Ci6-CGVVQQHKD)
nanofiber was prepared and used as a control in the following
experiments, which were of similar morphology and ¢-potential (about
-35mV) as Abe-NFs and could form hydrogel (Abe-CF(g)) under similar
conditions (Fig. 2h and Supplementary Fig. 8). We then monitored
drug release from Abe-NF(g) of different concentrations (30.0 mM,
15.0 mM, 7.5 mM, and 3.8 mM in NLG-HKD). A linear drug release in a
period of 7 days was recorded on hydrogels of 30.0 mM and 15.0 mM,
which was in sharp contrast with free Abe and hydrogels of lower
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Fig. 1| Schematic illustration of the design and mechanism of action of the
injectable hydrogel as a neoadjuvant immunotherapy. a Design and preparation
of the Abe-NF(g) supramolecular hydrogel. Prodrug NLG-HKD and Abe can co-
assemble into Abe-loaded nanofibers, which further entangle to form the hydrogel.
b The injectable hydrogel could be retained at the tumor site as a drug reservoir for
sustained release of Abe and NLG919. The Abe could induce ICD of cancer cells and
IL-2 secretion of CTLs, and thus promote DC maturation and M1 differentiation.
NLG-HKD can be converted into NLG919 in the presence of intracellular GSH and
the released NLG919 is able to inhibit the activity of IDO-1, the expression of which

may be upregulated by Abe, maintaining a low level of Kyn and Tge, within the
tumor. The two drugs exert a synergistic effect in improving CTL-mediated anti-
tumor immunity and immune memory. ICD immunogenic cell death, Trp trypto-
phan, Kyn kynurenine, DC dendritic cell, Treg regulatory T cell, Ty effector
memory T cell, CTL cytotoxic T lymphocyte, IFN-I type I interferon, IDO-1 indo-
leamine 2, 3-dioxygenase 1, IL-2 interleukin-2, GzmB granzyme B, TNF-a tumor
necrosis factor-a, IFN-y interferon-y, IL-12p70 interleukin-12 p70, M-CSF macro-
phage colony-stimulating factor, HMGB1 high mobility group box 1, IL-10 inter-
leukin-10, GSH glutathione, Abe abemaciclib.

concentrations (Fig. 2i and Supplementary Fig. 9). However, the
hydrogel of 30.0mM could not be injected through the 27G
needle due to its high viscosity (Supplementary Fig. 9). Therefore,
the hydrogel of 15.0 mM was used for subsequent experiments. These
results demonstrated that NLG-HKD could co-assemble with Abe into
nanofibers, which further formed an injectable supramolecular
hydrogel in a pH-dependent manner. Abe-NF(g) served as a reservoir
for Abe, enabling its prolonged release, whose behavior was pro-
foundly influenced by the concentration of the hydrogel.

The activity of Abe-NF in vitro

First, we tested the anti-tumor activity of Abe in vitro and found that
free Abe and Abe-NFs showed comparable efficacy (Supplementary
Fig. 10). Based on these results, we explored whether it was effective in
inducing ICD. Quantitative analysis revealed that Abe-NFs, in com-
parison with PBS, increased the release of ATP by 5.2-fold (Fig. 3a).
Both qualitative and quantitative assays showed that Abe-NFs
increased the release of high mobility group box 1 (HMGB1) by 2.4-
fold (Fig. 3b and Supplementary Fig. 11) and induced surface exposure
of calreticulin (CRT) on 4TI cells by ~-30% (Fig. 3c and Supplementary
Fig. 12). The efficacy of Abe-NFs was comparable to that of free Abe,

whereas the NFs did not induce ICD. In contrast, the same treatments
had no significant activities on CDK4/6 knockout 4T1 cells (Supple-
mentary Fig. 13). These results suggested that Abe-NFs could potently
prime anti-tumor immunity by inhibiting CDK4/6 of cancer cells.
Based on these findings, we explored the influence of Abe-NFs-
treated cancer cells on either bone marrow-derived dendritic cells
(BMDCs) or bone marrow-derived macrophages (BMDMs) using a co-
culture model (Fig. 3d). As expected, the proportion of matured DCs
(CD11c"CD80*CD86%) was increased from 13.5% (PBS group) to 21.7%
and 27.4% by Abe- and Abe-NF-treated 4T1 cells, respectively, whereas
NF alone showed no significant effect (Fig. 3e). In contrast, the pre-
treated CDK4/6 knockout 4T1 cells (4T1P*%¢X%) showed no activity in
boosting DC maturation (Supplementary Fig. 13). Additionally, the
number of M1 (CD11b*F4/80"CD80") was increased by approximately
34% by Abe-NF, while the same treatment reduced the number of
alternatively activated macrophages (M2, CD11b'F4/80°CD206") by
more than 20% (Fig. 3f). Since the total number of macrophages was
not significantly altered by the treatments, Abe-containing treatments
increased the MI1-to-M2 ratio of BMDMs, probably because of the
preferential induction of progenitor cells into M1 (Supplementary
Fig. 14). Our previous study showed that macrophage colony-
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Fig. 2 | Characterization of NLG-HKD and Abe-NF(g). a The synthesis scheme of
the peptide-drug conjugate NLG-HKD. b Cumulative release of NLG919 from NLG-
HKD in PBS or 10 mM GSH (n =3 independent experiments). ¢, d Critical micelle
concentration (c) and the representative cryo-TEM image (d) of NLG-HKD.

e Photographs and cryo-TEM images of the Abe-NF(g) at different pH values with or
without PBS. d-e Scale bars = 200 nm. f-g Frequency sweeps of G’ and G” of Abe-
NF(g) at the absence (f) and presence (g) of salts before or after injection. The

experiments were performed at 25 °C with a strain of 0.5%. h {-potentials of Abe-CF,
NF, and Abe-NF (n =3 independent experiments). i Abe release profile from the
Abe-NF(g) in PBS (n =3 independent experiments). The Abe solution was used as a
control group. Data were presented as mean + SD. PBS phosphate-buffered saline,
DMSO dimethyl sulfoxide, DIC diisopropylcarbodiimide, DIPEA diisopropylethy-
lamine, GSH glutathione, Abe abemaciclib. Source data are provided as a Source
Data file.

stimulating factor (M-CSF) and HMGBI promoted progenitor cell dif-
ferentiation into M1%, and indeed elevated cancer cell secretion of
M-CSF and HMGB1 was observed after Abe treatment (Fig. 3g and
Supplementary Fig. 11). In consistent with these results, an elevated
level of interleukin-12 p70 (IL-12p70) and reduced level of interleukin-
10 (IL-10) were recorded in the medium that was harvested from co-
culture of BMDMs and 4Tl cells pretreated with Abe-containing
treatments (Fig. 3h). We further investigated the effects of Abe on
CTLL-2 (a CTL cell line) and found that Abe and Abe-NF were able to
increase the secretion of interleukin-2 (IL-2) by approximately 80%

