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CANCER

Noncovalently particle-anchored cytokines with
prolonged tumor retention safely elicit potent
antitumor immunity

Ligian Niu', Eungyo Jang’, Ai Lin Chin’, Ziyu Huo', Wenbo Wang?, Wenjun Cai?, Rong Tong'*

Preclinical studies have shown that immunostimulatory cytokines elicit antitumor immune responses but their
clinical use is limited by severe immune-related adverse events upon systemic administration. Here, we report a
facile and versatile strategy for noncovalently anchoring potent Fc-fused cytokine molecules to the surface of
size-discrete particles decorated with Fc-binding peptide for local administration. Following intratumoral injec-
tion, particle-anchored Fc cytokines exhibit size-dependent intratumoral retention. The 1-micrometer particle
prolongs intratumoral retention of Fc cytokine for over a week and has minimal systemic exposure, thereby
eliciting antitumor immunity while eliminating systemic toxicity caused by circulating cytokines. In addition, the
combination of these particle-anchored cytokines with immune checkpoint blockade antibodies safely pro-
motes tumor regression in various syngeneic tumor models and genetically engineered murine tumor models
and elicits systemic antitumor immunity against tumor rechallenge. Our formulation strategy renders a safe and
tumor-agnostic approach that uncouples cytokines’ immunostimulatory properties from their systemic toxici-
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ties for potential clinical application.

INTRODUCTION

Immune checkpoint blockade (ICB) therapy provides long-term
remission from numerous cancers in the clinic, but it is ineffective
against many tumors that are poorly infiltrated by immune cells, re-
ferred to as immune-excluded or immunologically cold tumors (1, 2).
These tumors often present a complex network of immunosup-
pressive pathways, which are unlikely to be overcome by intervention
at immune checkpoints alone. Combination immunotherapy that can
elicit both innate and adaptive immune responses has been actively
pursued to treat immunologically cold tumors (3, 4). Among the many
immunostimulatory agents, cytokines are promising for cancer immu-
notherapy (5, 6). Cytokines, such as interleukin (IL) and interferon
(IFN), are potent secretory proteins that provide instructive cues to
immune cells (5, 7). Proinflammatory cytokines, such as IL-2 and
IL-12, can stimulate innate and adaptive immune cells and can syner-
gize with other immunotherapies by amplifying and coordinating
immune cell responses to overcome immunosuppressive tumor
microenvironments (TMEs) (7). Despite early regulatory approval of
IL-2 and IFN-a for cancer treatment (8, 9), the adoption of systemi-
cally administered cytokines in the clinic has been hampered by
severe dose-limiting toxicity (10-13); the dose of the cytokines (e.g.,
IL-2) required to reach therapeutic levels in tumor tissue inevitably
overstimulates immune cells in healthy tissues.

The challenges of circumventing systemic exposure of cyto-
kines have been recognized for decades. Tethering cytokines to
soluble macromolecules such as poly(ethylene glycol) by means of
conventional nonspecific bioconjugation techniques not only can
extend the circulation half-time of conjugated cytokines but also
results in heterogeneous products that lose structural integrity and
activity, and clinical trials of these conjugates [e.g., poly(ethylene
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glycol)-IL-2] have often been halted because of poor efficacy (14).
Alternatively, local (intratumoral) administration of cytokines has
been studied as a strategy for maximizing their intratumoral reten-
tion. However, injected cytokines (e.g., IL-2 and IL-12) enter the
systemic circulation within minutes (11-13, 15, 16) owing to their
low molecular weights (~10 kDa for IL-2 and ~70 kDa for IL-12).
Moreover, intratumoral administration of cytokine-loaded nanopar-
ticles also fails to enhance cytokine retention in tumors (Fig. 1A).
For example, 24 hours after intratumoral administration of 150-nm
liposomes with IL-2-decorated surfaces, only ~20% of the lipo-
somes remain in the tumor (17), whereas intratumoral injection of
cytokine-encoding mRNAs encapsulated in lipid nanoparticles
results in peak expression of proteins 6 hours after injection, and
protein levels gradually decrease thereafter (18). Moreover, implant-
able delivery carriers such as scaffolds and hydrogels fail to prevent
cytokines from rapidly entering the circulation within hours (19-25)
because the pores of these carriers (>1 pm) are much larger than
cytokine molecules (<10 nm) (19).

Another delivery strategy is to link cytokines to collagen-binding
peptides for systemic or intratumoral administration, the idea being
that peptide binding to collagen in solid tumors would result in
retention of the linked cytokines (26-28). However, 3 days after
intratumoral injection, only ~10% of the linked cytokines remain in
the tumor (28); the poor retention is presumably due to the hetero-
geneous distribution and turnover of the collagen in tumors. Very
recently, IL-12 fused to a phosphorylated alum-binding peptide was
engineered and tethered to aluminum hydroxide adjuvant particles
for intratumoral administration (29). The particles are retained in
the tumor for more than a week after intratumoral injection. However,
this strategy, as well as many other strategies involving molecularly
engineered cytokines (30-33) and TME-sensitive masked cytokines
(34-38), requires specific protein-engineering techniques and is not
universally applicable to all cytokines. Moreover, these sophisticated
technologies can be expected to face scale-up problems that will
hamper their clinical translation.
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Fig. 1. Design and formulation of a local delivery system using particle-anchored cytokines for cancer immunotherapy. (A) Injection of free cytokines or cytokine-
loaded nanoparticles into tumors. In both cases, the cytokines quickly enter the systemic circulation owing to leaky tumor vasculature, resulting in systemic toxicity and
low therapeutic efficacy. (B) Preparation of particle-anchored cytokines by incubation of particles surface-decorated with FcBP with Fc cytokines. (C) Increased immune
cell infiltration and productive engagement with immune cells (e.g., T cells) due to prolonged tumor retention and minimal systemic toxicity of large (1 pm) cytokine-
decorated particles. (D) Representative scanning electron microscopy images of PS particles (left) and P-IL-12 (right) after incubating PS-FcBP with Fc-IL-12 and purifica-
tion. Scale bars, 2 um. (E) Representative fluorescence images for quantification of the formulation process. A mixture of PS-FcBP (no fluorescence) and Fc-Cy7 was
incubated for 6 hours and then centrifuged. The separated supernatant rarely exhibited any fluorescence, whereas the pelleted particles showed strong fluorescence

(fluorescence quantification is shown in fig. S1C).

Here, we report a facile strategy for noncovalently anchoring
commercially available Fc-fused cytokines to the surface of particles
decorated with Fc-binding peptide (FcBP) (Fig. 1B). Injection of
these particles into tumors resulted in prolonged tumor retention of
cytokines with minimal systemic toxicity, and the retention time
was particle size dependent (Fig. 1C). Particle-anchored IL-12
(P-IL-12) and P-IL-15 amplified antitumor immunity in immune-
excluded tumors. Moreover, when combined with ICB antibodies,
these tumor-localized particle-anchored cytokines showed better
efficacy than either therapy alone in several syngeneic tumor models
and in genetically engineered mouse models.

