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ABSTRACT

Two major challenges facing cancer immunotherapy are the relatively low therapeutic efficacy and the
potential side effects. New drug delivery system and efficient drug combination are required to overcome
these challenges. We utilize an alginate hydrogel system to locally deliver 2 FDA-approved drugs,
celecoxib and programmed death 1 (PD-1) monoclonal antibody (mAb), to treat tumor-bearing mice. In
two cancer models, B16-F10 melanoma and 4T1 metastatic breast cancer, the alginate hydrogel delivery
system significantly improves the antitumor activities of celecoxib (CXB), PD-1 mAb, or both combined.
These effects are associated with the sustained high concentrations of the drugs in peripheral circulation
and within tumor regions. Strikingly, the simultaneous dual local delivery of celecoxib and PD-1 from this
hydrogel system synergistically enhanced the presence of CD4tinteferon (IFN)-y* and CD8'IFN-y* T cells
within the tumor as well as in the immune system. These effects are accompanied with reduced
CD4"FoxP3™" regulatory T cells (Tregs) and myeloid derived suppressor cells (MDSCs) in the tumor,
reflecting a weakened immuosuppressive response. Furthermore, this combinatorial therapy increases the
expression of two anti-angiogenic chemokines C-X-C motif ligand (CXCL) 9 and CXCL10, and suppresses
the intratumoral production of interleukin (IL)-1, IL-6, and cycloxygenase-2 (COX2), suggesting a
dampened pro-tumor angiogenic and inflammatory microenvironment. This alginate-hydrogel-mediated,
combinatorial therapy of celecoxib and PD-1 mAb provides a potential valuable regimen for treating
human cancer.
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Introduction

Ineffective immune responses are commonly found in patients
with established tumors as tumor cells develop various immu-
nosuppressive mechanisms coping with immune surveillance,
leading to tumor immune evasion." Immunotherapy has
proven to be a promising way to improve cancer treatment out-
comes.”> However, the overall results of cancer immunothera-
peutic trials suggest an urgent need of further improving
current immunotherapy.™ The therapeutic efficacy of the
immunotherapy is thought to be affected by the immunosup-
pressive network and chronic inflammation milieu.>® Simulta-
neously targeting these two aspects within a tumor would likely
improve the treatment efficacy.

The PD-L1 and PD-1 signaling pathway is an important
component of immunosuppressive networks."” Programmed
death 1 (PD-1) is highly expressed on tumor-infiltrating lym-
phocytes (TILs). By expressing PD-1 ligands, PD-L1 and PD-
L2, tumor cells and antigen presenting cells suppress T cell
immune responses via PD-1/PD-L1 interaction, leading to T
cell apoptosis, anergy, or exhaustion.** Antibody blockade of
PD-1 converts anergic T cells into functional effector T cells,"
and has been shown to enhance antitumor immune responses
in patients with advanced melanoma, lung carcinoma, and
renal cell carcinoma.''"* However, PD-1 blockade can increase
the expression of pro-tumor inflammatory cytokines, which
potentially offsets the therapeutic effects of PD-1 blockade.'*'
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Thus, inhibiting PD-1-blockade-induced inflammation might
maximize the therapeutic effects of PD-1 blockade.

Celecoxib (CXB), 4-[5-(4-methylphenyl)-3 -trifluoromethyl-
1H-pyrazol-1-yl] benzenesulfonamide, is a specific inhibitor of
cycloxygenase-2 (COX2) and widely used to treat autoimmune
diseases.'®"” Interestingly, celecoxib has been shown to have
certain antitumor activities in various human cancers.'®"”
Given its anti-inflammatory property, celecoxib may subvert
the pro-tumor inflammatory effects induced by PD-1 blockade.

In this study, we have used an alginate hydrogel to simulta-
neously and locally deliver anti-PD-1 mAb and celecoxib to
treat tumor-bearing mice. The dual delivery of anti-PD-1 mAb
and celecoxib from the alginate polymer matrices elicits a
potent and sustained antitumor effect, which is accompanied
with enhanced effector T cell immunity, reduced immunosup-
pression, and lessened inflammation and tumor angiogenesis.
Thus, simultaneously targeting the immune suppressive net-
work and inflammation via a biomaterial-based delivery system
may be a novel anti-cancer regime and warrant further investi-
gation and clinical trials in patients with cancer.

Results

Alginate hydrogel individual delivery of celecoxib and
anti-PD-1 mAb enhances their antitumor effects

Alginate hydrogels are used as a drug and/or cell delivery vehi-
cle due to its good biocompatibility and other features.*® Using

a B16-F10 melanoma mouse model, we first determined the
optimal encapsulation dosages of celecoxib and anti-PD-1
mAD for the alginate hydrogel delivery system with respect to
the antitumor effects. Because of celecoxib’s low water solubil-
ity, the celecoxib powder was mixed into the alginate solution
by sonication before the gelation. Three dosages of celecoxib
(10, 25, and 50mg/kg) delivered by the alginate hydrogels
injected subcutaneously into the vicinity of the melanoma were
compared. While 10mg/kg celecoxib mediated marginal antitu-
mor effects, the 25mg/kg and 50mg/kg dosages significantly
inhibited the tumor growth and extended the survival time in a
similar way (Fig. 1A). The dosage of 25mg/kg celecoxib was
thus chosen for further experiments.