(Fig. 3i) without causing obvious cytotoxicity (Supplementary Fig. 15).
Similar experiments were performed using the human TNBC cell line
MDA-MB-231 and the human monocyte cell line THP-1, confirming the
ability of Abe-NF to induce ICD of human TNBC cells and the MI-
preferred differentiation of human monocytes (Fig. 3j-m and Sup-
plementary Fig. 10). Moreover, Abe-NF-treated MDA-MB-231 cells
effectively reduced the proportion of Tgegs among CD4" T cells enri-
ched from human peripheral blood mononuclear cells (Fig. 3n). These
results confirmed that Abe played an essential role in priming anti-
tumor immunity by promoting DC maturation and macrophage
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Fig. 3 | Immunological activity of Abe-NF in vitro. a Concentrations of ATP in the
supernatant of 4T1 cells with different treatments. b Representative confocal images
of HMGBL in 4T1 cells. Blue, cell nucleus stained with DAPI; green, HMGBI stained
with Alexa Fluor® 488-labelled anti-HMGBI1 antibody. Scale bars = 25 pm. ¢ Flow
cytometry analysis of CRT exposure of 4T1 cells 24 h after different treatments. MFI,
mean fluorescence intensity. d Schematic illustration of the experimental designs.
e Representative flow cytometric images and quantitative analysis of DC maturation
in vitro 24 h after co-cultured with 4T1 cells that had received different treatments.
f Numbers of M1 and M2 in the co-culture of BMDMs and pretreated 4T1 cells.

g Concentrations of M-CSF in the supernatant of 4T1 cells with different treatments.
h Concentrations of IL-12p70 and IL-10 in the co-culture of BMDMs and pretreated
4T1 cells. i Concentrations of IL-2 in the supernatant of CTLL-2 cells after different

treatments. j Flow cytometry analysis of CRT exposure of MDA-MB-231 cells 24 h
after different treatments. k, 1 Concentrations of ATP (k) and HMGBI (1) in the
supernatant of MDA-MB-231 cells with different treatments. m M1-to-M2 ratio of the
macrophages sourced from THP-1 after a 24 h-incubation with MDA-MB-231 cells
that had been pretreated with Abe, NF, or Abe-NF. n Proportion of Tgegs after being
treated with supernatant of MDA-MB-231 cells that had been pretreated with dif-
ferent formulations for 24 h. a-n Data were presented as mean +SD (n =3 inde-
pendent experiments) and the statistical significance was calculated with one-way
ANOVA following by the Tukey’s tests. DC dendritic cell, HMGBI high mobility group
box 1, M-CSF macrophage colony-stimulating factor, CRT calreticulin, BMDCs bone
marrow-derived dendritic cells, BMDMs bone marrow-derived macrophages, Tgegs
regulatory T cells. Source data are provided as a Source Data file.
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Fig. 4 | Biodistribution and biocompatibility of the drugs. a Retention of the DiR-
labelled hydrogel or DiR-labelled liposomes at orthotopic TNBC tumors after a
local injection (n =3 mice). b Schematic illustration of the experimental design.
¢ Quantification of Abe in plasma, livers, and tumors at 1 h, 8 h, and 24 h after the
third oral administration of Abe (n = 6 mice). d, e Activities of ALT and AST in serum
(d) and H&E stained liver sections (e) collected from 4T1 tumor-bearing mice 7 days

after the injection of the hydrogel (n =6 mice). Scale bars = 100 pm. Data were
presented as mean + SD and the statistical significance was calculated with one-way
or two-way ANOVA following by the Tukey’s tests. ALT alanine transaminase, AST
aspartate transaminase, TNBC tripe-negative breast cancer, H&E hematoxylin and
eosin. Source data are provided as a Source Data file.

differentiation into M1, whereas, NLG919 was inert. Abe would trigger
IL-2 secretion from CTLs rather than cell death, which was beneficial
for cancer immunotherapy.

We further evaluated the effect of Abe on type l interferon release,
as it had been reported that the loss of CDK4/6 function would lead to
the secretion of type I interferon®’, which could further upregulate
IDO-1°*, Indeed, Abe and Abe-NF significantly promoted type I
interferon (IFN-a and IFN-B) secretion, which, as expected, upregu-
lated the expression of IDO-1 and the IDO-1-mediated Kyn production
in 4T1 cells (Supplementary Fig. 16a-c). To elucidate the role of IDO-1
during Abe-initiated immune responses, we constructed a subline of
4T1 cells with a trace amount of IDO-1 (4T1"°°**°) and found that Abe
was also able to induce type l interferon secretion of 4TI cells, but
failed to upregulate IDO-1 expression and Kyn production (Supple-
mentary Fig. 16d-g). These results demonstrated that Abe could not
only induce 4T1 cell secretion of type l interferon, which was important

for priming anti-tumor immunity, but could also upregulate immu-
nosuppressive molecules, such as IDO-1, which was consistent with our
previous study®.

Biodistribution and toxicity of Abe-NF(g)

We expected that Abe-NF(g) would be retained at the site of injection
for a prolonged period and reduce the systemic side effects of Abe.
Therefore, we first investigated the biodistribution of DiR-labelled
NF(g) in vivo using a DiR-labelled C,,-CGVVQQHKD nanofiber hydrogel
(DiR-CF(g)) and DiR-labelled liposomes (DiR-L) as controls. Live animal
imaging revealed that both hydrogels showed prolonged retention in
tumors during the investigation period, whereas DiR-L showed a dif-
fusive distribution and relatively fast clearance after injection (Fig. 4a).
Based on the above results, we directly monitored Abe exposure on
day 2 after hydrogel implantation in the plasma, tumors, and major
organs of mice, using orally dosed Abe as a control (Fig. 4b). Higher
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Abe exposure was recorded in most major organs and plasma from
mice receiving free Abe than in those from Abe-NF(g)- or Abe-CF(g)-
treated mice, especially 8 h after the last oral administration. In con-
trast, the intratumoral concentrations of Abe in the hydrogel-treated
mice were at least 10-fold higher than those in the free Abe-treated
mice (Fig. 4c and Supplementary Fig. 17a), with higher tumor-to-tissue
ratios (Supplementary Table 1). Similar results were observed when
analyzing the concentrations of NLG919 in tumors compared to those
in the plasma from mice receiving Abe-NF(g) (Supplementary Fig. 17b).
These results demonstrated that our supramolecular hydrogels were
able to maintain a higher drug concentration in tumors and limit sys-
temic exposure.