RESULTS

Fc cytokines can be readily anchored noncovalently to the
surface of size-discrete polystyrene particles

In search of a general strategy for easily anchoring cytokines to par-
ticles, we developed a formulation that took advantage of the bind-
ing between Fc-fused cytokines and FcBP attached to the surface of
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polystyrene (PS) particles (Fig. 1B). The Fc-fused cytokines were
composed of an immunoglobulin G Fc domain linked to a cytokine
of interest. Fc-fused proteins are easy to manufacture, and Fc fusion
is a widely used strategy for therapeutic proteins (e.g., trastuzumab
and cetuximab) (39, 40). Their utility is due to the ability of Fc to
improve the solubility and stability of the fused protein, allowing for
high protein yields (40). We therefore hypothesized that noncovalent
binding of the Fc-fused cytokine to the FcBP on the particle surface
would not affect the cytokine’s structural integrity or bioactivity and
that anchoring of the cytokine to particles and subsequent intratu-
moral injection of the surface-modified particles would enhance
local retention of the cytokine to drive tumor growth inhibition
while minimizing the systemic exposure of the cytokine, which leads
to side effects.

We selected an FcBP with an amino acid sequence of HWRGWV
(41, 42), which has a reasonable affinity for Fc even when the pep-
tide is immobilized on beads (Kg = 10 pM) (42). A GGGGS spacer
was added to the N terminus of the peptide to increase its stability
(43). We then conjugated the FcBP to carboxylate-functionalized PS
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particles using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS) conjugation chemistry (44) [~17 pmol
of carboxylate per gram of particles (45)]. To investigate the effect of
particle size on tumor retention, we selected PS particles because
they can be prepared in discrete sizes with narrow particle size dis-
tributions (for a representative electron microscopy image, see
Fig. 1D, left; data of particle size and surface zeta potential in fig. S1,
A and B) and they do not aggregate in biological buffers at 37°C. The
EDC/NHS conjugation chemistry was chemo-specific in this case
because only the N-terminal amine on the FcBP was available for
the reaction. After conjugation, the FcBP-decorated PS particles
(PS-FcBP) were centrifuged, washed, and then incubated with Cy7-
labeled Fc (Fc-Cy7) at room temperature for 6 hours to generate
PS-FcBP/Fc-Cy7 particles. The loading efficiency of Fc-Cy7 in these
fluorescent particles was determined to be 98% (52 pg of Fc per mil-
ligram of PS particles), as indicated by fluorescence imaging (Fig. 1E
and fig. S1C), confirming that the FcBP on the particle surface
bound strongly to the Fc-Cy7 molecules. We also incubated a mix-
ture of Fc-fused IL-12 (Fc-IL-12) and PS-FcBP at a mass ratio of
1:10 at 4°C for 12 hours to obtain P-IL-12 (data of particle size and
surface zeta potential in fig. S1, A and B). An enzyme-linked immu-
nosorbent assay revealed that less than 1% of the Fc-IL-12 remained
in the supernatant after centrifugation (fig. S1D), and a scanning
electron microscopy image of P-IL-12 indicated the presence of
proteins on the particle surface (Fig. 1D, right). Notably, when incu-
bating PS-FcBP/Fc-Cy7 particles in phosphate-buffered saline (PBS)
buffer or fetal bovine serum (FBS) cell culture media, we found that
less than 2% of Fc-Cy7 was released into the solution and the particle
sizes remained unchanged (fig. S1, E and F). These results suggested
that our physical binding strategy was suitable for anchoring Fc-fused
cytokines onto FcBP-decorated particles.

Particle-anchored cytokines accumulate in tumorsin a
size-dependent manner and show minimal systemic toxicity
Using large particles for intratumoral drug delivery has been rarely
studied, presumably because they are less readily internalized by cells
than small particles (46-48). However, internalization of cytokines is
unnecessary because most cytokines initiate and amplify immune
responses by engaging with cell surface receptors (49). Because tumors
have distorted vasculature with leaky pores (>200 nm) (50, 51), we
hypothesized that compared with small particles, large particles
(>200 nm) would show retarded clearance rates and prolonged
tumor retention upon intratumoral administration (Fig. 1C).

To test our hypothesis, we anchored Fc-Cy7 to PS-FcBP particles
of various sizes and injected the resulting PS-FcBP/Fc-Cy7 particles
into subcutaneous murine 4T1 breast tumors for whole-animal
fluorescence imaging studies (Fig. 2A). We found that 1-pm particles
remained in the tumors for over 1 week after a single dose (clearance
half-life = 91.6 hours), whereas Fc-Cy7 and 200-nm PS-FcBP/
Fc-Cy7 particles were quickly cleared (clearance half-lives = 7.1 and
18.9 hours, respectively) (Fig. 2, A and B). Note that FcBP was
indispensable for Fc-Cy7 to bind to the particle and be retained in
the tumor; in the absence of FcBP, all the Fc-Cy7 was washed off the
particles before injection (Fig. 2A, bottom row). One week after intra-
tumoral injection, tumors resected from mice that received 1-pm
PS-FcBP/Fc-Cy7 particles showed fluorescence that was 7.7, 13.8,
and 17.3 times as strong as that of tumors resected from mice that
had been injected with 500- or 200-nm PS-FcBP/Fc-Cy7 particles or
with free Fc-Cy7, respectively (n = 5, P < 0.05 in all cases; Fig. 2, C
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and D; biodistribution of PS-FcBP/Fc-Cy7 and free Fc-Cy7 7 days
after intratumoral injection in fig. S2A). These results collectively
demonstrated that 1-pm particles surface-decorated with FcBP
showed longer intratumoral retention of Fc-fused molecules than
did smaller particles. Note that particles with diameters of >2 pm
often clogged the needles used for intratumoral injection and were
thus not used in this study.

