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Cancer immunotherapy has shifted the paradigm for cancer treatment in the past decade,
but new immunotherapies enabling the effective treatment of solid tumors are still greatly
demanded. Here we report a pore-forming hydrogel-based immunotherapy that enables
simultaneous recruitment of dendritic cells and in situ activation of T cells, for reshaping the
immunosuppressive tumor microenvironment and amplifying cytotoxic T lymphocyte
response. The injectable pore-forming hydrogel composed of porogen-dispersed
alginate network can form a macroporous structure upon injection into mice, and
enables controlled release of granulocyte-macrophage colony-stimulating factor (GM-
CSF), a chemoattractant for recruiting dendritic cells, and epacadostat, an inhibitor of
indoleamine 2, 3-dioxygenase for activating T cells. We show that gels loaded with GM-
CSF and epacadostat, after peritumoral injection, can recruit massive dendritic cells in situ
and activate effector T cells in the tumor tissues, resulting in enhanced frequency and
activation status of dendritic cells, reduced numbers of regulatory T (Treg) cells, and
increased CD8+/Treg ratios in the tumor microenvironment. This hydrogel-based
immunotherapy holds great promise for treating poorly-immunogenic solid tumors.
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INTRODUCTION

Cancer immunotherapy has achieved significant progress for clinical cancer treatment in the past
decade, especially with the success of checkpoint blockades and adoptive T cell therapies (Lesterhuis
et al., 2011; Mellman et al., 2011; Couzin-Frankel, 2013). However, the limited patient response to
checkpoint blockades, the poor therapeutic efficacy of T cell therapies against solid tumors, and
severe side effects in both have limited their wide applications (Makkouk and Weiner, 2015; Hegde
and Chen, 2020; Martin et al., 2020). Among all the factors that undermine the therapeutic benefit
of existing immunotherapies against solid tumors, the highly immunosuppressive tumor
microenvironment, as characterized by reduced numbers and impaired function of effector
T cells and antigen-presenting cells [e.g., dendritic cells (DCs)], remains a key hurdle (Huang
et al., 2012; Wang and Mooney, 2018; Phuengkham et al., 2019). Various strategies have been
attempted to facilitate the tumor infiltration and activation of effector T cells, inhibit regulatory T
(Treg) cells, repolarize tumor-associated macrophages to inflammatory phenotypes, or improve the
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antigen presentation capability of tumor-resident DCs (Huang
et al., 2012; Feng et al., 2018; Donlon et al., 2021; Yang et al.,
2021). For example, the combination of chemotherapy or
radiation therapy with checkpoint blockades to improve the
generation of antigen-presenting DCs and tumor-specific
effector T cells have been actively pursued in preclinical
studies and clinical trials (Heinhuis et al., 2019; Galluzzi et al.,
2020). Hydrogel-based immunotherapies have also been
developed to enable controlled release of adjuvants, cytokines,
macrophage-depleting/repolarizing agents, or immue checkpoint
blockades into the tumor tissues, which were shown to improve
the systemic effector T cell responses and overall antitumor
efficacy (Wang et al., 2017; Wang et al., 2018; Li et al., 2021).
The combination of in situ hydrogel-based therapies with
systemically administered immunomodulatory agents such as
checkpoint blockades was also explored for amplifying the
therapeutic efficacy against poorly-immmunogenic solid
tumors (Hu et al., 2021; Li et al., 2022).

Immune cell-homing macroporous materials enable the
recruitment and modulation of DCs for in situ production of
antigen-presenting DCs and subsequent priming of antigen-
specific T cells, which has demonstrated success in treating
melanoma, glioblastoma, colon cancer, and lung cancer,
among others (Ali et al., 2009a; Kim and Mooney, 2011; Li
and Mooney, 2013; Wang et al., 2020a). In these designs,
chemokines such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) are gradually released from the
implanted or injected macroporous materials to attract immature
DCs from the other part of the body. The recruited DCs are then
modulated in a pool of antigens and adjuvants within the
material, yielding mature antigen-presenting DCs in situ (Ali
et al., 2009b; Ali et al., 2013; Li et al., 2018). DC-homing
macroporous materials have also been utilized to develop in
situ cancer vaccines where chemotherapeutics were released to
induce immunogenic death of tumor cells and massive DCs were
recruited in situ to process antigens released by dying tumor cells
(Wang et al., 2020b). However, the cytotoxicity of
chemotherapeutics loaded in the macroporous materials
towards the recruited DCs limits the therapeutic potential of
the in situ cancer vaccine. We envision the combination of DC

recruitment and T cell activation, by co-loading chemokines and
benign T cell modulators in macroporous materials would enable
the improved modulation of the immunosuppressive tumor
microenvironment.

The metabolic intervention of T cells, via inhibition of certain
metabolic pathways related to the suppression of T cell activity, in
the tumor microenvironment has emerged as a promising
approach to potentiate antitumor immunity (Le Bourgeois et al.,
2018; Hao et al., 2020; Guo et al., 2021). These metabolism
inhibitors are often less toxic than cytokines conventionally
used for T cell activation. For example, the inhibition of
indoleamine 2, 3-dioxygenase (IDO1), an enzyme that catalyzes
the degradation of tryptophan and can suppress the function of
effector T cells, was able to activate CD8+ T cells and suppress the
proliferation of regulatory T (Treg) cells (Prendergast et al., 2017;
Cheong et al., 2018; Ladomersky et al., 2018). Epacadostat, a small
molecule IDO1 inhibitor, has been extensively explored for the
treatment of various types of cancers (Van den Eynde et al., 2020;
Yue et al., 2017; CD80, 2015). However, the poor pharmacokinetics
and tumor accumulation of the small-molecule metabolism
inhibitors inevitably limit their use for targeted modulation of
T cells in solid tumors (Kristeleit et al., 2017; Chen et al., 2019).
Biomaterial carriers of these metabolism inhibitors, though, would
enable improved delivery to the tumor site, controlled release
within the tumor tissues, facilitated metabolic intervention, and
thus amplification of the immunomodulatory effect. (Wang and
Mooney, 2018; Wang et al., 2017; Weber and Mulé, 2015; Gu and
Mooney, 2016)