We then investigated the potential toxicity of the different for-
mulations. Since higher liver exposure to Abe was observed in the
orally administered group, elevated serum alanine transaminase and
aspartate transaminase levels were recorded, whereas no significant
difference was observed in blood urea nitrogen and creatinine levels
(Fig. 4d and Supplementary Fig. 18), indicating potential damage in the
livers but not in the kidneys. Further histological examination of the
major organs confirmed this finding, and increased immune cell infil-
tration was observed in the livers of mice receiving orally dosed Abe
(Fig. 4e and Supplementary Fig. 19). In addition, a decrease in the
density of blood lymphocytes was also recorded in mice receiving
orally dosed Abe, whereas Abe-CF(g) and Abe-NF(g) did not cause
significant changes in blood cell counts (Supplementary Table 2).
These results clearly demonstrated that Abe-CF(g) and Abe-NF(g)
could significantly reduce systemic Abe exposure and reduce potential
toxicity to the livers and immune cells.

Immune responses in vivo

Given the potent activity of Abe-NF(g) on BMDCs and BMDMs
in vitro, we first investigated the influence of Abe-NF(g) on the DC
maturation and macrophage polarization in vivo. Flow cytometry
analysis revealed that DC maturation in draining lymph nodes (DLN)
was significantly elevated by Abe-NF(g) (1.2-fold) and Abe-CF(g) (1.3-
fold) in comparison with that in the PBS-treated group (9.4%) (Fig. 5a
and Supplementary Fig. 20). Notably, Abe and NF(g)+Abe only
showed mild activity, whereas NF(g) showed no obvious efficacy.
Similar trends were observed while determining the concentrations
of tumor necrosis factor-a (TNF-a), interferon-y (IFN-y), and IL-12p70
in the DLNs, which were upregulated by 1.3-fold, 1.1-fold, and 2.5-fold
by Abe-NF(g), respectively (Supplementary Fig. 21). In the case of
tumor-associated macrophages (TAMs), the density of TAMs was not
influenced by any of the treatments (Supplementary Fig. 22). How-
ever, the density of M1 was increased by Abe-NF(g) and Abe-CF(g),
which two treatments decreased the density of M2, leading to a 1.0-
fold increase in the MI1-to-M2 ratio by Abe-NF(g) (Fig. 5b). Con-
sistently, the two treatments upregulated intratumoral levels of IL-
12p70 and downregulated IL-10 (Fig. 5c). These results suggested
that DC maturation and M1 polarization were mainly enhanced by
Abe rather than by NLG919, the efficacy of which could be maximized
when delivered using hydrogels that prolonged Abe exposure of the
tumors.

Given that IDO-1 is an inducible enzyme that creates an immu-
nosuppressive microenvironment by converting tryptophan into
kynurenine, we explored the effects of Abe-NF(g) on IDO-1 expression
and Kyn production. In comparison with PBS, all Abe-containing
treatments significantly elevated the expression of intratumoral IDO-1
by at least two folds, with orally dosed Abe and hydrogel-encapsulated
Abe showing comparable efficacies (Fig. 5d and Supplementary
Fig. 23). In sharp contrast, only Abe-CF(g) increased the Kyn-to-Trp
ratio, whereas the other treatments showed no significant effect
(Fig. 5Se and Supplementary Fig. 24). Importantly, the Kyn-to-Trp ratio
was much lower in Abe-NF(g)-treated tumors than that in Abe-CF(g)-
treated tumors. These results suggested that NLG919 could effectively

inhibit the activity of IDO-1, even though the expression of this protein
would be upregulated by Abe.

We further determined the changes in intratumoral lympho-
cytes using flow cytometry. We found that all the treatments, except
free Abe, reduced the proportion of Treg among the intratumoral
CD4' T lymphocytes, Abe-NF(g) being the most effective (showing a
73.5% reduction) (Fig. 5f and Supplementary Fig. 25). Abe-NF(g) also
increased the percentage of CTLs (CD8") among the intratumoral
CD3" T lymphocytes (Fig. 5g and Supplementary Fig. 26) and the
density of active CTLs (CD8"GzmB®) by 4.1-fold (Fig. 5h). In addition,
Abe-NF(g) effectively upregulated the expression of IL-2 (Fig. 5i).
Notably, all NLG919-containing treatments significantly increased the
intratumoral density of active CTLs, indicating the important role of
the drug in modulating CTL activity through inhibition of IDO-1
activity. Abe-CF(g) was more effective than free Abe in increasing the
infiltration of active CTLs and the concentration of IL-2, suggesting
that the localized and sustained delivery of Abe was beneficial in
priming CTLs. In contrast, the intratumoral Kyn-to-Trp ratios were
comparable among all the treated mice bearing 4T1"™°? ¥° tumors
(Fig. 5j). Abe-containing groups still reduced the proportion of Tgegs,
whereas further inclusion of NLG919 showed no additional benefits
(Fig. 5k). Increased CTLs infiltration was consistently observed in
Abe-treated 4T1%! ¥ tumors, the extent of which seemed more
profound than that in 4T1 tumors (Fig. 5I). These results demon-
strated that treatment-induced IDO-1 hindered effective TNBC ther-
apy, and extensive inhibition or deletion of IDO-1 could synergize
with Abe.

Since Abe-NF(g) was developed as a neoadjuvant immunotherapy,
we further explored the percentage of effector memory T cells (Tgy)
among splenocytes after different treatments and inflammatory
responses. Abe-NF(g) was the most effective at increasing the Tgy
fraction, which was 2.1-fold higher than that in mice receiving PBS
(Fig. 5m). As a result, the highest serum levels of TNF-a and IFN-y were
recorded in mice that were previously treated with Abe-NF(g), after
being rechallenged with cancer cells (Fig. 5n). The percentage of
spleen Tgy and the levels of serum TNF-a and IFN-y seemed to be
positively associated with the intratumoral density of active CTLs,
highlighting the importance of combination therapy using localized
Abe and NLG919.

Anti-tumor efficacy in vivo

Given the potent efficacy of Abe-NF(g) in priming anti-tumor immu-
nity, we further evaluated its therapeutic efficacy. Ideally, tumors
should be resected as early as possible after the activation of immune
responses. According to our preliminary study, DC maturation was
recorded on day 7 rather than on day 3 after hydrogel treatment (data
not shown). Therefore, we performed tumor resection 7 days after
hydrogel administration in our subsequent experiments. First, we
evaluated the anti-tumor efficacy of Abe-NF(g) in a recurrence model
(Fig. 6a). After the neoadjuvant immunotherapy and subsequent
tumor resection, Abe-NF(g) was the most effective among the tested
treatments, as evidenced by the slowest tumor regrowth (Fig. 6b), the
lowest bio-illuminance signals (Fig. 6¢ and Supplementary Fig. 27), the
smallest sizes and weights of the recurrent tumors (Fig. 6d and Sup-
plementary Fig. 28) in mice receiving Abe-NF(g). Based on the tumor
recurrence growth curve, the inhibition rates were >90%, 84%, 66%,
61%, and 30% for Abe-NF(g), NF(g)+Abe, NF(g), Abe-CF(g), and Abe,
respectively. Moreover, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end-labeling (TUNEL) analysis of the tumor sec-
tions confirmed that Abe-NF(g) induced the most extensive cell
apoptosis compared with the other treatments (Fig. 6e and Supple-
mentary Fig. 29). None of the treatments affected the body weight of
the mice obviously (Supplementary Fig. 30), indicating that they did
not cause severe side effects. To further confirm the essential role of
anti-tumor immunity in Abe-NF(g)-mediated TNBC therapy, the
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therapeutic effect of the hydrogel was assessed in a recurrence model
using NOD-SCID mice. In sharp contrast to the above results, only Abe-
CF(g) and Abe-NF(g) showed significant but mild efficacy in tumor
growth inhibition and animal survival elongation (Supplementary
Fig. 31), which might be associated with the inhibition of cancer cell
proliferation by Abe. These results demonstrated that Abe-NF(g)
exerted anti-tumor effects mainly by activating anti-tumor immunity.