Next, we sought to determine whether intratumoral administration
of the particle-anchored cytokines induced systemic toxicity. In clinical
trials, patients that receive cytokines, such as IL-12, experience cyto-
kine release syndrome, which is characterized by high concentrations
of circulating cytokines, including IFN-y, that result in side effects (10,
13). Because we used Fc-IL-12 and Fc-IL-15 to treat murine tumors
(vide infra), we treated mice bearing B16F10 melanomas with intratu-
moral administered 1-um P-IL-12 and P-IL-15 particles (formulated
at a dose equivalent to 2 pg of free cytokine) or free Fc-IL-12 and
Fc-IL-15 (2 pg of each), and we monitored blood levels of inflam-
matory cytokines. Over the course of 3 days after intratumoral injec-
tion, circulating IL-12 concentrations were significantly lower in mice
that received particle-anchored cytokines than in mice that received
free cytokines (Fig. 2E, n = 4, P < 0.05 in all cases). We also observed
substantially lower blood IFN-y concentrations in mice that received
the particles, although the IFN-y concentrations in that group were
transiently elevated at 24 hours after injection but had decreased by
3 days after injection (Fig. 2F). Moreover, the tumor necrosis factor-o
(TNF-a) and IL-6 concentrations in the P-IL-12 and P-IL-15 group
were not significantly higher over 3 days than the concentrations in the
other groups (Fig. 2, G and H) nor were the serum concentrations of
IL-1a, IL-2, IL-4, and IL-5 at 24 hours after injection (fig. S2, B to E).
The transient increase in blood IFN-y concentration is consistent with
literature reports (29, 52, 53) and can be attributed to the fact that
IFN-y is indispensable for the antitumor efficacy of IL-12 therapy: IL-
12 induces IFN-y release from T cells and natural killer (NK) cells, and
IFN-y, in turn, initiates positive feedback to stimulate T cell activation
(54). Hematoxylin and eosin staining of heart, lung, kidney, liver, and
spleen tissues from mice that received the particle combination regi-
men did not show any noticeable signs of damage (fig. S3), confirming
that the locally administered particle-anchored cytokines did not in-
duce systemic toxicity.

Administration of particle-anchored cytokines and
checkpoint blockade antibodies elicits durable antitumor
immunity in syngeneic tumor models

We previously reported that sustained local delivery of ICB antibodies
to murine tumors by means of photodynamic therapy elicits durable
antitumor immunity (55). However, this treatment is not curative for
poorly immunogenic tumors such as murine 4T1 breast tumors (56)
or for immune-excluded tumors such as B16F10 melanomas (57). In
this study, we investigated whether intratumoral administration of
P-IL-12 combined with ICB antibodies potentiated the immuno-
therapeutic activity of the antibodies. We began by testing this com-
bination on mice bearing established subcutaneous 4T1 tumors
(50 to 100 mm” in volume) at a dosage of once every 6 days for a
total of three times (q6d X 3). Intratumoral administration of P-IL-12
(equivalent to 2 pg of Fc-IL-12; ~0.02 mg of particles per dose; for
simplicity, all Fc cytokines are hereafter referred by designations that
do not include “Fc”) in combination with ICB antibodies [anti-
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and anti-
programmed cell death-1 (PD-1), each at 50 pg per dose] completely
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Fig. 2. Particle-anchored Fc molecules exhibit size-dependent intratumoral retention and negligible systemic toxicity after intratumoral administration.
(A) Representative fluorescence images of 4T1 tumor-bearing mice that received various Fc-Cy7 formulations (Cy7, green) via intratumoral (i.t.) injection. Tumor sites are
indicated by white dashed ovals. (B) Quantification of changes in Cy7 fluorescence intensity in (A). Data are medians + quartiles (n = 4 or 5). P values were determined by
means of a Mann-Whitney U test comparing 1-um and 200-nm PS-FcBP/Fc-Cy7 particles. (C) Fluorescence images of resected 4T1 tumors injected with PS-FcBP/Fc-Cy7
particles of various sizes or with free Fc-Cy7. The tumors were resected on day 7 after injection. (D) Quantification of fluorescence intensities of tumors in (C). (E to
H) Temporal dependence of serum concentrations of IL-12 (E), IFN-y (F), TNF-a (G), and IL-6 (H) after intratumoral injection of B16F10 tumor—bearing mice with P-IL-12 +
P-IL-15 (2 pg for each cytokine) (n = 4 for each group). Results for other serum biomarkers are shown in fig. S2 (B to E). P values in (D) to (H) were calculated by means of
Mann-Whitney U tests. *P < 0.05 and **P < 0.01. n.s., not significant; a.u., arbitrary units.

eradicated 4T1 tumors, curing all the tumor-bearing mice over the
course of 60 days (Fig. 3, A and B; see fig. S4 for a representative
histology image of a 4T1 tumor 5 days after intratumoral injection
with P-IL-12 and ICB antibodies). In contrast, intraperitoneally ad-
ministered ICB antibodies, intratumoral IL-12, or intratumoral P-IL-
12 alone showed only modest therapeutic effects (P = 0.0027, 0.0015,
and 0.0026, respectively; n = 5 to 7). The intratumoral administration
of ICB antibodies and IL-12 resulted in early tumor regression but did
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not completely eliminate the tumors (Fig. 3, A and B, P=10.0019). The
intratumoral combination regimen did not cause body weight loss,
whereas a >4% loss in body weight was observed in mice that received
intratumoral IL-12 and ICB antibodies (P = 0.016 at day 13; Fig. 3C).
These results confirmed that the 1-pm IL-12-decorated particles safely
potentiated ICB immunotherapy.

In addition, mice cured of 4T1 tumors by the combination regi-
men rejected rechallenge by subcutaneous inoculation with 5 x 10°
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Fig. 3. Particle-anchored cytokines potentiate ICB antibodies in syngeneic tumor

models and show minimal systemic toxicity. (A) Overall survival curve for balb/c

mice inoculated with 5 x 10° 4T1 tumor cells and subjected to various treatments (q6d X 3 in all cases) starting when tumor volumes reached ~50 to 100 mm? (n =5 to
7). (B) Tumor growth curves for selected treatments shown in (A). (C) Body weight changes for selected treatments shown in (A). P values were determined by means of

Mann-Whitney U tests for comparisons between the group that received intratumoral

IL-12 + ICB antibodies and the group that received intratumoral P-IL-12 + ICB anti-

bodies. (D) Survival curves for untreated balb/c mice and cured mice in (A) that received intratumoral P-IL-12 + ICB. All mice were injected with 5 x 10° 4T1 cells via the
tail vein. Inset shows representative images of lungs from the two groups of mice at the end of the treatment period. i.v., intravenous. (E) Comparison of lung weights of
mice without tumors and the two groups of mice in (D) (n = 7). (F and G) Fractions of CD44"CD62L" effector memory (F) and CD44"CD62L" central memory (G) CD8* T
cells in lymph nodes (LNs) of mice in (E). (H) Overall survival curves for C57BL/6 mice inoculated with 5 x 10° B16F10 tumor cells and subjected to various treatments
starting on day 7 after tumor inoculation (n = 5 to 12). i.p., intraperitoneal. (1) Body weight changes of selected groups in (H). P values were calculated for comparison of
the individual group with the group that received P-IL-12 + P-IL-15 + ICB antibodies + TA99. Survival percentages in (A), (D), and (H) were compared by log-rank test. All
other P values were determined by means of Mann-Whitney U tests. *P < 0.05, **P < 0.01, and **#P < 0.001.n.s., not significant.