Here we report the development of a pore-forming hydrogel-
based system for simultaneous recruitment of DCs and metabolic
intervention of T cells in situ, in order to reshape the
immunosuppressive microenvironment of solid tumors such as
triple negative breast cancers (TNBCs) (Figure 1). The pore-
forming gel composed of an alginate network with dispersed
porogens can be injected via needles, and form a macroporous
structure upon the degradation of porogens at 37°C (Wang et al.,
2020a; Wang et al., 2020b). After injection into mice, the formed
macroporous gel will enable controlled release of GM-CSF for the
recruitment of massive DCs and epacadostat for the activation of
effector T cells in situ, potentially resulting in the improved

FIGURE 1 | Schematic illustration of in situ recruitment of DCs and activation of T cells viamacroporous hydrogels loadedwith GM-CSF and epacadostat. GM-CSF
can recruit massive DCs while epacadostat can activate CD8+ T cells, resulting in the improved killing of tumor cells.
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modulation of the tumor microenvironment and overall CTL
response.

RESULTS AND DISCUSSION

Synthesis and Characterization of Pore-
Forming Gels
Prior to the fabrication of pore-forming gels, we first synthesized
degradable porogen beads via dropwise addition of a mixture of
unmodified alginate and oxidized/reduced alginate (1/8, w/w) to a
crosslinking bath of CaCl2 (Verbeke and Mooney, 2015; Verbeke
et al., 2017). The degradable oxidized/reduced alginate was
synthesized by first oxidizing alginate with sodium periodate
and then reducing the formed aldehyde groups into hydroxyl
groups using sodium borohydride. Due to the increased
hydrophilicity and reduced steric hindrance of oxidized/reduced
alginate, the porogen can be rapidly degraded in aqueous solutions
at 37°C. The fabricated porogens were thenmixed with unmodified
alginate, and further crosslinked by calcium ions to form a pore-
forming alginate gel with dispersed porogens (Figure 2A). By

immersing the pore-forming alginate gel in PBS at 37°C,
macropores with an average diameter of 88.6 µm were formed
within the gel network, as confirmed under the microscope
(Figures 2B,C). The pore size is large enough to home immune
cells (e.g., DCs) which have a diameter of ~10–15 µm. The
resultant macroporous hydrogel has a porosity of ~40%, as
determined by the gel wicking assay (Figure 2D). We also
measured the mechanical property of pore-forming alginate
gels, which have a storage modulus (G′) of 2,338 Pa and a loss
modulus (G″) of 1,153 Pa (Figure 2E). Epacadostat can be easily
loaded into the pore-forming alginate gel by co-dissolving it with
alginate prior to Ca2+ mediated cross-linking. The loaded
epacadostat and GM-CSF showed a burst release from the gel
within the first 6 h, with the remaining cargo being gradually
released over days (Figure 2F; Supplementary Figure S1).

Epacadostat-Mediated Activation of CD8+

T cells
We next studied the effect of epacadostat, an IDO1 inhibitor, on
the activation status of CD8+ T cells. OT1 cells, a type of

FIGURE 2 | (A) Schematic illustration for the fabrication and degradation of pore-forming gels. (B)Microscopic images of formedmacroporous gels after immersing
pore-forming gels in PBS at 37°C for 6 h. (C) Pore diameter of formed macroporous gels (n = 4). (D) Porosity of formed macroporous gels (n = 4). (E) Storage modulus
(G′) and loss modulus (G″) of pore-forming gels (n = 4). (F) Release kinetics of epacadostat from pore forming gels (n = 4). All the numerical data are presented as
mean ± SD.
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SIINFEKL-specific CD8+ T cells, were isolated from mice and
cultured with different concentrations of epacadostat for 16 h.
Compared to the untreated cells, OT1 cells treated with
epacadostat showed an upregulated surface expression of
CD69 (Figures 3A,B), indicating enhanced activation of
OT1 cells after epacadostat treatment. Epacadostat-mediated
activation of OT1 cells was concentration-dependent, with
increased expression levels of CD69 at higher epacadostat
concentrations (Figures 3A,B). The treatment of OT1 cells
with epacadostat also resulted in the upregulated surface
expression of PD-1, CTLA-4, and LAG-3 (Figures 3C–E,
Supplementary Figures S2A–C), which is consistent with
previous reports that more activated effector T cells tended to
upregulate exhaustion markers. These experiments demonstrated
that epacadostat-mediated inhibition of IDO1 can activate
effector CD8+ T cells.

To study whether epacadostat-mediated enhanced activation
of OT1 cells could impart an increased tumor-killing efficiency,
we co-cultured epacadostat-pretreated OT1 cells with E.G7-OVA
tumor cells for 24 h at an E/T ratio of 1/20, 1/5, 1/1, 5/1, and 20/1,
respectively. OT1 cells without epacadostat pretreatment were
used as controls. Strikingly, OT1 cells pretreated with epacadostat
showed a significantly improved E.G7-OVA killing efficiency in
comparison with the control OT1 cells without epacadostat
pretreatment, with a ~10-fold and ~30-fold increase in killing
efficiency at the E/T ratio of 1/20 and 20/1, respectively
(Figure 3F). Even at an E/T ratio of 1/20, epacadostat-
pretreated OT1 cells showed a ~10-fold E.G7-OVA killing

efficiency compared to control OT1 cells at an E/T ratio of
20/1 (Figure 3F). These experiments demonstrated that
epacadostat-mediated IDO1 inhibition can significantly
improve the activation status and tumor-killing capability of
effector CD8+ T cells.