Next we tested four dosages of anti-PD-1 mAb (20, 50, 100,
and 250 pg/mouse) in the B16-F10 melanoma-bearing mice.
The treatments with the hydrogels encapsulated with anti-PD-
1 mAb at the dosage of 20pg/mouse or 50ug/mouse did not
significantly inhibit tumor growth and extend survival time
(Fig. 1B). In contrast, the 1001g/mouse and 2504.g/mouse dos-
ages drastically reduced the tumor growth and improved the
survival (Fig. 1B). 100pug/mouse of anti-PD-1 mAb was then
chosen for further studies.

We next compared the therapeutic effects of celecoxib given in
three different ways for treating the B16-F10 bearing mice: (a) the
daily intragastrical administration (i.g. daily), (b) one-time direct
subcutaneous injection of PBS-dissolved celecoxib in the region
adjacent to the tumor (PBS), and (c) one-time subcutaneous
injection of the alginate hydrogel with encapsulated celecoxib in
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Figure 1. Alginate hydrogel delivery enhances the antitumor efficacy of celecoxib (CXB) and anti-PD-1 mAb («PD-1). C57BL/6 mice received the different treatments at Day 7
after the inoculation of 1.0 x 10° B16-F10 cells. (A and B) Quantification of the tumor sizes (left) and the survival percentage (right) of the animals treated with the hydrogels
encapsulated with the indicated dosages of CXB (A) or «PD-1 (B). (C) Quantification of the tumor sizes (left) and the survival percentage (right) of the animals receiving CXB
(25mg/kg) delivered in three ways: one-time subcutaneous injection of the CXB-encapsulated hydrogel (gel), one-time subcutaneous injection of PBS-dissolved CXB (PBS),
and daily intragastrical administration (i.g. daily). (D) Quantification of the tumor sizes (left) and the survival percentage (right) of the animals receiving «PD-1 (1001¢g per ani-
mal) in three ways: one-time subcutaneous injection of the «PD-1-encapsulated hydrogel (gel), one-time subcutaneous injection of PBS-dissolved «PD-1 (PBS), and one-time
aPD-1 intraperitoneal injection (ip.). n = 5 animals per group in A-D. (E) The CXB serum concentrations (left) and CXB amount within the tumors (right) in the animals
treated with CXB (25mg/kg) delivered via gel or PBS. (F) «PD-1 concentrations in serum (left) and within the tumors (right) in the animals treated with 100,49 «PD-1 given in
three ways described in (D). n = 3 animals per time point. “P < 0.05, Student’s t-tests. Error bars represent the standard error of the mean.



the region adjacent to the tumor (gel). The untreated group and
the subcutaneous injection of PBS-dissolved celecoxib group
showed no obvious differences in tumor growth (Fig. 1C). As
expected, the daily intragastrical administration (i.g.) of 25mg/kg
celecoxib, an effective dosage for animal experiments,”" inhibited
the tumor growth (Fig. 1C). This inhibition was similarly
achieved by the one-time injection of the hydrogel carrying cele-
coxib at the same dosage (25mg/kg) (Fig. 1C). More importantly,
this hydrogel-mediated celecoxib delivery significantly extended
the survival time compared to the daily intragastrical administra-
tion and the subcutaneous injection of PBS-dissolved celecoxib
(Fig. 1C). These observations indicate that the hydrogel enables
celecoxib to reach more potent antitumor effects.

Similarly, we compared the therapeutic effects in the mela-
noma-bearing animals receiving the treatments with the same
dosage of anti-PD-1 mAb (100ug/mouse) delivered in three
different ways: (a) the intraperitoneal administration (i.p.) of
anti-PD-1 mAb,'* (b) one-time direct subcutaneous injection
of PBS-dissolved anti-PD-1 mAb in the region adjacent to the
tumor (PBS), and (c) one-time subcutaneous injection of the
alginate hydrogel with encapsulated anti-PD-1 mAb in the
region adjacent to the tumor (gel). Compared to the untreated
controls, the intraperitoneal treatment and the direct subcuta-
neous injection of PBS-dissolved anti-PD-1 mAb did not
inhibit the tumor growth (P > 0.05) (Fig. 1D). In contrast, the
subcutaneous injection of the alginate hydrogel with encapsu-
lated anti-PD-1 mAb in the region adjacent to the tumor
reduced tumor size by 50% at Day 18 and significantly
increased the animal survival (Fig. 1D). Together, the results
indicate that the hydrogel delivery system improves the thera-
peutic efficacy of anti-PD-1 mAb.

Next we examined the release profiles of celecoxib and anti-
PD-1 mAD delivered from the hydrogel system by measuring the
serum and intratumoral concentrations of these two drugs. The
serum concentration of celecoxib delivered by the subcutaneous
injection of the hydrogel into the vicinity of the tumors was
maintained within a range from 10 to 70ng/mL for a week,
which was approximately 2-fold higher at all the time points
examined than that in the animals receiving the subcutaneous
injection of the same amount of PBS-mixed celecoxib (Fig. 1E).
In these two groups, the complete clearance of the serum cele-
coxib took slightly more than 14 days, significantly longer than
the oral administration resulting in a 24 h transient serum high
concentration (Fig. S1). We next measured celecoxib at the injec-
tion site by recovering the tumor and adjacent tissue containing
the hydrogel at different time points. Compared to the local
injection of PBS-suspended celecoxib, the alginate hydrogel pre-
served significantly higher percentages of celecoxib within the
local region for 2 weeks (Fig. 1E). By Day 14, 0.4% of the encap-
sulated celecoxib still remained locally, which equaled to the con-
centration of 3jug per gram of tumor tissue weight, an effective
concentration according to previous studies.”* Similarly, the
hydrogel delivery of anti-PD-1 mAb led to relatively high serum
concentrations of anti-PD-1 for 2 weeks, ranging from 8 to
11pug/mL (Fig. 1F), which was in contrast to the one-time intra-
peritoneal administration resulting in high serum concentration
for one week, and the one-time subcutaneous injection causing a
burst release that was cleared within a week (Fig. 1F). Impor-
tantly, the hydrogel delivery also maintained a significantly
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higher antibody concentra-tion in the tumor local region
(Fig. 1F). Together, these results indicate that the hydrogel-medi-
ated local delivery is an effective approach of maintaining the
high levels of celecoxib or anti-PD-1 mAb in serum and the
tumor microenvironment.