4T1 cells (fig. S5A). Moreover, on day 90, the fraction of effector
memory CD8" T cells in the lymph nodes of the mice that had re-
jected the rechallenge was significantly higher than the fraction in
untreated mice (P = 0.0025, n = 5 to 7; fig. S5B), suggesting that
intratumoral treatment with the combination regimen induced the
formation of effective systemic immune memory.
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To investigate whether intratumoral treatment with our combi-
nation regimen could effectively control disseminated metastases, we
intravenously injected 5 X 10° 4T1 tumor cells into mice that had been
cured by the combination therapy and then assessed the antimetastasis
effect of the therapy. All the mice that had been cured survived for
more than 4 weeks (n = 7; Fig. 3D). No lung metastases were detected
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in these rechallenged mice (representative lung images are shown in
Fig. 3D, and representative histology images of lung tissues are shown
in fig. S5C), and the lung weights of these mice were lower than those
of untreated mice that received intravenous 4T1 cells (P = 0.0021,
n = 7; Fig. 3E). Furthermore, the fractions of effector memory and
central memory CD8" T cells in the lymph nodes of the rechallenged
mice were significantly higher than the fraction in untreated mice
that received intravenous 4T1 cells, demonstrating that the combi-
nation therapy indeed led to long-term immunological memory against
disseminated tumor cells (P = 0.0021 and 0.0049, respectively, n = 7;
Fig. 3, Fand G) (58, 59).

Encouraged by the synergy between P-IL-12 and ICB antibodies
that was observed in the 4T1 tumors, we next explored the combina-
tion therapy for treatment of aggressive, immune-excluded B16F10
tumors. Subcutaneously injected B16F10 tumor cells (5 x 10°) were al-
lowed to grow for 7 days (at which point their volumes were ~50 mm®)
and were then subjected to various treatments. We found that injec-
tion of the B16F10 tumor-bearing mice with the combination of P-
IL-12 and ICB antibodies modestly slowed tumor growth (P = 0.000006
for comparison with growth in untreated mice, n = 9 to 12, q6d X 5;
fig. S6A). Similar results were observed for the combination of P-IL-2
and ICB antibodies (fig. S6A).

In an attempt to achieve better therapeutic efficacy, we combined
P-IL-15 with an antibody against tyrosinase-related protein-1 (anti-
TYRP-1, referred to as TA99) for intratumoral administration. IL-15,
a member of the IL-2 superfamily cytokines, has been shown to en-
hance antitumor immunogenicity when combined with IL-12 (60-
63). Notably, IL-15 does not activate immunosuppressive regulatory
T cells (Treg cells), and it less likely causes capillary leak syndrome
than IL-2 does (64). In addition, TA99 has been shown to slow the
growth of BI6F10 tumors (65). Specifically, we treated mice bearing
subcutaneous B16F10 melanomas with a combination of P-IL-12
(g6d x 5), P-IL-15 (g6d X 5), ICB antibodies (q3d X 10), and TA99
(q3d x 10; 2 pg of each cytokine; 100 pg of TA99 per dose; anti-
CTLA-4 and anti-PD-1, each at 50 pg/dose; treatment schedule is
shown in Fig. 3H). We found that intratumoral administration of this
combination therapy significantly delayed tumor growth and enhanced
survival, with 2 of 10 mice showing complete tumor regression over
80 days (Fig. 3H). Mice cured by the combination therapy developed
vitiligo at the tumor site (fig. S6B), which reportedly indicates an
antimelanocyte T cell response (66). In contrast, treatment with a
combination of free IL-12, IL-15, TA99, and ICB antibodies, either
intraperitoneally or intratumorally at the same dosage, did not result
in significantly better survival (Fig. 3H, P = 0.00002 and 0.0022,
respectively, n = 5 to 10). TA99 was found to be a necessary com-
ponent of the combination therapy, as indicated by comparison with
survival in a group that received all the other components but no
TA99 (Fig. 3H, P = 0.0005, n = 7 to 10). Notably, despite the high
response rates, the combination therapy had minimal systemic toxic-
ity, as indicated by comparison of body weight changes in the group
of mice that received intraperitoneal or intratumoral IL-12, IL-15,
TA99, and ICB antibodies with the body weights in the other groups
(P =0.008, n =5 in all cases; Fig. 31).

Combination therapy including particle-anchored cytokines
enhances tumor immune infiltration and stimulates
antitumor immunity

To understand the cellular and molecular mechanisms underlying the
observed therapeutic effect of the combination therapy, we sought to
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determine the contributions of various types of immune cells and
soluble factors to therapeutic efficacy in both 4T1 and B16F10 tumor
models. Quantification of cytokines and chemokines in 4T1 tumor
lysates by means of a Luminex assay revealed six clusters of proteins
5 days after a single administration of various treatments (proteins
were clustered by the K-means method, #n =5 or 6; Fig. 4A). Clusters
1 and 2 consisted of the proinflammatory effector proteins including
TNF-a, IFN-y, CXCL2, CXCLS5, IL-1a, IL-6, IL-23, and CCLS5, the
magnitude of changes in the protein levels of which were higher in
mice that received P-IL-12 and ICB antibodies than those in mice
that received either IL-12 or ICB antibodies alone; this result in-
dicated a T helper 1-biased TME transformation in the former
group (67).

To investigate how these proinflammatory effectors affected
the TME, we analyzed cellular infiltrates in the treated 4T1 tu-
mors by means of flow cytometry. The fractions of CD8*CD3" and
CD41tCD3" effector T cells (Tef cells) and NK cells in the tumor-
infiltrating lymphocytes (TILs) in mice that received the combina-
tion therapy were higher than the fractions in untreated mice and
mice that received only intratumoral ICB antibodies or IL-12 (Fig. 4,
B to D, n = 6 to 8; cell population numbers are shown in fig. S7).
Notably, we found significantly higher fractions of CD8" TILs
exhibiting an effector memory phenotype (CD44"CD62L°) in mice
that received the combination therapy (Fig. 4E; fractions of central
memory CD8" in TILs in fig. S8A). In addition, the fraction of im-
munosuppressive CD4*CD25 Foxp3™* Theg cells in total CD4" TILs
was significantly lower in mice that received the combination
therapy than in the other groups (Fig. 4F). The ratios between Teg
cell and immunosuppressive cell populations, specifically, the ratios
of CD8" Teg cells to Treg cells, CD8"CD44" cells to Treg cells, and
CD8" Teg cells to myeloid-derived suppressor cells (MDSCs) (CD1 1b*
Ly6G Ly6C™; the fractions of MDSCs in TILs in fig. S8B), were
substantially higher in mice that received the combination therapy
than in the other groups (Fig. 4, G to I). Tumors treated with the
combination therapy had a lower fraction of infiltrating macro-
phages than did untreated tumors or tumors treated with either
IL-12 or ICB antibodies (Fig. 4]). In vivo IL-12 reportedly alters the
macrophage profiles in 2 hours, increasing the production of pro-
inflammatory cytokines (68), a behavior that might be attributable
to the reduction in the fraction of macrophages in TILs (numbers
of macrophages per milligram of tumor are shown in fig. S7E).
Moreover, the combination therapy induced substantial increases
in the fractions of dendritic cells (Fig. 4K), CD8" effector memory
and central memory T cells, and B cells in the lymphocytes in
tumor-draining lymph nodes (fig. S8, C to E). Together, these find-
ings suggested that the combination therapy stimulated antitumor
immune responses, enhanced infiltration of effector cells into tu-
mors, and attenuated the population of immunosuppressive cells,
thereby contributing to the therapeutic effects observed in Fig. 3A.