Effect of Epacadostat on DCs
As we aim to develop a material system that can simultaneously
recruit DCs and activate tumor-infiltrating CD8+ T cells, we also
examined the effect of epacadostat on the viability and activation
status of DCs. We first tested the cytotoxicity of epacadostat
against bone marrow-derived DCs (BMDCs) by analyzing the
viability of BMDCs after 48 h co-culture. As a result, BMDCs
treated with epacadostat showed similar viability to control
BMDCs without epacadostat treatment at an epacadostat
concentration of up to 100 µM (Figure 4A), demonstrating
the minimal cytotoxicity of epacadostat towards BMDCs. We
then studied whether epacadostat treatment would affect the
activation status of BMDCs by examining the expression level
of CD86 and MHCII, two activation markers of DCs, via FACS
assay. For all the tested concentrations (0.015, 0.0625, 0.25, 1, or
4 µM), epacadostat treatment resulted in a negligible change in
the expression level of CD86 or MHCII (Figures 4B,C). These
experiments confirmed the minimal effect of epacadostat on the
viability and activation status of DCs.

We next studied whether pore-forming gels loaded with GM-
CSF and epacadostat, upon peritumoral injection, can recruit
DCs in situ (Figure 5A). 4T1 tumor was established in Balb/c

FIGURE 3 | IDO1 inhibitor, epacadostat, can activate CD8+ T cells and improve killing of tumor cells. (A) Percentage and (B)MFI of CD69+ OT1 cells after treatment
with different concentrations of epacadostat for 16 h. Also shown are the percentages of (C) PD-1+, (D) CTLA-4+, and (E) LAG-3+ OT1 cells after treatment with
epacadostat for 16 h. (F) Percentage of killed E.G7-OVA cells by OT1 cells at different E/T ratios within 24 h in the presence or absence of epacadostat pretreatment. All
the numerical data are presented as mean ± SD (0.01 < *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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mice via subcutaneous injection of 4T1 cells into the flank. On
day 14 when the tumors grew to a diameter of ~6–8 mm, pore-
forming gels encapsulating GM-CSF and epacadostat were
injected adjacent to the tumors via an 18-gauge needle. Gels
encapsulating GM-CSF alone or epacadostat alone were used as
controls. After 4 days, gels were harvested for immune cell
analysis. It is noteworthy that gels remained intact at the time
of retrieval (Supplementary Figure S3A). Cells were successfully
recruited to the gel site (Supplementary Figure S3B). The vast
majority of cells present in the gels were CD45+ (Figure 5B),

indicating the successful attraction of immune cells. Compared to
gels encapsulating epacadostat alone, gels encapsulating GM-CSF
and epacadostat or gels encapsulating GM-CSF alone recruited a
significantly higher percentage of CD11c+ DCs among the
recruited cells (Figure 5C). The total number of recruited DCs
being recruited into the gel was also significantly higher in gels
containing GM-CSF in comparison with gels containing
epacadostat alone (Figure 5D), demonstrating GM-CSF-
mediated recruitment of DCs. In addition to CD11c+ DCs,
gels also recruited a small amount of CD11b+F4/80+

FIGURE 4 | Epacadostat shows a minimal effect on the survival and activation status of DCs. (A) Viability of BMDCs after treatment with different concentrations of
epacadostat for 48 h. (B) CD86 MFI of BMDCs after treatment with different concentrations of epacadostat for 24 h. (C) MHCII MFI of BMDCs after treatment with
different concentrations of epacadostat for 24 h. All the numerical data are presented as mean ± SD (0.01 < *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). In situ DC recruitment of
gels loaded with GM-CSF and epacadostat.

FIGURE 5 | Gels loaded with GM-CSF and epacadostat can recruit DCs in situ. (A) Timeframe of the in vivo study. Gels encapsulating GM-CSF and epacadostat,
gels encapsulating GM-CSF alone, or gels encapsulating epacadostat alone were injected adjacent to subcutaneous 4T1 tumors. (B) Percentage of CD45+ cells among
the recruited cells in gels. (C) Percentage of CD11c+ DCs among CD45+ cells in gels. (D)Numbers of CD11c+ DCs in gels. (E) Percentage of CD11b+F4/80+ cells among
the recruited cells in gels. (F) Percentage of CD11b+Gr1+ cells among the recruited cells in gels. All the numerical data are presented as mean ± SD (0.01 < *p ≤
0.05; **p ≤ 0.01; ***p ≤ 0.001).
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macrophages and CD11b+Gr1+ neutrophils (Figures 5E,F). A
higher fraction of CD11b+F4/80+ macrophages and CD11b+Gr1+

neutrophils were detected in gels encapsulating GM-CSF and
epacadostat, in comparison to gels loaded with GM-CSF alone or
epacadostat alone (Figures 5E,F), indicating a potential effect of
epacadostat on the immune cell homing process.

Modulation of the Immunosuppressive
Tumor Microenvironment
After confirming the recruitment of DCs to chemokine-loaded
macroporous gels, we next analyzed whether peritumoral
injection of gels encapsulating GM-CSF and epacadostat could
improve the infiltration of DCs into tumors. 4T1 tumor cells were

harvested, stained, and analyzed via FACS assay 4 days post gel
injection. As expected, gels encapsulating GM-CSF and
epacadostat resulted in an increased number of CD11c+ DCs
in the tumor tissues compared to blank gels, with a 12-fold
increase (Figures 6A,B). It is noteworthy that gels loaded with
epacadostat alone also increased the tumor infiltration of DCs
compared to blank gels (Figure 6B), presumably as a result of
epacadostat-mediated immunomodulatory effects within the
tumor microenvironment. In addition to the total number of
DCs, gels loaded with GM-CSF or epacadostat also upregulated
the expression of CD86 on the surface of intratumoral DCs in
comparison with the blank gels (Figure 6C). These experiments
demonstrated that peritumorally injected gels loaded with GM-
CSF and epacadostat can recruit high numbers of DCs in situ and

FIGURE 6 |Gels loaded with GM-CSF and epacadostat can reshape 4T1 tumor microenvironment. 4T1 tumors were inoculated on day 0, followed by peritumoral
injection of gel loaded with GM-CSF and epacadostat, gel loaded with GM-CSF alone, gel loaded with epacadostat, or blank gel on day 14. Gels and tumors were
harvested for analysis on day 18. (A) Percentage of CD45+ cells in tumors. (B) Percentage of CD45+CD11b+CD11c+ DCs in tumors. (C) Percentage of CD86+ cells
among CD45+CD11b+CD11c+ DCs in tumors. (D) Percentage of CD45+CD3+ T cells in tumors. (E) Percentage of CD8+ T cells in tumors. (F) Percentage of CD4+

T cells in tumors. (G) Percentage of FoxP3+ Treg cells in tumors. (H) CD8+ T/Treg number ratios in tumors. (I) Percentage of CD69+ cells among CD8+ T cells in tumors.
All the numerical data are presented as mean ± SD (0.01 < *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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increase the number and activation status of tumor-
infiltrating DCs.