Hydrogel dual delivery of celecoxib and anti-PD-1 mAb
augments their individual antitumor effects

Next we assessed the antitumor effects of the hydrogel-medi-
ated dual delivery of celecoxib and anti-PD-1 mAb. The treat-
ments were given via the subcutaneous injection at the site
immediately adjacent to the tumor on the 7th day after 2.5 x
10* B16-F10 cells were inoculated (Fig. 2A). Compared to the
blank hydrogel treated animals, the hydrogel individually deliv-
ering celecoxib or anti-PD-1 mAbD resulted in an approximate
50% or 67% reduction in tumor size by Day 22, respectively.
Strikingly, the dual delivery of celecoxib and anti-PD-1 mAb
led to a 90% reduction, indicating a significant enhancement
(Fig. 2A). Notably, 56% (n = 5/9) of the treated mice had no
visible tumors during the subsequent 3-month follow-up, sug-
gesting a complete tumor regression (Fig. 2B). To further vali-
date the effectiveness of this hydrogel-mediated celecoxib and
anti-PD-1 mAb dual delivery therapy, we injected 1.0 x 10°
B16-F10 cells into mice, 4-fold more than the above experi-
ment. This dual delivery exhibited the consistent tumor growth
inhibition (Fig. S2A). Compared to the individual delivery of
celecoxib or anti-PD-1 mAb, the dual delivery markedly
extended the mouse survival (Fig. S2B). More importantly, the
dual delivery extended the mouse survival much more signifi-
cantly than the administration of simply combined celecoxib
and anti-PD-1 mAb without a hydrogel (Fig. 2B, Fig. S2B),
revealing an important role of the hydrogel vehicle in improv-
ing the combined antitumor efficacy of celecoxib and anti-PD-
1 mAb, likely due to the slow release of these drugs from the
hydrogel (Fig. 1E and F). These results indicate that the combi-
nation of celecoxib and anti-PD-1 mAb delivered by a hydrogel
efficiently inhibits tumor growth, extends mouse survival, and
potentially leads to complete tumor regression.

We further examined the antitumor effects of this hydrogel/
celecoxib/anti-PD-1 mAb system in the 4T1 breast tumor
metastasis model inoculated with the large number of 4T1 cells
(1.0 x 10° per mouse). Consistent with the B16-F10 melanoma
model, the hydrogel dual delivery of celecoxib and anti-PD-1
mAb caused a drastic reduction in the number of metastatic
lung foci and the primary tumor size, and an increase in sur-
vival, compared to the hydrogel individual delivery of celecoxib
or anti-PD-1 mAb, and the combination of these two drugs
without a gel (Fig. 2C-F).

Taken together, the results from both the melanoma model
and the metastatic breast cancer model demonstrate that when
used in combination and delivered via a hydrogel celecoxib and
anti-PD-1 mAb can generate potent antitumor effects.

Dual delivery of celecoxib and anti-PD-1 mAb elicits a
synergistic antitumor immunity

Next we studied the potential mechanisms by which the hydro-
gel-mediated dual delivery of celecoxib and anti-PD-1 mAb
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Figure 2. Simultaneous delivery of celecoxib and anti-PD-1 mAb augments their individual inhibitory effects on tumor growth and metastasis. (A and B) C57BL/6 mice
received the different treatments at Day 7 after the inoculation of 2.5 x 10* B16-F10 cells. Quantification of the tumor sizes (A) and the survival percentage (B) over time
in the animals receiving the non-hydrogel combined therapy of CXB and anti-PD-1 mAb (CXB + «PD-1), the blank hydrogel treatment (gel), and the treatments with the
hydrogels delivering CXB (+ CXB), anti-PD-1 mAb (4 «PD-1), or both (+ CXB + «PD-1). n = 9-12 animals per group. Four independent experiments were performed.
(C-F) BALB/c mice received the different treatments at Day 7 after the inoculation of 1.0 x 10 4T1 cells. The representative images (C) and quantification (D) of the pul-
monary metastatic nodules isolated at Day 32 after tumor cell inoculation from the 4T-1-breast-cancer bearing mice receiving the indicated treatments as in (A) and (B)
at Day 7 after tumor inoculation. The primary tumor sizes (E) and the survival percentage (F) in the corresponding treatment groups described in (C). n = 4-6 animals
per group. Three independent experiments were performed. “P < 0.05, **P < 0.01, N.S., not significant, Student’s t-tests. The asterisk without a line underneath indicates
the comparison to the blank hydrogel group. Error bars represent the standard error of the mean.