We next evaluated how the combination of P-IL-12, P-IL-15, ICB
antibodies, and TA99 affected the infiltration of TILs in immune-
excluded B16F10 tumors. The trends were similar to what was observed
in 4T1 tumors (Fig. 4A). Specifically, 7 days after injection of the
combination therapy, the fractions of various proinflammatory cyto-
kines [i.e., TNF-a, IFN-vy, IL-1p, IL-12p70, IL-18, and granulocyte-
macrophage colony-stimulating factor (GM-CSF); cluster 1 in Fig. 5A]
were found to be up-regulated. Seven days after treatment, flow cy-
tometry analysis of TILs in the BI6F10 tumors showed that com-
pared with untreated mice and mice that received free cytokines or
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Fig. 4. Intratumoral administration of a combination of P-IL-12 and ICB antibodies induces inflammatory TMEs and affects immune cell infiltration into 4T1
tumors. (A) Luminex assay of cytokine and chemokine levels in 4T1 tumor-bearing mice treated with the indicated therapies. On day 5 following intratumoral treatment,
tumors were isolated, and cytokine and chemokine levels were assayed (n = 5 to 6). The chemokines and cytokines were clustered by the K-means method. (B to K) Flow
cytometry analysis of lymphocytes in untreated 4T1 tumor-bearing mice and mice that received ICB antibodies, IL-12, or a combination of P-IL-12 and ICB antibodies.
Tumors were collected on day 5 after treatment (n = 6 to 8). (B) Fractions of CD8¥CD3* Te cells in TILs. (C) Fractions of CD4*CD3™ Tes in TILs. (D) Fractions of CD49b™ NK
cells in TlLs. (E) Fractions of CD44"'CD62L" effector memory cells in CD8™ TiLs. (F) Fractions of CD4*CD25Foxp3* Treg cells in CD4™ TlLs. (G) Ratio of CD8" Teft cells t0 Treg
cells. (H) Ratio of CD8"CD44™ T cells to Treg cells. (1) Ratio of CD8™ Tt cells to MDSCs. (J) Fractions of F4/80™ macrophages in TlLs. (K) Fractions of CD11c* dendritic cells (DCs)
in tumor-draining lymph nodes (TDLNs). s.c., subcutaneous. P values were determined by means of Mann-Whitney U tests. *P < 0.05, **P < 0.01, and ***P < 0.001.n.s.,
not significant.
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ICB and TA99 antibodies, mice that received the combination ther- MDSCs (fig. S1I0C) and macrophages in total TILs (Fig. 5F). The
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(Fig. 5, B to D, n = 7 to 9; numbers of cells per milligram of tumor  that the combination therapy effectively increased the fractions of
are shown in fig. §9), a lower fraction of T cells in total CD4*TILs antitumor immune cells in the tumors. Moreover, the fractions of
(Fig. 5E; fractions of CD4" TILs in fig. S10A), and lower fractions of ~ dendritic cells and CD8" effector memory cells in tumor-draining

A Log, fold change B 2 e B16F10 s.c. tumor: untreated (n = 8),

relative to untreated ; —_,© ) 2 4 8 TA99+ICBit. (n=7), IL-12+IL-15it. (n = 7),
PoiL-12 + P-IL- TA99 +ICB +IL-12+IL-15i.t. (n = 7),
15+ ICB + TA99 + ICB + P-IL-12 + P-IL-15i.t. (n = 9)
TA99 i.t. (n=6
( ) B . C Kk
* k%
ICB + TA99 i.t. %k %k ns.
= *k%k
(n=3) 80+ *kk 1004 ¢ ***‘
*
IL-12 + IL-15 i.t. " - ¢ s
(n=5) » 601 — 807 2
= % 3 o« =
Untreated . s Feol{ 7
_ 0 + * .
(n=5) = 401 & s .
© Ouo{t .
X X
20 . .
R N 204 ¢
PR’
f
cluster 0 < < » % 0
CD8" Tey CD44"CD62L"
effector memory
D **: E Fkk F G *kk H
**k%* #x * *%k% **%k%
20 - * *% 60+ ns. *% 5000 - e
. 401 *% *kk 80004 FkE *kk
. n.s. * Hkk
15 . 4000 -
a ] 30+ 4
2 . 3 . F404 , 6000
o . = o . . 3000 .
310_ v 320- M E 4000 e
o N o o 2 P 2000 {
° =2 _ - 3 i -
xR 5. PR : ES e :‘ . 204 « o3 4 _ -
e T . % . 1093 & e $ . » 20007 L 1000 .
+ ¢ T s . e b4 2> 4
¢ 3 . & AP ¢ . o
0..—"— 0 b 0 ¢ + 3 D i
NK1.1*CD3" NK CD4'CD25"FoxXp3* Teg Macrophage CD8™ Te/CDA™ Tpeq CDB8*CD447/T,,
| J K *dk
*k*
40 rE 10+ ok 40+ ******
Hkk % z kK
k% z x% a *
30 + B e 304 .
< v 3 3
[ 3 = A
20- . s 8201 .
— = o P
104 R £ 1310-:! R A
Prl e BERC
5% =
0Ola o 2 & ¢ o4 o
CD8" T_,/MDSC DC CD8" effector memory
€

Fig. 5. Intratumoral administration of a combination of P-IL-12, P-IL-15, TA99, and ICB antibodies up-regulates inflammatory cytokines and affects immune cell
infiltration in B16F10 tumors. (A) Luminex assay of cytokine and chemokine levels in B16F10 tumor-bearing mice treated with the indicated therapies. On day 7 following
intratumoral treatment, tumors were isolated, and cytokine and chemokine levels were assayed (n = 5 or 6). The chemokines and cytokines were clustered by the K-means
method. (B to K) Flow cytometry analysis of lymphocytes of untreated B16F10 tumor—bearing mice and mice that received the indicated therapies. Tumors were collected
on day 7 after treatment. (B) Fractions of CD8CD3™ T cells in TILs. (C) Fractions of CD44"CD62L" effector memory cells in CD8* TILs. (D) Fractions of NK1.1¥CD3~ NK cells in
TILs. (E) Fractions of CD4"CD25"Foxp3™ Treq cells in CD4* TiLs. (F) Fractions of F4/80" macrophages in TILs. (G) Ratio of CD8" Tef cells to T,eq cells. (H) Ratio of CD8*CD44* T
cells to Treq cells. (1) Ratio of CD8™ Test cells to MDSCs. (J) Fractions of CD11c* dendritic cells in tumor-draining lymph nodes. (K) Fractions of CD44"CD62L" effector memory
cells in tumor-draining lymph nodes. P values were determined by means of Mann-Whitney U tests. *P < 0.05, **P < 0.01, and **#P < 0.001.n.s., not significant.
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lymph nodes were higher in the combination therapy group than in
the other groups (Fig. 5, ] and K). Thus, within the poorly immuno-
genic TMEs of B16F10 tumors, intratumoral administration of the
combination therapy elicited substantial antitumor immunity that
boosted early tumor regression and prolonged survival (Fig. 3H).