We also analyzed whether gel treatment could alter the
frequency and activation status of CD8+ and CD4+ T cells in
the tumor microenvironment. Surprisingly, gels loaded with
epacadostat alone resulted in the highest number of
intratumoral CD3+ T cells among all treatment groups
(Figure 6D), indicating the potent immunomodulatory effect
of epacadostat. A similar trend was observed for CD4+ T cells in
the tumor tissues (Figure 6F), with a highest CD4+ T cell
number in tumors treated with gels encapsulating
epacadostat alone. The number of intratumoral CD8+ T cells
showed negligible changes across different groups (Figure 6E).
However, compared to control tumors, the frequency of
Foxp3+CD4+ Treg cells showed a significant decrease in
tumors treated with gels encapsulating GM-CSF and
epacadostat, GM-CSF alone, or epacadostat alone
(Figure 6G). As a result, the CD8+/Treg ratio showed an
increase in tumors treated with gels encapsulating GM-CSF
and epacadostat in comparison with the control tumors
(Figure 6H), which is often correlated with better CTL
response and antitumor efficacy. We also observed an
upregulated expression of CD69, an activation marker for
effector T cells, by tumor-infiltrating CD8+ T cells in mice
treated with gels encapsulating GM-CSF and epacadostat
(Figure 6I), substantiating the T cell-activation effect of
epacadostat. The expression levels of PD-1, CTLA-4, and
LAG3 by tumor-infiltrating CD8+ T cells exhibited negligible
differences among different treatment groups (Supplementary
Figures S4A–C). These data demonstrated that gels loaded with
GM-CSF and epacadostat can enhance the frequency and
activation status of tumor-infiltrating CD8+ T cells, decrease
the number of intratumoral Treg cells, and increase the overall
CD8+/Treg ratio. We also analyzed the potential changes in the
frequency and phenotypes of tumor-associated macrophages as
a result of the gel treatment, which showed a negligible change at
4 days post gel injection (Supplementary Figure S5).

CONCLUSION

To conclude, we have developed a macroporous gel-based
system for simultaneous in situ DC recruitment and T cell
activation. The pore-forming alginate gels are injectable, enable
controlled release of GM-CSF and epacadostat, and can form
macroporous structures after injection into the body. Upon
peritumoral injection, gels can release GM-CSF to recruit and
home DCs, which resulted in an increased number and
improved activation status of DCs in the tumor
microenvironment. The controlled release of epacadostat
from gels also enabled in situ activation of CD8+ T cells,
which together with the DC-recruiting property of gels,
resulted in the enhanced tumor infiltration of CD3+ T cells,
reduced numbers of Treg cells, and increased CD8+/Treg ratios.
The ability to reshape the immunosuppressive tumor
microenvironment of 4T1 TNBC, as achieved by our
macroporous gel system, holds great promise for improving

the CTL response and antitumor efficacy against solid tumors.
In situ immunotherapy also has great potential for clinical
translation by integrating with surgery to better prevent the
recurrence and metastasis of tumors.

METHODS

Materials and Instrumentation
Sodium alginate, sodium periodate, sodium borohydride, and
other reagents were purchased from Sigma-Aldrich (St. Louis,
MO, United States) unless otherwise noted. Epacadostat was
purchased from MedChemExpress (Monmouth Junction, NJ,
United States). Recombinant murine GM-CSF was purchased
from PeproTech, Inc. (Cranbury, NJ, United States). Primary
antibodies used in this study, including fluorescein isothiocyanate
(FITC)-conjugated anti-CD45 (Invitrogen), PE-conjugated anti-
CD11b (Invitrogen), PE/Cy7-conjugated anti-CD11c
(Invitrogen), APC-conjugated anti-CD86 (Invitrogen), Alexa
Fluor 700-conjugated anti- Ly-6G/Ly-6C (Invitrogen), PerCP/
Cy5.5-conjugated anti-F4/80 (Invitrogen), Alexa Fluor 700-
conjugated anti-CD206 (Invitrogen), PE/Cy7-conjugated anti-
CD163 (Invitrogen), PE/Cy5.5-conjugated anti-CD3-ε
(Invitrogen), Alexa Fluor 700-conjugated anti-CD8-α
(Invitrogen), PE/Cy7-conjugated anti-CD4 (Invitrogen), PE-
conjugated anti-CD69 (Invitrogen), APC-conjugated anti-
Foxp3 (Invitrogen), PE/Cy7-conjugated anti-PD-1
(Invitrogen), PE-conjugated anti-CTLA-4 (Invitrogen), APC-
conjugated anti-LAG-3 (Invitrogen), and FITC-conjugated
anti-MHCII (Invitrogen), were purchased from Thermo Fisher
Scientific (Waltham, MA, United States). Fixable viability dye
efluor780 was obtained from Thermo Fisher Scientific (Waltham,
MA, United States). All antibodies were diluted according to the
manufacturer’s recommendations. Mouse CD3+ T cell isolation
kit, dynabeads, and LS separation columns were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany). FACS analyses
were collected on Attune NxT flow cytometers and analyzed on
FCS Express v6 and v7. Statistical testing was performed using
GraphPad Prism v8. Small compounds were run on the Shimadzu
LC40 ultra high performance liquid chromatography. Mechanical
tests were performed on an AR-G2 rheometer (TA Instruments,
New Castle, DE, United States).