Pulmonary metastasis is one of the major causes of death in TNBC.
Therefore, we further evaluated the anti-tumor efficacy of Abe-NF(g) in
a pulmonary metastasis model (Fig. 6f). Mice that received neoadju-
vant therapy with Abe-NF(g) and surgical resection showed the lowest
rate of pulmonary metastasis within 6 weeks (one out of eight), fol-
lowed by NF(g)+Abe (four out of eight), NF(g) (five out of eight), Abe-
CF(g) (six out of eight), and Abe (eight out of eight) (Fig. 6g, h). Indeed,
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Fig. 5 | Anti-tumor immunity in vivo. a Proportion of matured DCs in DLN was
analyzed using flow cytometry 7 days after the injection of the hydrogels.

b, c Examination of Ml1-to-M2 ratio (b) and quantification of the intratumoral
cytokines (c) after different treatments. d, e IDO-1 expression (d) as well as the Kyn-
to-Trp ratio (e) in tumors were measured 7 days after the injection of the hydrogel.
f-h Intratumoral percentage of the Tgeg (f) and CD8* T lymphocytes (g) in addition
to the densities of CD8'GzmB" T cells (h) after being treated with different for-
mulations. i Levels of IL-2 in tumors after different treatments. j The Kyn-to-Trp
ratio in 4T1"°1X° tumors was measured 7 days after the injection of the hydrogel.

k, 1 The percentage of Treg (k) and CD8" T lymphocytes (1) in 4T1"°°*%° tumors after
being treated with different formulations. m Flow cytometry analysis of splenic Tgy
7 days after the removal of primary tumors. n Concentrations of TNF-ac and IFN-y in
serum 3 days after the re-challenge of 4T1 cells. a-n Data were presented as the
mean = SD (n =5 mice) and the statistical significance was calculated with one-way
ANOVA following by the Tukey’s tests. DC dendritic cell, DLN draining lymph node,
Kyn kynurenine, Trp tryptophan, IDO-1 indoleamine 2,3-dioxygenase 1, Tgeg reg-
ulatory T cell, TNF-a tumor necrosis factor-a, IFN-y interferon-y, IL-12p70 inter-
leukin-12 p70. Source data are provided as a Source Data file.

Abe-NF(g) prolonged the median survival time of mice from 35 days
(PBS group) to 74 days, and was the most effective among the tested
treatments (Fig. 6i). Additional experiments were performed to
examine metastasis to the lungs, which were harvested from the mice
4 weeks after hydrogel implantation. Histological analysis of the lungs,
in addition to the analysis of the number of metastatic sites, exhibited
that Abe-NF(g) reduced lung metastasis by 92% (Fig. 6j), evidenced by
the reduced bio-illuminance signals in the lungs of Abe-NF(g)-treated
mice (Supplementary Fig. 32) and the absence of noticeable micro-
metastatic sites in the histological sections of the lungs (Fig. 6k). These
results demonstrated that neoadjuvant immunotherapy using Abe-
NF(g) protected mice from distant tumor metastasis, possibly via an
established anti-tumor immune memory. The combined and localized
use of Abe and NLG919 was more beneficial than the two
monotherapies.

Discussion

Immunotherapy has revolutionized the field of cancer therapy and is
effective as a monotherapy for the treatment of certain types of can-
cers, such as melanoma and lung cancer. However, in the case of TNBC,
immune checkpoint blockade is ineffective as a monotherapy' and
should be used in conjunction with Abraxane as a neoadjuvant
therapy®®. Nevertheless, the improvement in patient survival after
combinatorial therapy is moderate, and a better prognosis is usually
observed in patients with higher CTL infiltration®, highlighting the
importance of priming anti-tumor immunity. Unfortunately, current
systemic chemotherapy commonly induces myelosuppression and
activates immunosuppressive pathways. Here we demonstrate a drug
depot strategy to simultaneously prime anti-tumor immunity and
inhibit treatment-induced IDO-1 by creating an injectable supramole-
cular hydrogel of Abe-loaded peptide-NLG919 nanofibers, termed Abe-
NF(g). A suitable concentration of hydrogel (15mM in NLG-HKD) is
critical for its application, as linear and sustainable drug release over a
period of 7 days can only be achieved at 15mM or above, whereas a
high viscosity of 30 mM hydrogel prevents its passage through a fine
needle. At 15mM in NLG-HKD, the nanofibers entangled with each
other to form a hydrogel almost instantly at neutral pH. In addition, the
hydrogel recovered within 2 minutes after passing through a 27G
needle, probably because the hydrogel only fractured into domains
that could easily rejoin to form a solid hydrogel®®. We showed that Abe
could be locally and sustainably released from the hydrogel after
injection, maintaining high drug exposure in the tumors rather than in
the major organs and blood. We revealed that intratumoral Abe sig-
nificantly improved DC maturation and Ml-preferential macrophage
polarization. We demonstrated that the liver toxicity and immune
toxicity of Abe could be potentially reduced by engineering an
Abe depot.

A key hurdle in neoadjuvant therapy is the activation of the
immunosuppressive pathways®. In our study, the intratumoral
expression of IDO-1 was markedly upregulated, especially after pro-
longed exposure to Abe. IDO-1 converts Trp into Kyn, an immuno-
suppressive metabolite that activates Treg. PEGylated enzymes that
can constantly degrade Kyn have been proven effective*, but inhibi-
tors of IDO-1 have failed to improve therapeutic outcomes in clinical
trials”®, which may be associated with transient and low drug exposure

in tumors. Our NLG-HKD design allows prodrug molecules to self-
assemble into nanofibers, which further entangle with each other to
form a macroscale hydrogel. We showed that NLG919 was mainly
retained in the tumors and barely entered the circulation, leading to
significant inhibition of IDO-1 activity, as evidenced by the reduced
intratumoral level of Kyn. Given these advantages, Abe-NF(g) suc-
cessfully improved the intratumoral density of active CTLs and
established anti-tumor immune memory, which retarded tumor
regrowth and metastasis after surgery and prolonged survival.