Local administration of combination therapy including
particle-anchored cytokines reinvigorates CD8" TILs

In a previous study, we showed that BI6F10 melanomas respond only
partially to sustained local delivery of ICB antibodies (55). Recent
studies have shown that T cell exhaustion and impaired production of
antitumor cytokines contribute to tumor resistance to ICB immuno-
therapies (I). Data obtained in the current study (Figs. 3F and 4) led us
to hypothesize that locally administered particle-anchored cytokines
could reinvigorate CD8* TILs and thereby overcome ICB resistance in
B16F10 tumors. To examine the proliferation and functionality of
CD8* TILs in B16F10 tumors, we performed ex vivo stimulation of
isolated CD8™ T cells to analyze the intracellular levels of cytokines.
We found that locally administered combination therapy consisting of
P-IL-12, P-IL-15, TA99, and ICB antibodies resulted in a higher frac-
tion of ki-67" cells (indicative of proliferation) in CD8" TILs than in
the untreated group and groups treated with free cytokines or with
ICB antibodies and TA99 (Fig. 6A). Moreover, compared with the
other three groups, the combination therapy group showed higher
fractions of cells that were both ki-67" (indicative of proliferation) and
IFN-y", TNF-a*, and granzyme B* (indicative of cytotoxicity) (Fig. 6,
B to D). Notably, we observed that most of the IFN-y-producing
CD8™ TILs in the combination therapy group were also positive for
TNF-a production with proliferation (Fig. 6E), indicating that the
combination therapy augmented polyfunctionality in CD8" T1ILs.

In addition to assessing the effects of the combination therapy on
TIL function, we also examined its effects on CD8" T cell states. We
found that compared with CD8* TILs in untreated mice, CD8* TILs
in mice that received the combination therapy showed lower fractions
of inhibitory checkpoint receptors (PD-1"TIM-3*, PD-1"TIGIT",
and PD-1"LAG-3") that are associated with dysfunctional T cells
(Fig. 6, F to H) (69). The fractions of coinhibitory checkpoint receptors
in the free IL-12 and IL-15 group and the TA99 and ICB antibody
group were not significantly lower than the fractions in the combina-
tion therapy group. Consistently, examination of CD8"* TIL subsets
revealed that mice that received the combination therapy had a higher
fraction of progenitor exhausted CD8" TILs (PD-1"CD44*Slamf6"
Tim-37) and a lower fraction of terminally exhausted CD8"* TILs
(PD-1*CD44*Slamf6-Tim-3") than the other groups (Fig. 6, I to K).
Notably, T cell exhaustion is an important physiological adaptation
to continuous antigen stimulation in cancer and contributes to tumor
persistence (69). Progenitor, or stem-like, exhausted CD8* T cells
can self-renew and respond to ICB immunotherapies, but terminally
exhausted CD8" TILs cannot (70). Together, our results suggested
that the locally administered particle-anchored cytokines rejuvenated
exhausted TILs by increasing the fraction of progenitor exhausted
CD8" TILs while reducing the fraction of terminally exhausted CD8"
TILs and by increasing the functionality and proliferation of CD8"
TILs. Therefore, our combination therapy not only safely increased
the number of CD8% TILs in the TME (Fig. 5B) but also restored the
polyfunctionality of CD8* TILs while reducing expression of inhibi-
tory checkpoint receptors, thereby contributing to the observed
antitumor efficacy of the combination therapy (Fig. 3H).
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Local administration of the combination therapy shows
potent antitumor efficacy in genetically engineered

mouse models

The histology of transplanted tumors does not closely recapitulate
the histology of human tumors. Therefore, we assessed the efficacy
of our locally administered combination therapy in genetically engi-
neered mouse models. We first tested female FVB/N-Tg(MMTV-
PyVT)634Mul/] mice (also known as MMTV-PyMT mice), which
spontaneously develop highly invasive breast ductal carcinomas in
all mammary fat pads and show a high frequency of lung metastases
(71). When the volume of the first tumor reached 50 to 100 mm?>
(usually by 8 weeks of age), we started intratumoral administration
of a combination of P-IL-12 (2 pg of IL-12 per dose) every 6 days,
P-IL-15 (2 pg of IL-15 per dose) every 6 days, and ICB antibodies
(anti-CTLA-4 and anti-PD-1, each at 50 ug per dose) every 3 days
(schedules are shown in Fig. 7A). The mice that received the combi-
nation therapy had significantly longer survival than mice that received
IL-12 or ICB antibodies alone or a combination of P-IL-12 and ICB
antibodies (Fig. 7A, P = 0.00007, 0.0004, and 0.0328, respectively,
by log-rank test; n = 4 to 8), and they also had lower total tumor bur-
dens (representative images are shown in Fig. 7B). Notably, the com-
bination regimen elicited a systemic response that restrained tumor
growth in distal mammary fat pads (representative images are shown
in Fig. 7B).

We next used the genetically engineered mouse model Braf
Pten™'~ (hereafter, these referred to as Braf/Pten) to examine the
efficacy of our combination therapy (schedules are shown in Fig. 7C).
In this model, 10 days after topical application of 4-hydroxytamoxifen
to induce the expression of oncogenic Braf "*"’F and deletion of tumor
suppressor gene Pten in melanocytes, malignant melanomas form
in 3 weeks (representative images are shown in Fig. 7D), and masses
with pigmented areas of >150 mm? develop in 5 weeks (Fig. 7E). A
previous study showed that ICB antibodies (anti-CTLA-4 and anti-
PD-1) only slightly slow the growth of these tumors (72). In contrast,
we found that intratumoral administration of a combination of
P-IL-12, P-IL-15, and ICB antibodies starting 10 days after the first
application of 4-hydroxytamoxifen (at the doses described above for
MMTV-PyMT mice; schedule are shown in Fig. 7C) significantly
slowed tumor growth and delayed the onset of tumor development
and the median survival time was 58 days, as opposed to 43 days for
the untreated mice (Fig. 7, C to E, P = 0.0004 by log-rank test, n =
5and 7). These results affirmed our finding that the combination
of particle-anchored cytokines with ICB antibodies exhibits po-
tent antitumor effects in difficult-to-treat genetically engineered
mouse models.