Cell Line and Animals
The E.G7-OVA and 4T1 cell lines were purchased from
American Type Culture Collection (Manassas, VA,
United States). Cells were cultured in RPMI 1640 containing
10% FBS, and 100 units/mL Penicillin/streptomycin (with 50 μg/
ml G418 for E.G7-OVA cells) at 37°C in 5% CO2 humidified air.
Female BALB/c mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, United States). Feed and water
were available ad libitum. Artificial light was provided in a 12 h/
12 h cycle. All procedures involving animals were done in
compliance with National Institutes of Health and Institutional
guidelines with approval from the Institutional Animal Care and
Use Committee at the University of Illinois at Urbana-
Champaign.
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Preparation of GM-CSF and
Epacadostat-Loaded Pore-Forming
Alginate Gels
Alginate (20 mg/ml) was dissolved in PBS and loaded into
Syringe #1. GM-CSF and epacadostat in PBS were loaded in
Syringe #2. Porogen beads and CaSO4 (156 mg/ml) were loaded
in Syringes #3 and #4, respectively. Sequential mixing of Syringes
1–4 was performed via a Luer lock connector. After rapid mixing,
~100 μL gel was injected into the flank of each mouse.

Pore Size Measurement
Macroporous hydrogels were immersed in PBS and placed under
the optical microscope. At least 50 images were taken for different
regions of the macroporous hydrogel. For each image, the pore
size was measured with the assistance of ImageJ and averaged.
These averaged numbers were then further averaged over at least
50 images to calculate the pore size of macroporous hydrogels.

Porosity Measurement
Macroporous gels were placed in 1 ml of deionized water at
ambient condition for a few hours. Gel wicking assay was
performed using an absorbent Kimwipe (Kimberly-Clark) to
touch only one side of the gel, allowing the water inside the
pores to be drawn out by capillary force. The initial gel weight
(Wi) and the final gel weight after the wicking assay (Wf) were
measured. Porosity was calculated as 100%*(Wi-Wf)/Wi.

Mechanical Tests of Gels
The storage and loss moduli of pore-forming hydrogels were
extracted from strain sweep tests at 1 Hz followed by a frequency
sweep test at 0.5% strain under the ambient condition on an AR-
G2 rheometer (TA Instruments). An 8 mm flat plate geometry
equipped with a bottom Peltier plate on the instrument was used
to test all the samples with the same procedure file. A loading gap
of approximately 1,600 μm was used for each test. Any kind of
spillover while running the test was avoided by trimming the
edges as needed. No pretreatment or stress was applied to any
sample for any measurement.

Release of Epacadostat From
Pore-Forming Alginate Gels
Gels loaded with epacadostat were placed in PBS in a 24-well
plate. At selected time points, 100 µl aliquots of the supernatant
were sampled for quantification of the released epacadostat by
HPLC. A concentration series of epacadostat were used for
determining the standard curve.

Testing of Immune Cell Activation by
Epacadostat
For CD8+ T cells, OT1 cells were treated with different
concentrations of epacadostat (4, 1, 0.25, 0.0625, and
0.015 μM, respectively) for 16 h. Cells were then centrifuged,
washed, and stained with PE/Cy5.5-conjugated anti-CD3, Alexa
Fluor 700-conjugated anti-CD8, PE-conjugated anti-CD69,

PE/Cy7-conjugated anti-PD-1, PE-conjugated anti-CTLA-4,
APC-conjugated anti-LAG-3, and fixable viability dye
efluor780 for 20 min, prior to flow cytometry analysis. To
study the effect of epacadostat on DCs, we cultured day-7
BMDCs with different concentrations of Epacadostat for 16 h.
Cells were washed and stained with FITC-conjugated anti-
MHCII, PE/Cy7-conjugated ant-CD11c, APC-conjugated anti-
CD86, and fixable viability dye efluor780 for 20 min prior to
FACS analysis.

In vitro Tumor Killing Assay
OT1 cells were pretreated with epacadostat (100 ng/ml) or PBS
for 24 h, and then co-cultured with E.G7-OVA cancer cells
prestained with Calcein AM at different E/T ratios (20/1, 5/1,
1/1, 1/5, and 1/20, respectively). The viability of E.G7-OVA
cancer cells was analyzed by quantifying the fluorescence
signal in the supernatants on a plate reader.

In vivo Tumor Modulation Study
Balb/c mice were divided into four groups: gels loaded with
Epacadostat (90 ng/ml) + GM-CSF (1 μg/gel), gels loaded
with GM-CSF (1 μg/gel) alone, gels loaded with Epacadostat
(90 ng/ml) alone, and blank gels (n = 6). 4T1 cells in Hank’s
buffered salt solution (HBSS) were subcutaneously injected into
the upper right flank of Balb/c mice on day 0. On day 14, gels were
freshly prepared and subcutaneously injected adjacent to the
tumors. On day 18, gels and tumors were harvested. Tumors
were disrupted using a syringe plunger to release cells. Cells were
collected, washed, and stained for flow cytometry analysis. For the
evaluation of overall immune cell populations, cells were stained
with FITC-conjugated anti-CD45, PE-conjugated anti-CD11b,
PE/Cy7-conjugated anti-CD11c, Alexa Fluor 700-conjugated
anti-Ly-6G/Ly-6C, PerCP/Cy5.5-conjugated anti-F4/80, PE/
Cy5.5-conjugated anti-CD3, Alexa Fluor 700-conjugated anti-
CD8, PE/Cy7-conjugated anti-CD4, and APC-conjugated anti-
Foxp3. For the activation analysis of immune cells, cells were
stained with APC-conjugated anti-CD86, Alexa Fluor 700-
conjugated anti-CD206, PE/Cy7-conjugated anti-CD163,
PE-conjugated anti-CD69, PE/Cy7-conjugated anti-PD-1,
PE-conjugated anti-CTLA-4, and APC-conjugated anti-LAG-3.