Regarding the future clinical translation of this platform, the
supramolecular prodrug hydrogel strategy has unique advantages as
the nanofibers are formed by chemically well-defined molecules and
Abe can be entrapped through a co-assembly method. With advances
in imaging-guided therapy, the application of local neoadjuvant
immunotherapy will be possible in TNBC and other types of cancer. We
envision that the described strategy of locally priming anti-tumor
immunity and relieving the immunosuppressive microenvironment
can be generalized to treat tumors that are unsuitable for surgical
resection at the time of diagnosis.

Methods

This research complies with all relevant ethical regulations approved
by the Institutional Animal Care and Use Committee (IACUC) of the
Shanghai Institute of Materia Medica, Chinese Academy of Sciences.

Materials

NLG919, abemaciclib (Abe) and 4-(Pyridin-2-yldisulfanyl) butanoic acid
(HO,C-BuSS-Pyr) were purchased from Jiangsu Aikon Biopharmaceu-
tical R&D Co., Ltd (Nanjing, China). Abemaciclib mesylate was pur-
chased from Shanghai Coupling Pharmaceutical Technology Co., Ltd
(Shanghai, China). Ac-CGVVQQHKD and C;,-CGVVQQHKD peptides
(purity > 95%) were synthesized by Anhui Guoping Pharmaceutical Co.,
Ltd. (Hefei, China). L-Glutathione reduced was purchased from Shan-
dong Sparkjade Biotechnology Co., Ltd. (Shandong, China). DiR dye,
DiD dye, tryptophan, and kynurenine were purchased from Meilun
Biotechnology (Dalian, China). D-Luciferin, Potassium Salt
(40902ES03) was obtained from Yeasen (Shanghai, China). M-CSF, IL-
4, and GM-CSF were purchased from Dakewe Biotech Co., Ltd.
(Shenzhen, China). ELISA kits for M-CSF, IL-12p70, IL-10, IL-2, TNF-q,
and IFN-y were obtained from Neobioscience Technology Co., Ltd.
(Shenzhen, China). ELISA kits for HMGB1 were purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China). ATP assay kit
was purchased from Beyotime Biotechnology Co., Ltd. (Shanghai,
China). Hydrogenated soy phosphatidylcholine (HSPC), cholesterol,
and DSPE-MPEG,q00 Were obtained from AVT Shanghai Pharmaceu-
tical Tech Co., Ltd. (Shanghai, China). Other reagents were all obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) unless
otherwise indicated.

Cells and animals

The murine TNBC cell line 4T1 cells (cat. no. SCSP-5056) were pur-
chased from the Cell Bank of Shanghai, Chinese Academy of Sciences
(Shanghai, China). The murine cytotoxic T cell line CTLL-2 cells were
originally obtained from the American Type Culture Collection
(America). The human TNBC cell line MDA-MB-231 cells (cat. no.

Nature Communications | (2025)16:687


www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-025-55904-z

a 2400 — c
o [ o P8BS
T 1800 o Ave s ]
...... £ —@— Abe-CF(g) p= &
(o} \%
5 12004 & M@ o
v v v g —®— NF(g) + Abe
(o3
DO D7 D14  Time (days) E, 600 —@— Abe-NF(g) & 518 =<
o o (=}
(1) Primary 4T1-Luc tumor inoculation = ]o’ S 6.0
& n v v
(2) Treatment o —% T a o o
(3) Surgical remove T T T 1 1 )
- 0 5 10 15 20 25 L
(4) Tumor monitoring g Q 4.0
Time (days) 2
d <
Abe-CF(g)
2000 — P <0.0001 5 2.0
. _ P=00001 z
215007 < P 0.0040 —
) P =0.0494 2 2
g 10004 o < x
[
5 NF(g)+Abe Abe-NF(g) o k2
: L ;
= ‘E % v
< _ :
> 1S
O—F—T—T T T %’ g
S ° 3 2 c
& q\%\@\%\g S % 3
<
w $ 14
f g g ~ 8- PBS 8 - Abe 8 1 Abe-CF(g) h
o
g 6 88 4| 8/8 6 6/8 ®
m =& g > 41 44 4 v
E 2 2] 2 J 2
S€ 0 ol , = a)
------ @ 1+ 3 5 7 1 3 5 7 1 3 5 7 < <
Time (weeks) Time (weeks) Time (weeks) LéJ LIOJ
g ~ 8+ NF(g) 8 1 NF(g)+Abe 8 1 Abe-NF(g)
vy 28 ] o] .
- > g ) a
DO D7 D14 D21 Time (days) 824 58 4| 4/8 4 1/8 < <
(1) Primary 4T1-Luc tumor inoculation g % 24 / 24 p 2 L L
(2) Treatment 2 £, T SR . o &
(3) Surgical remove 1.3 5 7 1_3 5 3 5 7
(4) 4T1-Luc i.v. inoculation Time (weeks) Time (weeks) Time (weeks) ) =)
(5) Bioluminescence monitoring : < <
. J 50 — P <0.0001 i w
i 8 @) (@)
100 ] P < 0.0001
g8 47 ﬂf =) VN 1.0
o < [, )
80 4 E,% 30 P < 0.0001 < ’
— =
& 5% b P=0.0200 b ;
< 504 =2 204 o
3 o
£ 40 £ 104 = m)
@ 3 <
z 0 W
L S S &
X7 W O (O g\xv" &©
3 \Q &
0 T T T T 1 k W N S a
0 20 40 60 80 100 Abe Abe-CF(g) <
Time (days) = w
o
MST
) e
— PBS 35days ;5 R @]
e XS |0 SR <
— Abe 36 days }o S |8 S - B = ol (1]
— Abe-CF(g) 48days a ~ } S1T1e S § NF(g) NF(g)+Abe Abe-NF(g) o
5 >
— NF(g) 49days 15 |8 o s |S|9
— NF(g)+Abe 57 days }5_ < &'_ e
— Abe-NF(g) 74days 1§ J%
Q

FHO0213) were purchased from Shanghai Fuheng Biotechnology Co.,
Ltd (Shanghai, China). The human monocytic leukemia cell line THP-1
cells (cat. no. iCell-h213) were purchased from iCell Bioscience Inc
(Shanghai, China). The human CD4" T cells (cat. no. SC1325) sourced
from human peripheral blood mononuclear cells were purchased from
Yuchi Biotechnology Co., Ltd (Shanghai, China). The 4T1PX#/6 K0 and
4T1'P01 X0 cells were established from 4T1 cells using CRISPR-Cas9

genome editing by Prof. Helen He Zhu'’s lab in Ren Ji Hospital and the
lentiviruses were purchased from Hanbio Tech (Shanghai, China). The
luciferase-expressing cell line 4T1-luc cells (cat. no. HYC3607) were
obtained from OBiO Technology Co., Ltd. (Shanghai, China). All the
cell lines were authenticated by the suppliers using STR analysis and no
mycoplasma contamination was found. The 4T1 cells, 4T1-luc cells,
4TIPKYe KO cells, and 4T1™°! KO cells were cultured in RPMI 1640
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Fig. 6 | Recurrence and pulmonary metastasis of 4T1-luc tumors. a Schematic
illustration of the tumor recurrence study. b-e Tumor growth profiles (b), repre-
sentative bio-luminescent images (c), tumor weights (d), and images of TUNEL-
stained tumor sections (e) of mice bearing 4T1-luc tumors after different treat-
ments (n =6 mice). Scale bars = 50 pm. f Schematic illustration of the design of the
pulmonary metastasis inhibition experiment. g-i Changes in the intensities of bio-
illuminance signals (g), bio-illuminance images of mice at day 42 (h), and survival
curve (i) of mice bearing 4T1-luc tumors after different treatments (n =8 mice).