produced potent antitumor effects. PD-1 interacting with its
ligand PD-L1 leads to T cell exhaustion.>'> IFN-y is a cytokine
crucial for T-cell activation and effector function.””> As antitu-
mor T cell priming occurs in tumor draining lymph nodes,**
we first examined IFN-y-expressing T cells in tumor draining
lymph nodes. Compared to the animals receiving the blank

hydrogel treatment, the treatments using the hydrogels carry-
ing either celecoxib or anti-PD-1 mAb did not significantly
increase the percentage of IFN-y-expressing CD4" T cells in
the tumor draining lymph nodes (Fig. 3A). In sharp contrast,
the simultaneous delivery of celecoxib and anti-PD-1 mAb
from the hydrogel dramatically increased the percentage of
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IFN-y-expressing CD4" T cells (Fig. 3A). We also examined
IFN-y positive CD8" T cells. While the treatment with the
hydrogel carrying celecoxib had the similar percentage of IFN-
y-expressing CD8™ T cells to the blank hydrogel treatment, the
treatment with the hydrogel carrying anti-PD-1 mAb resulted
in a mild increase, 1.8 folds (Fig. 3B). The hydrogel dual deliv-
ering celecoxib and anti-PD-1 mAb led to a 6.4-fold increase,
reaching 49% (Fig. 3B). These results reveal a synergistic effect
between celecoxib and anti-PD-1 mAb on upregulating IFN-
y" subsets in both CD4" and CD8" T cells in the draining
lymph nodes.

We next analyzed the spleen T lymphocytes. Compared to
the blank hydrogel treatment, the individual delivery of cele-
coxib or anti-PD-1 mAb from the hydrogels did not obviously
increase IFN-y™ subsets in CD4" and CD8" T cells (Fig. 3C
and D). Strikingly, the dual delivery of celecoxib and anti-PD-1

mADb from the hydrogels increased IFN-y-expressing CD4"
and CD8" T cells by 8.1 folds and 21.3 folds, respectively
(Fig. 3C, D), indicating a strong synergistic interaction between
celecoxib and anti-PD-1 mAb in promoting IFN-y* subsets in
CD4" and CD8™ T cells in spleens. Together, these results sug-
gest that the combinatorial usage of celecoxib and anti-PD-1
mADb can upregulate IFN-y* subsets and improve T-cell viabil-
ity in a synergistic manner within the immune system.

To eliminate tumor cells, effector T cells have to infiltrate
tumor tissue.'! We then analyzed whether the synergistic
improvement on IFN-y-expressing T cells also occurred within
the tumor microenvironment. The blank hydrogel group had
the low level presence of IFN-y-expressing CD4" (Fig. 3E) and
CD8* T cells (Fig. 3F) within the tumor. The individual deliv-
ery of celecoxib or anti-PD-1 mAbD resulted in a slight increase
of IFN-y-expressing CD4" and CD8" T cells (Fig. 3E, F). In
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contrast, the dual delivery of celecoxib and anti-PD-1 mAb
caused a 5-6-fold increase in IFN-y-expressing CD4" T cells
(Fig. 3E) and IFN-y-expressing CD8" T cells (Fig. 3F), suggest-
ing an enhanced antitumor immunity in the tumor microenvi-
ronment. Together, these results indicate that celecoxib and
anti-PD-1 mAb synergistically promote local T cell effector
presence.

Dual delivery of celecoxib and anti-PD-1 mAb abrogates
the immunosuppressive mechanisms

Tumor-infiltrating regulatory T cells (Tregs) suppress antitumor
immunity and weaken therapeutic efficacy of immunotherapy.*’
We further studied the role of the combinatorial therapy in

Tregs. Compared to the blank hydrogel treatment, the individual
delivery of celecoxib reduced Tregs by 25%, whereas anti-PD-1
mADb delivery did not change the percentage of Tregs (Fig. 4A).
Surprisingly, when celecoxib and anti-PD-1 mAb were delivered
simultaneously, a 50% decrease in Tregs was observed (Fig. 4A).
The ratio between intratumoral effector T cells (IFN-yTCD8™)
and Tregs, reflecting the therapeutic efficacy of tumor immuno-
therapy,”® was 3-4-fold higher in the animals receiving the dual
delivery than those receiving the individual delivery (Fig. 4B).
These results indicate that the combined therapy effectively tar-
gets Tregs and tilts the balance to effector T cells.

In addition to Tregs, MDSCs potently dampen antitumor
immunity.”” We assessed intratumoral MDSCs in our therapeutic
regimen. In agreement with the previous studies showing that
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Figure 4. The enhanced effects of celecoxib (CXB) and anti-PD-1 mAb («PD-1) on decreasing the presence of intratumoral Tregs, MDSCs, and PD-L1 positive tumor cells.
C57BL/6 mice received the treatments with the blank hydrogel (gel) and the hydrogels delivering CXB (+ CXB), anti-PD-1 mAb (+ «PD-1), or both (+ CXB + «PD-1) at
Day 7 after the inoculation of 1.0 x 10° B16-F10 cells. Single-cell suspensions made from digested tumor tissues were subject to flow cytometric analyses 7 days after the
treatments. (A) The representatives flow cytometric analysis images (left) and the corresponding quantification (right) of FoxP3™ analyses of CD4™ T cells. (B) The ratios of
IFNy*CD8™" T cells to Tregs. Each column represents three independent experiments (n = 6-8 animals per group per experiment). (C) The representative flow cytometric
analysis images (left) and the corresponding quantification (right) of MDSCs (CD11b™Gr-17) in CD45™ cells. (D) The ratios of IFN-)"CD8* T cells to MDSCs. (E) The repre-
sentative flow cytometric analysis images (left) and the corresponding quantification (right) of PD-L1 analyses within the CD45™ cells. Each column represents three inde-
pendent experiments (n = 8-12 animals per group per experiment). *P < 0.05, **P < 0.01, N.S., not significant, Student’s t-tests. The asterisk or “N.S.” without a line
underneath indicates the comparison to the blank hydrogel group. Error bars represent the standard error of the mean.