Flow Cytometry Analysis of Gels
Gels were harvested from mice and disrupted using a syringe
plunger, releasing contained cells. Cells were pelleted, washed,
and stained for flow cytometry analysis. For DC analysis, cells
were stained with FITC-conjugated anti-CD45, PE-conjugated
anti-CD11b, PE/Cy7-conjugated anti-CD11c, and APC-
conjugated anti-CD86 for 20 min. For neutrophil and
macrophage analysis, cells were stained with FITC-conjugated
anti-CD45, PE-conjugated anti-CD11b, Alexa Fluor 700-
conjugated anti-Ly-6G/Ly-6C, PerCP/Cy5.5-conjugated anti-
F4/80, APC-conjugated anti-CD86, Alexa Fluor 700-
conjugated anti-CD206, and PE/Cy7-conjugated anti-CD163.

Statistical Analyses
Statistical analysis was performed using GraphPad Prism v6 and
v8. Sample variance was tested using the F test. For samples with
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equal variance, the significance between the groups was analyzed
by a two-tailed student’s t-test. For samples with unequal
variance, a two-tailed Welch’s t-test was performed. For
multiple comparisons, a one-way analysis of variance
(ANOVA) with post hoc Fisher’s LSD test was used. The
results were deemed significant at 0.01 < *p ≤ 0.05, highly
significant at 0.001 < **p ≤ 0.01, and extremely significant at
***p ≤ 0.001.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee at the University of Illinois at
Urbana-Champaign.

AUTHOR CONTRIBUTIONS

JH, RB, and HW conceived the original concept and supervised
the entire project. JH, RB, YL, and YB performed the experiments.
JH, YB, and HW analyzed the data and wrote the manuscript.

ACKNOWLEDGMENTS

The authors would like to acknowledge the financial support
from NSF DMR 2143673 (CAREER Award) and the start-up
package from the Department of Materials Science and
Engineering at the University of Illinois at Urbana-Champaign
and the Cancer Center at Illinois.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.954955/
full#supplementary-material

REFERENCES

Ali, O. A., Emerich, D., Dranoff, G., and Mooney, D. J. (2009). In situ regulation of
DC subsets and T cells mediates tumor regression in mice. Sci. Transl. Med. 1,
8ra19–18ra19. doi:10.1126/scitranslmed.3000359

Ali, O. A., Huebsch, N., Cao, L., Dranoff, G., and Mooney, D. J. (2009). Infection-
mimicking materials to program dendritic cells in situ. Nat. Mat. 8, 151–158.
doi:10.1038/nmat2357

Ali, O. A., Tayalia, P., Shvartsman, D., Lewin, S., and Mooney, D. J. (2013).
Inflammatory cytokines presented from polymer matrices differentially
generate and activate DCs in situ. Adv. Funct. Mat. 23, 4621–4628. doi:10.
1002/adfm.201203859

Cd80, C. (2015). Ido inhibitors move center stage in immuno-oncology. Nat.
Biotechnol. 33, 321–322. doi:10.1038/nbt0415-321

Chen, S., Song, Z., and Zhang, A. (2019). Small-molecule immuno-oncology
therapy: Advances, challenges and new directions. Curr. Top. Med. Chem.
19, 180–185. doi:10.2174/1568026619666190308131805

Cheong, J. E., Ekkati, A., and Sun, L. (2018). A patent review of Ido1 inhibitors for
cancer. Expert Opin. Ther. Pat. 28, 317–330. doi:10.1080/13543776.2018.
1441290

Couzin-Frankel, J. (2013). Breakthrough of the year 2013. Cancer immunotherapy.
Science 342, 1432–1433. doi:10.1126/science.342.6165.1432

Donlon, N., Power, R., Hayes, C., Reynolds, J., and Lysaght, J. (2021).
Radiotherapy, immunotherapy, and the tumour microenvironment: Turning
an immunosuppressive milieu into a therapeutic opportunity. Cancer Lett. 502,
84–96. doi:10.1016/j.canlet.2020.12.045

Feng, B., Zhou, F., Hou, B., Wang, D., Wang, T., Fu, Y., et al. (2018). Binary
cooperative prodrug nanoparticles improve immunotherapy by synergistically
modulating immune tumor microenvironment. Adv. Mat. 30, 1803001. doi:10.
1002/adma.201803001

Galluzzi, L., Humeau, J., Buqué, A., Zitvogel, L., and Kroemer, G. (2020).
Immunostimulation with chemotherapy in the era of immune checkpoint
inhibitors. Nat. Rev. Clin. Oncol. 17, 725–741. doi:10.1038/s41571-020-0413-z

Gu, L., and Mooney, D. J. (2016). Biomaterials and emerging anticancer
therapeutics: Engineering the microenvironment. Nat. Rev. Cancer 16,
56–66. doi:10.1038/nrc.2015.3

Guo, Y., Xie, Y. Q., Gao, M., Zhao, Y., Franco, F., Wenes, M., et al. (2021).
Metabolic reprogramming of terminally exhausted CD8+ T cells by IL-10
enhances anti-tumor immunity. Nat. Immunol. 22, 746–756. doi:10.1038/
s41590-021-00940-2

Hao, M., Hou, S., Li, W., Li, K., Xue, L., Hu, Q., et al. (2020). Combination of
metabolic intervention and T cell therapy enhances solid tumor
immunotherapy. Sci. Transl. Med. 12, eaaz6667. doi:10.1126/scitranslmed.
aaz6667

Hegde, P. S., and Chen, D. S. (2020). Top 10 challenges in cancer immunotherapy.
Immunity 52, 17–35. doi:10.1016/j.immuni.2019.12.011

Heinhuis, K., Ros, W., KokM.SteeghsN.Beijnen, J. H., and Schellens, J. H. M.
(2019). Enhancing antitumor response by combining immune checkpoint
inhibitors with chemotherapy in solid tumors. Ann. Oncol. 30, 219–235.
doi:10.1093/annonc/mdy551

Hu, Q., Li, H., Archibong, E., Chen, Q., Ruan, H., Ahn, S., et al. (2021). Inhibition of
post-surgery tumour recurrence via a hydrogel releasing CAR-T cells and anti-
PDL1-conjugated platelets. Nat. Biomed. Eng. 5, 1038–1047. doi:10.1038/
s41551-021-00712-1