Jj, k Numbers of lung metastasis (j) and representative images of H&E-stained lung

sections (k) from mice bearing 4T1-luc tumors at day 28 after different treatments
(n=4 mice). Scale bars = 500 pm. Data were presented as the mean + SD and the
statistical significance was calculated with one-way ANOVA following by the Tukey’s
tests for tumor weights and numbers of lung metastasis. Two-way ANOVA following
by the Tukey’s tests was used to analyze the tumor growth in the recurrence model
and the survival curve was statistically analyzed with the log-rank tests. MST median
survival time, H&E hematoxylin and eosin, TUNEL terminal deoxynucleotidyl
transferase-mediated dUTP nick-end-labeling. Source data are provided as a Source
Data file.

(BasalMedia) containing 10% fetal bovine serum (FBS, Gibco), 2.5gL*
glucose (Sigma), 0.11 g L* sodium pyruvate (Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China) and 1% antibiotics (New Cell &
Molecular Biotech Co., Ltd., Suzhou, China). The CTLL-2 cells were
cultured in complete RPMI 1640 with IL-2 (100 U mL™). The MDA-MB-
231 cells were cultured in L-15 (Fuheng) containing 10% FBS and 1%
antibiotics at 37 °C without CO,. The THP-1 cells were cultured in
complete RPMI 1640 with -mercaptoethanol (50 pM). The human
CD4" T cells were cultured in complete RPMI 1640 with f3-
mercaptoethanol (50 uM) and IL-2 (80 ngmL?). All the cells were
maintained at 37 °C in a humidified incubator with 5% CO, except the
MDA-MB-231 cells.

Female BALB/c mice (6-8 weeks) and female NOD-SCID mice (6-
8 weeks) were purchased from Beijing HFK Bioscience. Mice
were maintained on a standard diet with water ad libitum at 23 °C and
30-70% relative humidity in a 12 hours:12 hours light-dark cycle.
All animal procedures were performed in accordance with
the guidelines approved by the Institutional Animal Care and Use
Committee of the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences (2021-06-LYP-43, 2022-06-LYP-44, 2023-07-
LYP-45). The sex was not considered in the study design in this work.
Female mice were used for all the animal assays in this study as
reported in the literature studies since it focused on triple-negative
breast cancer.

Synthesis of NLG-HKD

HO,C-BuSS-Pyr (500 mg) and NLG919 (308 mg) were mixed in 10 mL
dichloromethane (DCM) and stirred for 24 h at room temperature in
the presence of 152 mg diisopropylcarbodiimide (DIC) and 282 mg
diisopropylethylamine (DIPEA). The reaction solution was diluted with
30 mL DCM and extracted with saturated sodium chloride solution.
The organic phase was collected and dried with anhydrous sodium
sulfate and then purified by silica gel column chromatography to
obtain the NLG-Pyr, which was characterized with AVANCE Il 600
(Bruker, Switzerland) and electron spray ionization mass spectrometry
(ESI-MS, Finnigan LTQ linear ion-trap mass spectrometer, Finnigan,
USA). The purity of NLG-Pyr was also determined with ultra-
performance liquid chromatography (UPLC, Waters, USA), which was
eluted by acetonitrile and water containing 0.1% trifluoroacetic acid
(wavelength: 254 nm; flow rate: 0.3 mL/min). Ac-CGVVQQHKD peptide
(100 mg) and NLG-Pyr (51mg) were dissolved in 10 mL anhydrous
dimethyl sulfoxide (DMSO) and stirred at room temperature under an
inert atmosphere for 3 days. The reaction solution was then diluted
with an equal volume of methanol and extracted with diethyl ether.
After removing the ether, the crude product was purified with pre-
parative HPLC, which was eluted by acetonitrile and water containing
0.1% trifluoroacetic acid (wavelength: 220 nm; flow rate: 10 mL/min),
and factions containing only the target molecules were combined,
concentrated and freeze-dried for 2 days. The purified NLG-HKD was
identified with ESI-MS and the purity of it was determined with UPLC
as well.

Preparation and characterization of Abe-NF(g)
NLG-HKD (15 mM) and Abe (1.5 mM) were first dissolved in 2 mL hex-
afluoroisopropanol (HFIP). After removing the solvent, the remaining

materials were reconstituted with deionized water and the pH was
adjusted to 7 using NaOH solution (0.5 mM), and then mixed with
10 x PBS (9 : 1, vol/vol) to obtain Abe-NF(g). Abe-CF(g) and NF(g) were
prepared using a similar procedure. Abemaciclib mesylate was used in
the free Abe group in the following experiments. For an easy dosage
comparison, the concentrations of abemaciclib instead of Abemaciclib
mesylate were used in the following experiments. The morphologies of
Abe-NF(g), Abe-CF(g), and NF(g) were examined on an electron
microscope (FEI, Talos Arctica G2, USA) at an accelerating voltage of
200 kV after the hydrogels were diluted to 1mM with water. The
rheological property of the Abe-NF(g) was determined on a rheometer
(TA, ARES-G2, USA) 24 h after the sample preparation. All measure-
ments were conducted in a steady-state shear sweep mode at a tem-
perature of 25 °C. G’ and G” were all determined with a frequency range
of 0.1-50 Hz. The release behaviors of NLG-HKD and Abe from the
hydrogels of different concentrations were detected at 37 °C in PBS for
7 days. The concentration of Abe in the free Abe group (1.5 mM) was
comparable to that in the 15 mM hydrogel and all the samples were
determined with UPLC.

Cell viability

4T1 cells, CTLL-2 cells, MDA-MB-231 cells and 4T1°*¥¢ X0 cells were
seeded in 96-well plates (3 x 10° cells/well) overnight. The medium was
then replaced with a fresh medium containing Abe or Abe-NF of dif-
ferent concentrations. After a 24 h-incubation, the viability of the cells
was measured by Cell counting kit-8 (C6005, New Cell & Molecular
Biotech Co., Ltd., Suzhou, China) according to the manufacturer’s
protocol. In another experiment, the CTLL-2 cells were seeded in a 24-
well plate (2 x 10° cells/well) and were incubated with Abe, NF (NLG919:
100 uM) and Abe-NF (Abe: 10 pM) respectively for 24 h. The con-
centrations of IL-2 in the supernatants were determined using an
ELISA kit.