celecoxib and anti-PD-1 mAb inhibit MDSCs,'*?® the individual
delivery of celecoxib or anti-PD-1 mAb decreased the amount of
MDSCs by 39% and 47%, respectively, within the tumors in com-
parison to the blank hydrogel treatment (Fig. 4C). The hydrogel
dual delivery of celecoxib and anti-PD-1 mAb led to a further
reduction by 65% (Fig. 4C). Remarkably, the ratio between IFN-
yT CD8' T cells and MDSCs within the tumors in the animals
receiving the dual delivery of celecoxib and anti-PD-1 mAb was
3-6-fold higher than those in the individually delivered treatment
(Fig. 4D). These observations indicate that the combined usage of
celecoxib and anti-PD-1 mAb greatly reduces MDSCs in the
tumor microenvironment.

Immunotherapy-associated inflammation upregulates the
expression of PD-L1 in tumors, a transmembrane protein act-
ing as the ligand for PD-1 to mediate cancer evasion.”>*° We
next assessed PD-L1 expression within tumors. Compared to
the blank hydrogel control, the hydrogel-delivered celecoxib
reduced PD-L1 positive cells by 13%, whereas anti-PD-1 mAb
delivered from the hydrogels did not significantly affect PD-L1
expression (Fig. 4E). However, when celecoxib was added into
the hydrogel carrying anti-PD-1 mAb, PD-L1 positive cells
were reduced by 57% in comparison to the control. These
results suggest that the blockade of PD-1 significantly enhances
celecoxib’s suppressive role in the presence of PD-L1 positive
cells within tumors.

Dual delivery of celecoxib and anti-PD-1 mAb inhibits
angiogenesis and inflammation

Antitumor effects of celecoxib are in part ascribed to its ability
of inhibiting vascularization.”’ We evaluated the angiostatic
effects of the hydrogel-based treatments by staining CD31, a
marker for the endothelium of microvessels. While celecoxib
delivered from the hydrogel inhibited microvessel density and
total surface by 38% in comparison to the blank hydrogel treat-
ment, anti-PD-1 mAb delivered from the hydrogel did not
affect microvessel density and total surface (Fig. 5A, B and C).
However, the combined delivery of celecoxib and anti-PD-1
mADb further reduced microvessel density and total surface by
56% compared to the blank hydrogel control, suggesting that
PD-1 blocking enhances celecoxib’s angiostatic effect (Fig. 5A,
B and C). The CXCR3 ligands, monokine induced by IFN-y
(Mig)/CXCL9 and IFN-inducible protein 10 (IP-10)/CXCLI10,
are the key angiostatic factors inhibiting tumor vasculature.*"**
To examine whether these cytokines were involved in the
angiostatic mechanisms, the melanoma tumors receiving the
treatments for 1 week were recovered for gene expression anal-
ysis. Compared to the control, the expression of these two che-
mokines, CXCL10 and CXCL9, was increased in the tumors
receiving the dual delivery of celecoxib and anti-PD-1 mAb
(Fig. 5D-G). This similar change was also observed for IFN-y
production (Fig. 5H).

PD-1 blockade treatment increases the expression of pro-
inflammatory cytokines.'*'> We next examined the expression
of typical inflammatory molecules COX2, IL-18, IL-6, iNOS
and TNF-¢, and of the anti-inflammatory molecule IL-10, and
VEGEF. While anti-PD-1 mAb delivery alone did not change
the mRNA levels of iNOS, TNF- «, IL-10 and VEGF (data not
shown), and the mRNA levels of COX2, IL-18, IL-6, were
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increased (Fig. 5I-K). This increase was completely abolished
when celecoxib was delivered simultaneously with anti-PD-1
mAb from the hydrogel (Fig. 5I-K). Similar results were
observed in the protein levels of IL-18 and IL-6 (Fig. 5L and
M). We assessed the level of PGE2 in the tumor specimens.
The gel-delivered celecoxib alone significantly inhibited the
production of PGE2 in tumors, in line with specific inhibitory
role of celecoxib on COX2. Of note, the anti-PD-1 mAbD treat-
ment caused an increase of PGE2, which was completely abol-
ished by celecoxib (Fig. 5N). These observations provide the
additional evidence justifying the combined utilization of these
two drugs for treating tumors.

Given that celecoxib is one of nonsteroidal anti-inflamma-
tory drugs (NSAIDs) that inhibit COX1 and COX2, we tested
another NSAID, SC-560, a specific inhibitor of COX1.** In B16
melanoma and 4T1 breast cancer models, SC-560 did not
inhibit tumor growth in vivo (Fig. S3A and B). Notably, the
inclusion of SC-560 did not enhance the inhibitory effect of
anti-PD-1 mADb on tumor growth (Fig. S3A and B). Similarly,
the inclusion of SC-560 to anti-PD-1 mAb treatment did not
yield synergistic effects on IFNy"CD8" T cells and Treg cells
in the B16-F10 melanoma, compared to the combination of cel-
ecoxib and anti-PD-1 mAb (Fig. S3C and D). These results
demonstrate that the inhibition of COX2, but not COX1,
enhances the antitumor effect of anti-PD-1 mAb treatment.