Huang, Y., Yuan, J., Righi, E., Kamoun, W. S., Ancukiewicz, M., Nezivar, J.,
et al. (2012). Vascular normalizing doses of antiangiogenic treatment
reprogram the immunosuppressive tumor microenvironment and
enhance immunotherapy. Proc. Natl. Acad. Sci. U. S. A. 109,
17561–17566. doi:10.1073/pnas.1215397109

Kim, J., and Mooney, D. J. (2011). In vivo modulation of dendritic cells by
engineered materials: Towards new cancer vaccines. Nano Today 6,
466–477. doi:10.1016/j.nantod.2011.08.005

Kristeleit, R., Davidenko, I., Shirinkin, V., El-Khouly, F., Bondarenko, I.,
Goodheart, M. J., et al. (2017). A randomised, open-label, phase 2 study of
the Ido1 inhibitor epacadostat (INCB024360) versus tamoxifen as therapy for
biochemically recurrent (CA-125 relapse)–only epithelial ovarian cancer,
primary peritoneal carcinoma, or fallopian tube cancer. Gynecol. Oncol. 146,
484–490. doi:10.1016/j.ygyno.2017.07.005

Ladomersky, E., Zhai, L., Lenzen, A., Lauing, K. L., Qian, J., Scholtens, D. M., et al.
(2018). Ido1 inhibition synergizes with radiation and PD-1 blockade to durably
increase survival against advanced glioblastoma. Clin. Cancer Res. 24,
2559–2573. doi:10.1158/1078-0432.CCR-17-3573

Le Bourgeois, T., Strauss, L., Aksoylar, H. I., Daneshmandi, S., Seth, P., Patsoukis,
N., et al. (2018). Targeting T cell metabolism for improvement of cancer
immunotherapy. Front. Oncol. 8, 237. doi:10.3389/fonc.2018.00237

Lesterhuis, W. J., Haanen, J. B., and Punt, C. J. (2011). Cancer
immunotherapy–revisited. Nat. Rev. Drug Discov. 10, 591–600. doi:10.1038/
nrd3500

Li, A. W., Sobral, M. C., Badrinath, S., Choi, Y., Graveline, A., Stafford, A. G., et al.
(2018). A facile approach to enhance antigen response for personalized cancer
vaccination. Nat. Mat. 17, 528–534. doi:10.1038/s41563-018-0028-2

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 9549559

Han et al. Macroporous Gel-Based Immunotherapy

https://www.frontiersin.org/articles/10.3389/fphar.2022.954955/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.954955/full#supplementary-material
https://doi.org/10.1126/scitranslmed.3000359
https://doi.org/10.1038/nmat2357
https://doi.org/10.1002/adfm.201203859
https://doi.org/10.1002/adfm.201203859
https://doi.org/10.1038/nbt0415-321
https://doi.org/10.2174/1568026619666190308131805
https://doi.org/10.1080/13543776.2018.1441290
https://doi.org/10.1080/13543776.2018.1441290
https://doi.org/10.1126/science.342.6165.1432
https://doi.org/10.1016/j.canlet.2020.12.045
https://doi.org/10.1002/adma.201803001
https://doi.org/10.1002/adma.201803001
https://doi.org/10.1038/s41571-020-0413-z
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1038/s41590-021-00940-2
https://doi.org/10.1038/s41590-021-00940-2
https://doi.org/10.1126/scitranslmed.aaz6667
https://doi.org/10.1126/scitranslmed.aaz6667
https://doi.org/10.1016/j.immuni.2019.12.011
https://doi.org/10.1093/annonc/mdy551
https://doi.org/10.1038/s41551-021-00712-1
https://doi.org/10.1038/s41551-021-00712-1
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1016/j.nantod.2011.08.005
https://doi.org/10.1016/j.ygyno.2017.07.005
https://doi.org/10.1158/1078-0432.CCR-17-3573
https://doi.org/10.3389/fonc.2018.00237
https://doi.org/10.1038/nrd3500
https://doi.org/10.1038/nrd3500
https://doi.org/10.1038/s41563-018-0028-2
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Li, H., Wang, Z., Chen, Z., Ci, T., Chen, G., Wen, D., et al. (2021). Disrupting
tumour vasculature and recruitment of aPDL1-loaded platelets control
tumour metastasis. Nat. Commun. 12, 2773. doi:10.1038/s41467-021-
22674-3

Li, W. A., and Mooney, D. J. (2013). Materials based tumor immunotherapy
vaccines. Curr. Opin. Immunol. 25, 238–245. doi:10.1016/j.coi.2012.12.008

Li, Z., Ding, Y., Liu, J., Wang, J., Mo, F., Wang, Y., et al. (2022). Depletion of tumor
associated macrophages enhances local and systemic platelet-mediated anti-
PD-1 delivery for post-surgery tumor recurrence treatment. Nat. Commun. 13,
1845–1915. doi:10.1038/s41467-022-29388-0

Makkouk, A., and Weiner, G. J. (2015). Cancer immunotherapy and breaking
immune tolerance: New approaches to an old challenge. Cancer Res. 75, 5–10.
doi:10.1158/0008-5472.CAN-14-2538

Martin, J. D., Cabral, H., Stylianopoulos, T., and Jain, R. K. (2020). Improving
cancer immunotherapy using nanomedicines: Progress, opportunities and
challenges. Nat. Rev. Clin. Oncol. 17, 251–266. doi:10.1038/s41571-019-
0308-z

Mellman, I., Coukos, G., and Dranoff, G. (2011). Cancer immunotherapy comes of
age. Nature 480, 480–489. doi:10.1038/nature10673

Phuengkham, H., Ren, L., Shin, I. W., and Lim, Y. T. (2019). Nanoengineered
immune niches for reprogramming the immunosuppressive tumor
microenvironment and enhancing cancer immunotherapy. Adv. Mat. 31,
1803322. doi:10.1002/adma.201803322