V600E /

DISCUSSION

The potent antitumor activities of inflammatory cytokines—including
IL-12 and IL-15, which were used in this study—have motivated var-
ious strategies for their delivery to and retention in tumors (73). Here,
we demonstrated that noncovalent anchoring of Fc-fused cytokines
to intratumoral-administered PS particle surfaces can initiate antitu-
mor immunity in immune-excluded tumors, increase infiltration
of both innate and adaptive immune cells (Figs. 4 and 5), and produce
robust systemic antitumor responses without systemic toxicity
(Fig. 3). Rechallenge studies in a 4T1 breast tumor model (Fig. 3, D
to G) demonstrated that our combination therapy generated durable
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Fig. 6. Intratumoral administration of the combination therapy affects the proportions of CD8" TIL subsets and their functionality. Flow cytometry analysis of
B16F10 tumor-bearing C57BL/6 mice on day 7 after administration of various therapies. (A) Fractions of proliferative cells (ki-67*) in CD8" TILs. (B to E) Fractions of prolif-
erative ki-67IFN-y* (B), ki-67"TNF-a* (C), ki-67*Gzmb™ (D), and polyfunctional ki-67*TNF-aF IFN-y (E) cells in isolated CD8* TILs after ex vivo stimulation. Gzmb, granzyme
B. (F to H) Fractions of CD8" TILs expressing multiple immune checkpoint molecules: (F) PD-1*TIM-37CD8* TILs, (G) PD-1*TIGIT*CD8" TiLs, and (H) PD-1*LAG-3"CD8* TILs.
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antitumor immune memory to control disseminated metastases.
Note that the syngeneic murine tumor models studied here (4T1 and
B16F10) were selected because of their resistance to ICB antibody
treatment. In addition, the potent combination of the particle-
anchored cytokines and ICB antibodies safely improved overall sur-
vival in two transgenic tumor models (Fig. 7).

The advent of endoscopy and laparoscopic surgery procedures to
access lesions (74) has inspired researchers to develop local immu-
notherapies that can be used to treat unresectable tumors or can be
used as a postsurgical adjuvant that generates systemic immunities
to prevent recurrence (75, 76). Two local immunotherapies have
been approved by the U.S. Food and Drug Administration for cancer
treatment, and various dose-limiting protein therapeutics are in clin-
ical trials as intratumoral immunotherapies, including ICB antibodies
(NCT03058289), IL-12-encoding mRNA (NCT03946800), and
tumor-targeted IL-2 and TNF-a (NCT04362722) (74). Nevertheless,
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there is no fundamental framework for designing optimal intra-
tumoral delivery agents that maximize tumor retention of these potent
therapeutics and minimize their systemic exposure. For many im-
munotherapeutics, including cytokines, the local concentration must
remain within the therapeutic window long enough to allow produc-
tive engagement with desired immune cells, thereby transforming
immune-excluded tumors to tumors with an inflammatory milieu in
the TME. In addition, unlike conventional chemotherapeutics that
must undergo cellular internalization, cytokines do not have to be
taken up by cells because they function by engaging with receptors
on the surface of immune cells. In this study, we showed that tumor
retention of particle-anchored cytokines is particle size dependent
(Fig. 2, A to D) and that intratumoral administration of micropar-
ticles prolongs the presence of cytokines in tumors. Recent work in-
volving intratumoral injection of phosphorylated IL-12 anchored to
large aluminum hydroxide particles supports our findings in this
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PyMT mouse on day 30 (top left), a mouse that received intratumoral P-IL-12 (q6d) and ICB antibodies (q3d) on day 30 (top right), and a mouse that received P-IL-12 + P-
IL-15 + ICB antibodies on day 30 (bottom left) and day 75 (bottom right). Breast tumors are indicated by black arrowheads. (C) Overall survival of untreated Braf %%/
Pten™" mice and mice that received intratumoral combination therapy. For more information, see "Subcutaneous tumor inoculation" in the Materials and methods.
(D) Representative images of pigmented melanomas in mice from the groups in (C). (E) Temporal dependence of melanoma areas in mice in (C). P values in survival studies

were compared by log-rank test.

study (29). Our study is also consistent with previous reports showing
brief tumor retention, usually ~1 to 2 days, of intratumoral adminis-
tered nanoparticles of <200 nm in size. Given the readily accessibility
of Fc cytokines, our formulation provides a simple, general strategy for
delivering potent immunostimulatory cytokines to induce durable
antitumor immunity with minimal systemic toxicity.
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One major factor in resistance to checkpoint inhibitors is the lack
of tumor-infiltrating immune cells such as T cells and NK cells in
tumors. In this study, we demonstrated that the prolonged presence
of IL-12 and IL-15 in tumors induced a robust influx of both CD8*
T cells (Figs. 4B and 5B) and NK cells (Figs. 4D and 5D), in addition
to increasing the fraction of dendritic cells in tumor-draining lymph
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nodes (Figs. 4K and 5]). Our findings agree with the results of recent
clinical studies (NCT02493361 and NCT03946800) involving the
use of intratumoral IL-12-encoding mRNA and ICB antibodies,
which can increase the frequency of CD8" TILs in patients who
show a partial response to PD-1 blockade or have stable disease
(77, 78).

Moreover, we found that decreased production of inhibitory check-
point receptors—including TIM-3, LAG-3, and TIGIT—and a re-
duced ratio between terminally and progenitor exhausted CD8"
cells contributed to improved proliferation and polyfunctionality of
CD8* TILs in mice that received the combination therapy. Our re-
sults suggest that IL-12 and IL-15 signaling could help reinvigorate
exhausted CD8" T cells toward ICB antibody-responsive states,
thereby generating durable antitumor immunity and immune mem-
ory. This finding agrees with the results of recent studies indicating
that human CD8" TILs that are unresponsive to PD-1 blockade can
be reinvigorated by IL-12 (79) and IL-15 (80).

One shortcoming of our study is that we used nondegradable PS
particles to anchor the cytokines because our initial focus was to eluci-
date the effect of particle size on tumor retention. Nevertheless, we did
not observe any toxicity, presumably because of the limited amount of
PS per injection (~0.02 mg). Future studies will focus on using benign
particles such as large liposomes. Nevertheless, given the generality of
our formulation method, many other particulate formulations, e.g.,
stimulus-responsive particles, mRNA-delivery particles, and imaging
modalities, could easily be adapted into our system. Collectively, our
results indicate that our formulation strategy provides a platform that
is likely to be amenable to many potent cytokines and protein thera-
peutics, which can safely orchestrate adequate immune attacks on solid
tumors to improve the clinical management of cancers.