Immunogenic cell death

4TI cells, MDA-MB-231 cells, and 4T1Pk#6 X0 cells were seeded into a
24-well plate (1 x 10° cells/well) and allowed to attach overnight. The
cells were then treated with Abe, NF (NLG919: 100 uM), or Abe-NF
(Abe: 10 uM) for 24 h at 37 °C before further analysis. To quantify the
surface exposure of CRT on different cells, the cells were harvested,
then stained with anti-CRT-PE antibody (CST, cat. no. #19780, 1:50
dilution) for 30 min, and analyzed using a Fortessa flow cytometer.
To observe the subcellular location of CRT, 4T1 cells were fixed and
sequentially stained with Wheat Germ Agglutinin Alexa Fluor 647
conjugate (Invitrogen, cat. no. W32466), anti-CRT antibody (Abcam,
cat. no. ab2907, 1:250 dilution), Alexa Fluor® 488 Goat Anti-Rabbit
IgG H&L (Abcam, cat. no. ab150077, 1:500 dilution), and DAPI. To
observe the subcellular localization of HMGBI, the cells were fixed
and permeabilized and then sequentially stained with the primary
antibody against HMGB1 (Abcam, cat. no. ab79823, 1:250 dilution),
Alexa Fluor® 488 Goat Anti-Rabbit IgG H&L (Abcam, cat. no.
ab150077, 1:500 dilution), and DAPI. The cells were imaged on a
confocal microscopy Leica TCS SP8 (Leica, Germany). The extra-
cellular ATP, HMGBI, and M-CSF in the supernatant were determined
by ATP assay kit (50026, Beyotime, Shanghai, China) and corre-
sponding ELISA kits, respectively.
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DC maturation in vitro

Bone marrow cells were collected from female BALB/c mice and then
seeded in a 24-well plate with RPMI 1640 medium containing IL-4
(20 ngmL") and GM-CSF (10 ngmL") for 6 days to obtain BMDCs.
4T1 cells (1x10° cells/well in a 24-well plate) or 4T1PX/¢X0 cells were
pretreated with Abe, NF (NLG919: 100 puM) or Abe-NF (Abe: 10 uM)
for 24 h, and then incubated with BMDCs for another 24 h. The cells
were then stained with Zombie UV Fixable Viability Kit (Biolegend,
cat. no. 423108, 1:200 dilution), anti-CD11c-FITC (TONBObiosciences,
cat. no. 35-0114-U025, 1:100 dilution), anti-CDS80-PE (TONBO-
biosciences, cat. no. 50-0801-U025, 1:100 dilution) and anti-CD86-
APC (TONBObiosciences, cat. no. 20-0862-U025, 1:100 dilution)
antibodies, before analyzing using a Fortessa flow cytometer. LPS
(4 pgmL?)-treated BMDCs were used as a positive control in this
experiment.

Differentiation of BMDMs and THP-1 sourced macrophages

in vitro

The bone marrow cells were collected from the female BALB/c mice
and then cultured in a 12-well plate using DMEM medium containing
M-CSF (20 ng mL?) for 6 days. 4T1 cells were pretreated with Abe, NF
(NLG919: 100 pM) or Abe-NF (Abe: 10 puM) for 24 h, and incubated with
BMDMs for another 24 h. Concentrations of IL-12p70 and IL-10 in the
supernatant were quantified using the ELISA kits as well according to
the manufacturer’s protocols. The cells were then stained with anti-
bodies against Zombie UV dye, against CD11b (TONBODbiosciences, cat.
no. 65-0112-U100, 1:100 dilution), against F4/80 (Biolegend, cat. no.
123108, 1:100 dilution), against CD80 (TONBODbiosciences, cat. no. 50-
0801-U025, 1:100 dilution), and against CD206 (eBiosciences, cat. no.
17-2061-82, 1:100 dilution) before analyzing using a Fortessa flow cyt-
ometer (USA). The THP-1 cells were induced with phorbol 12-myristate
13-acetate (MedChemexpress) to obtain macrophages. MDA-MB-231
cells were pretreated with Abe, NF (NLG919: 100 puM) or Abe-NF (Abe:
10 pM) for 24 h, and incubated with macrophages obtained above for
another 24 h. The cells were then stained with antibodies against
Zombie UV dye, against CD11b, against CD80 (TONBObiosciences, cat.
no. 50-0809-T100, 1:40 dilution), and against CD206 (eBiosciences,
cat. no. 17-2069-42, 1:40 dilution) before analyzing using a Fortessa
flow cytometer (USA).

Retention of the hydrogel

To study the retention of the hydrogel in vivo, 4T1-luc cells (1x10° in
100 pL) were inoculated at the fourth right mammary gland of female
BALB/c mice. After the tumors reached around 100 mm? in size, the
mice were randomly divided into three groups, receiving DiR-L, DiR-
CF(g), or DiR-NF(g) (DiR dye: 0.5 mgkg?). The presence of the for-
mulations was monitored every day for 7 days using an IVIS Spectrum
Imaging System (Perkin Elmer, Aeyx/Aem = 745/800 nm). The DiR-L was
prepared using a lipid film (HSPC: cholesterol: DSPE-MPEG,pg0 = 5:2: 2,
m/m) hydration and membrane extrusion method. The DiR-labelled
hydrogels were prepared using a similar procedure as described above
except that DiR was used instead of Abe.

Biodistribution

4T1 cells (1 x10° in 100 pL) were inoculated at the fourth right mam-
mary gland of female BALB/c mice. After the tumors reached around
100 mm? in size, the mice were randomly divided into three groups,
receiving Abe (90 mg kg Abe, once a day for 3 days, p.o0.), Abe-CF(g) or
Abe-NF(g) (5.7 mgkg” Abe, one dosage, in situ). The blood, tumors,
and major organs including hearts, livers, spleens, lungs, and kidneys
were collected 1h, 8h, and 24 h after the last dose of free Abe. The
tumors and other organs were weighed, cut, and homogenized in
methanol to extract Abe. Abe in the plasma was also extracted using
methanol. All the samples were then quantified with UPLC
(Waters, USA).

In vivo cytokine analysis and measurement of Kyn and Trp
Tumor-bearing mice were established as described before. After the
sizes of tumors reached around 100 mm?®, the mice were randomly
divided into six groups, receiving PBS, Abe (90 mg kg Abe, once a day
for 7 days, p.o.), Abe-CF(g) (5.7 mg kg™ Abe, in situ), NF(g) (31.8 mg kg
NLG919, in situ), NF(g)+Abe (31.8 mgkg* NLGI19, in situ; 90 mg kg
Abe, once a day for 7 days, p.0.) and Abe-NF(g) (5.7 mgkg’ Abe,
31.8 mg kg NLG919, in situ). Seven days after the treatments, the mice
were euthanized and the tumors were collected, weighed, homo-
genized, and centrifuged to quantify the concentrations of IL-2, IL-10,
and IL-12p70 by ELISA kits according to the manufacturer’s protocols.
In a separate study, the tumors were homogenized in PBS containing
10% trichloroacetic acid to determine the concentrations of Kyn and
Trp with UPLC.