Discussion

PD-1 blockade has been used in combination with various ther-
apeutic agents to improve immunotherapeutic effects, such as
another immunosuppressive blocking antibody cytotoxic T-
lymphocyte antigen-4 (CTLA-4) mAD,'* the immune stimulat-
ing factor IL-2,% the blocking antibody of human epidermal
growth factor receptor-2 (HER-2 / ErbB-2),>® and radiother-
apy.””® In this study, we have explored two strategies to
improve therapeutic efficacy of the high-profile PD-1 blocking
mAb treatment and the potential side effects associated with
PD-1 blockade: (a) an alginate hydrogel delivery system to
deliver therapeutic agents to tumor local regions; (b) in combi-
nation with celecoxib.

The alginate hydrogel is chosen due to its good biocompati-
bility, biodegradation, nontoxicity and fully demonstrated
safety”® and the fact that various alginate gel formulations have
been used in clinical products.’®*’ The hydrogel delivery of cel-
ecoxib greatly improves its absorption and efficacy as evidenced
by the high and sustained levels of celecoxib in serum and
tumor microenvironment, providing an effective alternative to
bypass celecoxib’s poor bioavailability when administered
orally due to its low water solubility.*" Celecoxib is an FDA
approved, non-steroidal anti-inflammatory drug for treating
arthritis. Although celecoxib is thought to be useful for cancer
therapy given its anti-inflammatory nature,?"® its antitumor
effects on established tumors were poor.*” Our work reveals
that the alginate hydrogel delivery system improves celecoxib’s
antitumor activity, offering a potential way of broadly utilizing
it in anti-cancer therapy. Similarly, the application of the
hydrogel delivery system also enhances the therapeutic effect of
anti-PD-1 mAb. The hydrogel delivery decreases the effective
dosage required for cancer treatment and maintains an over
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Figure 5. The inhibition on angiogenesis and inflammation in the tumors resulting from the dual delivery of celecoxib (CXB) and anti-PD-1 mAb («PD-1). C57BL/6 mice
received the treatments with the blank hydrogel (gel) and the hydrogels delivering CXB (+ CXB), anti-PD-1 mAb (4 «PD-1), or both (+ CXB + «wPD-1) at Day 7 after the
inoculation of 1.0 x 10° B16-F10 cells. The tumors were surgically taken from the mice 7 d after the treatments. (A) The representative images of blood vessel CD31
immunohistochemical staining for the tumors. (B) Quantification of the number of microvessels. (C) Quantification of the microvessel surface percentage. (D-N) The rela-
tive mRNA levels of CXCL10 (D), CXCL9 (E), IL-18 (1), IL-6 (J), COX2 (K), the protein levels of CXCL10 (F), CXCL9 (G), IFN-y (H), IL-18 (L) and IL-6 (M) and PGE2 concentrations
(N) within the tumors in the correspondlng treatment groups, *P < 0.05, **P < 0.01, N.S., not significant, Student’s t-tests. The asterisk or “N.S.” without a line underneath
indicates the comparison to the blank hydrogel group. Error bars represent the standard error of the mean.

2-week high level of anti-PD-1 mAb in serum, and more mAb systemic administration demonstrated by other stud-
importantly, in tumor local regions, a major place where ies,">** and reducing the cost of antibody treatment.

anti-PD-1 mAb protects cytotoxic T lymphocytes from immu- We have further validated the alginate hydrogel delivery sys-
nosuppressive factors produced by cancer and cancer-associ- tem in the combined therapy of celecoxib and PD-1 blocking
ated cells. This dosage reduction and the long sustained high mAb. Hydrogel dual delivered celecoxib and PD-1 mAb signifi-
concentration would bring various benefits including avoiding cantly improve local and systemic antitumor immunity as evi-

frequent administration, minimizing potential toxicity of PD-1  denced by the synergistically increased CD4" and CD8™" effector



T cells in spleens, tumor draining lymph nodes, and tumors.
This synergy is accompanied by reduced Tregs and MDSCs in
the tumor microenvironment, which may be explained by sev-
eral possible mechanisms. Celecoxib inhibits COX2, which
blocks the CXCL12-CXCR4 pathway and reduces the recruit-
ment of MDSCs to the cancer region.”® Meanwhile, prostaglan-
din (PG) E2, a COX2 product, increases Tregs,*>*® which would
be partly abrogated by celecoxib in our regimen. Further, when
combined with radiotherapy, anti-PD-1 mAb reduces Tregs and
MDSCs due to apoptosis induced by TNF-a from CD8" T
cells.*® Although unconfirmed, this might be another contribut-
ing mechanism underlying Tregs and MDSCs reduction
observed in our study. More importantly, the reduction in Tregs
and MDSCs shifts the immune balance toward antitumor
effects.'**” Taken together, the synergistic antitumor effects of
PD-1 mAb and celecoxib combined therapy may be largely
attributed to the removal of immunosuppressive mechanisms
and the rescue of exhausted T cells.