Prendergast, G. C., Malachowski, W. P., DuHadaway, J. B., andMuller, A. J. (2017).
Discovery of Ido1 inhibitors: From bench to bedside. Cancer Res. 77,
6795–6811. doi:10.1158/0008-5472.CAN-17-2285

Van den Eynde, B. J., van Baren, N., and Baurain, J.-F. (2020). Is there a clinical
future for Ido1 inhibitors after the failure of epacadostat in melanoma?
Annu. Rev. Cancer Biol. 4, 241–256. doi:10.1146/annurev-cancerbio-
030419-033635

Verbeke, C. S., Gordo, S., Schubert, D. A., Lewin, S. A., Desai, R. M., Dobbins, J.,
et al. (2017). Multicomponent injectable hydrogels for antigen-specific
tolerogenic immune modulation. Adv. Healthc. Mat. 6, 1600773. doi:10.
1002/adhm.201600773

Verbeke, C. S., and Mooney, D. J. (2015). Injectable, pore-forming hydrogels for in
vivo enrichment of immature dendritic cells. Adv. Healthc. Mat. 4, 2677–2687.
doi:10.1002/adhm.201500618

Wang, C., Wang, J., Zhang, X., Yu, X., Wen, D., Hu, Q., et al. (2018). In situ formed
reactive oxygen species–responsive scaffold with gemcitabine and checkpoint
inhibitor for combination therapy. Sci. Transl. Med. 10, eaan3682. doi:10.1126/
scitranslmed.aan3682

Wang, C., Ye, Y., Hu, Q., Bellotti, A., and Gu, Z. (2017). Tailoring biomaterials for
cancer immunotherapy: Emerging trends and future outlook. Adv. Mat. 29,
1606036. doi:10.1002/adma.201606036

Wang, H., and Mooney, D. J. (2018). Biomaterial-assisted targeted modulation of
immune cells in cancer treatment. Nat. Mat. 17, 761–772. doi:10.1038/s41563-
018-0147-9

Wang, H., Najibi, A. J., Sobral, M. C., Seo, B. R., Lee, J. Y., Wu, D., et al. (2020).
Biomaterial-based scaffold for in situ chemo-immunotherapy to treat poorly
immunogenic tumors. Nat. Commun. 11, 5696–5714. doi:10.1038/s41467-020-
19540-z

Wang, H., Sobral, M. C., Zhang, D. K. Y., Cartwright, A. N., Li, A. W., Dellacherie,
M. O., et al. (2020). Metabolic labeling and targeted modulation of dendritic
cells. Nat. Mat. 19, 1244–1252. doi:10.1038/s41563-020-0680-1

Weber, J. S., and Mulé, J. J. (2015). Cancer immunotherapy meets biomaterials.
Nat. Biotechnol. 33, 44–45. doi:10.1038/nbt.3119

Yang, X., Yang, Y., Bian, J., Wei, J., Wang, Z., Zhou, Z., et al. (2021). Converting
primary tumor towards an in situ STING-activating vaccine via a biomimetic
nanoplatform against recurrent andmetastatic tumors.Nano Today 38, 101109.
doi:10.1016/j.nantod.2021.101109

Yue, E. W., Sparks, R., Polam, P., Modi, D., Douty, B., Wayland, B., et al. (2017).
INCB24360 (Epacadostat), a highly potent and selective indoleamine-2, 3-
dioxygenase 1 (Ido1) inhibitor for immuno-oncology. ACS Med. Chem. Lett. 8,
486–491. doi:10.1021/acsmedchemlett.6b00391

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Han, Bhatta, Liu, Bo and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 95495510

Han et al. Macroporous Gel-Based Immunotherapy

https://doi.org/10.1038/s41467-021-22674-3
https://doi.org/10.1038/s41467-021-22674-3
https://doi.org/10.1016/j.coi.2012.12.008
https://doi.org/10.1038/s41467-022-29388-0
https://doi.org/10.1158/0008-5472.CAN-14-2538
https://doi.org/10.1038/s41571-019-0308-z
https://doi.org/10.1038/s41571-019-0308-z
https://doi.org/10.1038/nature10673
https://doi.org/10.1002/adma.201803322
https://doi.org/10.1158/0008-5472.CAN-17-2285
https://doi.org/10.1146/annurev-cancerbio-030419-033635
https://doi.org/10.1146/annurev-cancerbio-030419-033635
https://doi.org/10.1002/adhm.201600773
https://doi.org/10.1002/adhm.201600773
https://doi.org/10.1002/adhm.201500618
https://doi.org/10.1126/scitranslmed.aan3682
https://doi.org/10.1126/scitranslmed.aan3682
https://doi.org/10.1002/adma.201606036
https://doi.org/10.1038/s41563-018-0147-9
https://doi.org/10.1038/s41563-018-0147-9
https://doi.org/10.1038/s41467-020-19540-z
https://doi.org/10.1038/s41467-020-19540-z
https://doi.org/10.1038/s41563-020-0680-1
https://doi.org/10.1038/nbt.3119
https://doi.org/10.1016/j.nantod.2021.101109
https://doi.org/10.1021/acsmedchemlett.6b00391
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	In Situ Dendritic Cell Recruitment and T Cell Activation for Cancer Immunotherapy
	Introduction
	Results and Discussion
	Synthesis and Characterization of Pore-Forming Gels
	Epacadostat-Mediated Activation of CD8+ T cells
	Effect of Epacadostat on DCs
	Modulation of the Immunosuppressive Tumor Microenvironment

	Conclusion
	Methods
	Materials and Instrumentation
	Cell Line and Animals
	Preparation of GM-CSF and Epacadostat-Loaded Pore-Forming Alginate Gels
	Pore Size Measurement
	Porosity Measurement
	Mechanical Tests of Gels
	Release of Epacadostat From Pore-Forming Alginate Gels
	Testing of Immune Cell Activation by Epacadostat
	In vitro Tumor Killing Assay
	In vivo Tumor Modulation Study
	Flow Cytometry Analysis of Gels
	Statistical Analyses

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