Concentrations of cytokines in the serum were measured in a
tumor rechallenge experiment. Briefly, mice were treated with the
same strategy described above. Seven days after the treatments, the
4T1 tumors were removed. After another 7 days, 5 x 10° 4T1 cells were
injected via tail veins, 3 days after which the blood was collected. The
concentrations of TNF-a and IFN-y in the serum were determined using
ELISA kits according to the manufacturer’s instructions.

Immunoassay

The tumor-bearing mice were randomly divided into six groups and
were treated with different formulations as described above. The DLNs
and the tumors were collected 7 days after the treatments. The DLNs
were ground to obtain the single-cell suspension, which was stained
with Zombie UV Dye, anti-CD45-APC-Cy7 (eBioscience, cat. no. 47-
0451-82, 1:100 dilution), anti-CD11c-FITC, anti-CD80-PE, and anti-
CD86-APC antibodies and then analyzed on a flow cytometer for DC
maturation analysis. The tumors were weighed and digested in RPMI
1640 medium containing collagenase IV, hyaluronidase, and DNase I to
obtain the single-cell suspensions. After filtering through 70 pm cell
strainers, the cells were counted and incubated with different anti-
bodies for the flow cytometry analysis. For the tumor-associated
macrophages, cells were first blocked with CD16/CD32 (TONBODbiosi-
cences, cat. no. 70-0161-U100, 1:100 dilution) and then stained with
Zombie UV dye, anti-CD45-APC-Cy7, anti-CD11b-PerCP-Cy5.5 (TON-
BObiosciences, cat. no. 65-0112-U100, 1:100 dilution), anti-F4/80-FITC
(Biolegend, cat. no. 123108, 1:100 dilution), anti-CD80-PE (TONBO-
biosciences, cat. no. 50-0801-U025, 1:100 dilution) and anti-CD206-
APC (eBioscience, cat. no. 17-2061-82, 1:100 dilution). The ratio of M1-
like macrophages (CD11b*F4/80°CD80*) to M2-like macrophages
(CD11b'F4/80"CD206") was calculated. For the analysis of active CTLs,
cells were stained with Zombie UV dye, anti-CD45-APC-Cy7, anti-CD3-
FITC (Biolegend, cat. no. 100204, 1:100 dilution), anti-CD8-PerCP-
CyS5.5 (TONBObiosciences, cat. no. 65-0081-U100, 1:100 dilution) and
anti-granzyme B-PE (eBioscience, cat. no. 12-8898-80, 1:100 dilution).
For the analysis of Tgeg, cells were stained with Zombie UV dye, anti-
CD45-APC-Cy7, anti-CD3-FITC, anti-CD4-PE-Cy7 (eBioscience, cat. no.
25-0041-82, 1:100 dilution), and anti-Foxp3-PE (TONBObiosciences,
cat. no. 50-5773-U025, 1:100 dilution). To analyze Tgy;, the primary
tumors were resected 7 days after different treatments. Seven days
after the surgery, the mice were euthanized to collect the spleens,
which were ground to obtain the splenocyte suspension. The cells
were treated with red blood cell lysis buffer for 5 min, washed, coun-
ted, and stained with anti-CD45-APC-Cy7, anti-CD3-FITC, anti-CD8-APC
(Biolegend, cat. no. 100711, 1:100 dilution), anti-CD44-PE (eBioscience,
cat. no. 12-0441-81, 1:100 dilution) and anti-CD62L-PerCP-Cy5.5
(eBioscience, cat. no. 45-0621-80, 1:100 dilution) before flow cyto-
metry analysis. The uses of antibodies were all in accordance with the
manufacturer’s instructions and the analyses were conducted on a
Fortessa flow cytometer (USA). The data was analyzed by FlowJo
software (TreeStar, 10.0.7) and the gating strategies were shown
(Supplementary Fig. 33). Since the immune cell infiltration in TNBC
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tumors was low, the cloud charts were used to show the trend of
changes in our results for the clarity.

Anti-tumor efficacy

Tumor-bearing mice were established as described above. After the
sizes of tumors reached around 100 mm?, the mice were randomly
assigned to six groups receiving different treatments as described
above. In a recurrence experiment, 95% of the tumors were surgically
removed 7 days after the treatments. The tumor sizes were monitored
and the volume (V) was calculated with the formula (V= (L x Wx W) /2),
in which L was the length of tumors and W was the width of tumors.
Bioluminescence images of 4Tl-luc tumor-bearing mice at indicated
time points were taken using an IVIS Spectrum Imaging System. The
mice were euthanized when the tumor size reached 2000 mm?>. At the
end point of the tumor recurrence experiment, the tumors were har-
vested, weighed, and then sectioned for TUNEL analysis. In a pulmonary
metastasis model, primary tumors were completely removed, and
5x10° 4TI-luc cells were intravenously injected via tail veins 7 days after
the surgery. Possible pulmonary metastasis was monitored using an IVIS
Spectrum Imaging System. Lungs were collected, imaged, and sec-
tioned for histological analysis at the end of the study. For the long-term
survival study of lung metastasis models, mice were treated as descri-
bed above and monitored for the survival curve. The maximal tumor
size permitted by the ethics committee is 2000 mm? and the maximal
tumor size was not exceeded during the experiments. All the relevant
experiments were ended when the tumor size reached this limit.

Statistics & reproducibility

Data were all presented as mean * standard deviation (SD). A two-sided
Student’s t-test (two-tailed) was used when two groups were com-
pared. For the multiple comparisons (more than two groups were
compared), one-way or two-way analysis of variance (ANOVA) and
Tukey post-hoc tests were used. The survival benefit was determined
using a log-rank test. All statistical analyses in this work were con-
ducted using the Prism software package (GraphPad Prism 8.0). Sig-
nificant differences were considered to exist if P<0.05. In this study,
the sample size was determined based on prior experimental experi-
ence, and the biological replicates were indicated within figure
legends. Mice were randomly assigned to each experimental group. No
statistical method was used to predetermine sample size. No data were
excluded from the analyses. The Investigators were not blinded to
allocation during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
paper, Supplementary Information, and Source Data File. Source data
are provided with this paper. NMR data of NLG-Pyr is included in
Supplementary Fig. 1. The mass spectra data of NLG-Pyr, CGVVQQHKD
peptide, and NLG-HKD are included in Supplementary Fig. 1-3
respectively. Source data are provided with this paper.
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