The relief on immunosuppression mediated by PD-1 block-
ade is often accompanied by the upregulation of the inflamma-
tory gene expression, which is thought to offset the therapeutic
effects of PD-1 blockade.'"*"> The combinatorial use of cele-
coxib with PD-1 mAb completely suppresses the upregulation
of the inflammatory genes, including IL-18 and IL-6, both of
which play critical roles in promoting tumor progression.***’
This observation provides the additional justification for the
combined utilization of these two drugs for treating tumors.
Further, celecoxib coordinated with anti-PD-1 mAb promotes
the expression of two anti-angiogenic chemokines, CXCL9 and
CXCL10. While the angiogenesis inhibition resulted from the
hydrogel delivery of celecoxib alone is independent of CXCL9
and CXCLI0, the angiogenesis inhibition observed for the dual
delivery of celecoxib and anti-PD-1 mAb is likely dependent on
both CXCL9 and CXCLI10 as their mRNA and protein levels
were significantly upregulated. Given IFN-y’s known role in
promoting the expression of CXCL9 and CXCL10,% this upre-
gulation may be explained by the synergistically increased
IFN-y™* T cells. Thus, targeting cancer inflammation and angi-
ogenesis contributes to the enhanced and sustained antitumor
effects of the celecoxib and PD-1 mAb combined therapy.*®

In summary, our study has demonstrated that the alginate
hydrogel dual delivered celecoxib and PD-1 mAb therapy elicits
the potent antitumor effects by remodeling immune, inflamma-
tory and angiogenic microenvironments within the tumors.
Given that celecoxib and PD-1 mAb are the FDA-approved
agents, our work provides a scientific rationale for possible clin-
ical trials in treating patients with cancer.

Materials and methods
Cell lines and animals

Mouse B16-F10 melanoma cell line and mouse 4T-1 breast
cancer cell line were purchased from the Cell Bank of Type Cul-
ture Collection of Chinese Academy of Sciences. B16-F10 cells
were cultured in Dulbecco’s Modified Eagle medium (Gibco).
4T-1 cells were cultured in RPMI 1640 medium (Gibco),
supplemented with 10% (v/v) fetal bovine serum (Gibco) and
1% antibiotics (penicillin and streptomycin, Hyclone) with 5%
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CO, at 37°C. Both cell lines were verified to be mycoplasma
free and showed appropriate pathologic morphology during
the experiments. These cells did not undergo further testing.
C57BL/6 mice (6-8-week old male) and BALB/c (6-8-week old
female) were purchased from Beijing HFK Bioscience Co. Ltd.

Encapsulation of celecoxib and anti-PD-1 mAb

The low molecular weight (LMW) alginate was generated by
gamma irradiation on high molecular weight (HMW) LF 20/40
alginate (FMC Biopolymer) at 5.0 Mrad for 4 h with a cobalt-
60 source. Both LMW and HMW alginates were diluted to 2%
(w/v) in PBS and then filtered. To prepare gels, the premixed
alginate solution (LMW:HMW = 3:1, w/w) was cross-linked
with aqueous slurries of a calcium sulfate solution using two
syringes connected through a connector as described previ-
ously.”" Before gelation, the anti-PD-1 monoclonal antibody
(RMP1-14, Bioxcell) was added into the alginate solution, while
the celecoxib powder (LC Labs) was suspended in the alginate
solution by ultrasonicating.

In vivo tumor therapy

C57BL/6 mice were injected in the flank subcutaneously at Day
0 with 1.0 x 10° or 2.5 x 10* B16-F10 cells. The mice were
treated at Day 7 with a total volume of 2001.L of the alginate
hydrogel containing celecoxib, anti-PD-1 mAb, or both. The
hydrogel was injected through a 25G needle (BD biosciences)
into the region adjacent to the B16-F10 melanoma. The tumor
size was measured and indicated as length x width (mm?).

For the lung metastatic model of 4T-1 breast cancer cells,
BALB/c mice were injected in the fourth mammary pad at Day
0 with 1.0 x 10° 4T-1 cells. The alginate hydrogels encapsu-
lated with celecoxib, anti-PD-1 mAb or both were injected to
the vicinity of the tumors at Day 7 after tumor cell inoculation.
To examine the pulmonary metastasis, the mice were sacrificed
at Day 32. The lungs were isolated and fixed in 4% formalin
overnight to distinguish white tumor colonies from yellowish
lung parenchyma. The metastatic foci on the surface of the
lungs were isolated, counted and imaged with a regular digital
camera (IXUS 155, Canon).

High-performance liquid chromatography-mass
spectrometry (hplc-ms) for quantification of celecoxib
concentration

For the analysis of celecoxib in mouse serum, 20uL of 2.5ug/
mL pioglitazone hydrochloride (Sigma) and 600uL HPLC
grade acetonitrile (Sigma) were added to 200uL serum. The
resulting mixture was thoroughly mixed using a vortex for
2 min and then centrifuged at 12,000rpm for 10 min. 50uL
supernatant was injected into the HPLC unit. To analyze cele-
coxib at tumor sites, the tumors were weighed and ground in
PBS 8 times the volume of the tumor. 150uL of the
mixture was extracted three times with 450uL ethylacetate.
The supernatants were combined and dried completely at
65°C. The residue was dissolved in 900 L of acetonitrile. 504L
of the solution filtered through a 0.22um microporous mem-
brane (Shimadzu) was analyzed using the HPLC unit with
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LC-30AD pump (Shimadzu) and a SIL-30AC autosampler
(Shimadzu) coupled to an API QTRAP 5500 triple quadrupole
mass spectrometer equipped with an electrospray ionization
source (AB/MDSSciex, Ontario) with the C18 MG III column
(100mm x 2.1mm, 3um, 6L science). The mobile phase con-
sisted of acetonitrile (35% volume), 20mM ammonium acetate
containing 0.2% formic acid (65% volume) at an isocratic flow
rate of 0.3mL/min. The injection volume of 10uL was analyzed
at the wavelength 380nm with approximately 5min run time. A
calibration curve was obtained from the celecoxib reference sol-
utions ranging from 0.5ng/mL to 50ug/mL. Good linear corre-
lation was achieved over the entire concentration range.

ELISA for quantification of «PD-1 concentration

C57BL/6 mice were injected with 1.0 x 10° B16-F10 cells and
received the different treatments at Day 7. The melanoma mice
were sacrificed at Day 8, 11, 14, and 21. Peripheral blood was
obtained from an eye vein, agglutinated, and centrifuged at
2000rpm for 5 min. The serum samples were collected. The
tumors were isolated from the mice, weighed, and homoge-
nized in PBS premixed with protease inhibitors (Merck
Millipore). Then the supernatant was collected by centrifuga-
tion. The aPD-1 concentrations were quantified by ELISA.
Briefly, the ELISA plates (Costar) were coated with mouse
recombinant PD-1 protein (ACRO Biosystems, M5228) over-
night, washed three times with PBST, blocked with 1mg/mL
bovine serum albumin in PBST overnight and washed three
times. The titrated sera, the tumor samples and «PD-1 stan-
dard samples were incubated in the pre-coated wells for 1 h at
37°C, followed by washing 6 times with PBST. The plates were
incubated with 0.25pug/mL of HRP-conjugated goat-anti-rat
IgG antibody (141612, KPL) for 30 min, washed 6 times with
PBST and developed with the SureBlue TMB Microwell Peroxi-
dase Substrate (KPL) following the manufacturer’s instructions.
The absorption at 450nm was measured on a tunable micro-
plate reader (TECAN, infinite F50). The actual concentrations
were calculated by comparing the results to the standard curve.

Cell isolation and FACS analysis

For flow cytometric analysis, spleens, double inguinal lymph
nodes, and tumors were surgically taken from the mice at Day
14 after the tumor cell inoculation. Single-cell suspensions were
made as previously described.”>>* For intracellular IFN-y stain-
ing, the isolated cells were stimulated with 1xL/mL phorbol-
12-myristate-13-acetate (PMA, Sigma), 1uL/mL ionomycin
(Sigma), 1uL/mL brefeledin (Sigma) and 0.67uL/mL GolgiStop
(BD Biosciences) for 4 h before staining. The cells were first
stained extracellularly with the specific antibodies, including
mouse CD3-PerCP/Cy5.5 (17A2, Biolegend), CD8-FITC (H35-
17.2, eBioscience), CD4-PE/Cy7 (GK1.5, Biolegend), PD-L1-
APC (10F.9G2, Biolegend ), CD45-APC/Cy7 (30-F11, Biole-
gend), CD11b-FITC (M1/70, Biolegend) or Gr-1-PE (RB6-8C5,
Biolegend). The cells then were fixed and permeabilized with
the Perm/Fix solution (eBioscience), and were stained intracel-
lularly with IFN-y-APC (XMG1.2, eBioscience) and Foxp3-PE
(NRRF-30, eBioscience). These cell samples were analyzed by
Canto II (BD).

Immunohistochemistry (IHC)

The melanoma tumors were removed from the mice at the time
of sacrifice (Day 14 after B16-F10 cell inoculation) and then
were fixed in 4% formaldehyde. IHC staining was performed as
described previously,” using the mouse monoclonal CD31 anti-
body (M-20, Santa Cruz Biotechnology). Microvessels within
tumors were assessed by quantifying the microvessel number
and the percentage of microvessel-occupied surface area with a
field of 10° um?” area (8-10 random fields per sample, 8 mice
per group). Quantification was independently performed by
two pathologists in a double-blind manner.

Quantitative real-time PCR (qRT-PCR) analysis

Tumors were harvested at the time of sacrifice (14 days after
B16-F10 cell inoculation) for RNA extraction using the Trizol
reagent (Invitrogen). Total RNA was reversely transcribed into
complementary DNA (cDNA) using the First Strand cDNA
Synthesis kit (Fermentas) and oligo-dT primers (TSINGKE).
qRT-PCR was performed on the ABI StepOne Plus Detector
System (Applied Biosystem) using SYBR Green I Assay
(Takara). The relative mRNA level was normalized to that of
the housekeeping gene hypoxanthine phosphoribosytransferase
(HPRT). The primers used were listed in Table S1.

Luminex assay for quantification of cytokines

C57BL/6 mice were injected with 1.0 x 10° B16-F10 cells and
received the different treatments at Day 7. The melanoma mice
were sacrificed at Day 14. Peripheral blood was obtained from
an eye vein, and centrifuged at 2000 rpm for 5 min. The result-
ing serum samples were collected. Meanwhile, the tumors were
isolated from the mice, weighed, and homogenized in lysis
buffer (Merck Millipore). The supernatant was collected by
centrifugation. The concentration of proteins was determined
using the Pierce BCA protein assay kit (Thermo Scientific). The
concentrations of the cytokines (IL-18, IFN-y, CXCLI10,
CXCL9, and IL-6) in these samples were detected by the
MILLIPLEX® MAP Multiplex Immunoassay kits (Merck
Millipore) following the manufacturer’s instructions. The
median fluorescent intensity was read on the Luminex 200™
IS and analyzed using the logistic curve-fitting method to deter-
mine cytokine concentrations.

Quantification of PGE2 concentration

C57BL/6 mice were injected with 1.0x105 B16-F10 cells and
received the different treatments at Day 7. The melanoma mice
were sacrificed at Day 14. The tumors were isolated from the
mice, weighed, and homogenized in PBS. The supernatant was
collected by centrifugation. The concentration of PGE2 of
tumor tissue was detected by the ParameterTM PGE?2 assay kit
(R&D) following the manufacturer’s instructions.

Statistical analysis

All statistical comparisons were performed using two-tailed
Student’s t-tests. P < 0.05 was considered significant.
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