MATERIALS AND METHODS

Formulation of PS-FcBP

FcBP (sequence: GGGGSHWRGWYV; Peptide 2.0, Chantilly, VA)
was dissolved in 1x PBS (1 mg/ml). Carboxy-modified PS mic-
roparticle (50 mg in 5 ml of deionized water, diameter = 1 pm, zeta
potential = —56 mV [equal to ~17 pmol of carboxylate per gram of
particle, determined by the literature method (45); Polysciences or
Sigma-Aldrich) was first activated using EDC (8.5 pmol; Sigma-
Aldrich) and NHS (17 pmol; Sigma-Aldrich) for 15 min at room
temperature. FcBP in 1X PBS solution (5 ml) was then added into
the particle solution, and the reaction was stirred for overnight.
The resulting PS-FcBP conjugate was washed three times using 1x
PBS by the centrifuge (8000 rpm for 5 min every time), and the
supernatant was discarded. The pellet was then resuspended in
1x PBS at the concentration of 20 mg/ml, and the solution was
stored at 4°C.

Synthesis of Fc-Cy7 conjugate

Fifty micrograms of mouse Fc (immunoglobulin G1-mFc, ~32 kDa;
SinoBiological, catalog no. 10690-MNAH) was dissolved in 0.5 ml
PBS (1x). Sulfo-Cy7-NHS ester (0.15 pmol; Lumiprobe) and EDC
(0.15 pmol; Sigma-Aldrich) were added into the mFc solution and
were stirred at 4°C for overnight. The conjugate was purified by di-
alysis using 10-kDa molecular weight cutoff membrane (Spectra/
Por) for 48 hours. The whole process was performed in the dark to
avoid photobleach.
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Formulation of PS-FcBP/Fc-Cy7 and measurement of the Fc
loading efficiency

One milliliter of Fc-Cy7 (55 pg/ml in 1x PBS) was mixed with 1 ml
of PS-FcBP solution (1 mg/ml), and the mixture was incubated at
room temperature for 6 hours. The resulted PS-FcBP/Fc-Cy7 was
washed three times using 1x PBS by the centrifuge (8000 rpm for
5 min each time), and the supernatant was removed from the particle.
The obtained particles were resuspended in PBS. The supernatant
and PS-FcBP/Fc-Cy7 particle solution were imaged using LI-COR
Biosciences Odyssey Infrared Imaging System with the emission
wavelength at 800 nm (for Cy7).

Formulation of P-IL-12 and P-IL-15

Fc-IL-12 (SinoBiological, catalog no. CT021-M02H) was mixed
with PS-FcBP in 1x PBS at the Fc-IL-12/PS-FcBP ratio of 1:10
(w/w) and was incubated for overnight at 4°C (or for 6 hours at
room temperature). The formulated P-IL-12 was then washed
three times using 1X PBS by the centrifuge (8000 rpm for 5 min
each time) and was stored at 4°C. P-IL-15 was formulated using
Fc-IL-15 (Acro Biosystems, catalog no. IL5-M5255) following the
same protocol as P-IL-12.

Animal studies

All animal work was conducted in appliance to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
under protocols approved by Virginia Tech Institutional Animal
Care and Use Committee and Institutional Biosafety Committee.

Mice and cell lines

Balb/c and C57BL/6 mice (ages 6 to 8 weeks female from the Jackson
Laboratory or Envigo), MMTV-PyMT male (ages 4 to 6 weeks
from the Jackson Laboratory, JAX stock #002374), FVB/N] fe-
males mice (ages 4 to 6 weeks from the Jackson Laboratory, JAX
stock #001800), and B6.Cg-Tg(Tyr-cre/ERT2)13Bos Braf ™"
Ptent™#""/Bos] breeding pairs (ages 4 to 6 weeks from the Jackson
Laboratory, JAX stock #013590) were used and maintained follow-
ing the animal protocol. MMTV-PyMT female mice with sponta-
neously developed breast cancer (6 to 7 weeks age) were crossed
of MMTV-PyMT male and FVB/NJ females mice, and genotyped
(Transnetgrx). Tyr:Cre—ER+/LSL—BrafVﬁooE/Ptenﬂ/ﬂ mice (designated
as Braf"*"’t/Pten") with inducible melanoma tumors were gen-
erated by male [hemizygous for Tg(Tyr-cre/ERT2)13Bos, homo-
zygous for Braf ™™M™™ and homozygous for Pten™™""] and
female [noncarrier for Tg(Tyr-cre/ERT2)13Bos, heterozygous for
Braf ™™™ and homozygous for Pten™™"] and genotyped (Trans-
netyx). The mice of hemizygous for Tg(Tyr-cre/ERT2)13Bos, heterozy-
gous for Braf ™™M™™ and homozygous for Pten™ ™™ (age, ~8 weeks)
were used for tumor induction. All mice were group-housed (five
mice per cage) and maintained under a regular light-dark cycle
altered every 12 hours with free access to water and food under
pathogen-free conditions in a barrier facility in Virginia Tech.
Murine breast cancer 4T1 and murine melanoma B16F10 cell lines
were originally purchased from American Type Culture Collection
(Manassas, VA). All cells were maintained at 37°C with 5% CO, in
culture medium according to the instructions, supplemented with
10% heat-inactivated FBS and penicillin/streptomycin (all from
Life Technology, Grand Island, NY). All cells were tested to be free
of mycoplasma.
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Subcutaneous tumor inoculation

For subcutaneous inoculation of single B16F10 and 4T1 tumors,
5 % 10° cells in 50 pl of sterile PBS (1X) were subcutaneously in-
jected into the shaved nape area of C57BL/6 or balb/c female
mice. Treatments were started when 4T1 tumors reached ~50 to
100 mm?® or 7 days after BI6F10 tumor inoculation. The body
weight and tumor size were measured every 2 to 3 days after the
treatment started. Tumor length and width were measured with
a digital caliper, and the tumor volume was calculated using the
following equation: tumor volume = length X width X width / 2. Mice
were euthanized when their tumor volumes reached a predeter-
mined end point (1000 mm?®) or when their body weights dropped
over 10 to 15%. For tumor rechallenge studies, mice that overcame
tumors were inoculated with the same amount of tumor cells
(5 % 10° cells) in the right flank and monitored for another 4 weeks.
For evaluation of antimetastatic effect, mice that had been cured
by the combination regimen were intravenously injected with
5% 10° 4T1 tumor cells via tail-vein injection and monitored for
another 4 weeks.

Whole-body fluorescence imaging of mice

The balb/c mice were firstly shaved and subcutaneously inoculated
with 5 x 10° 4T1 cells in 50 pl PBS (1x) on the back of the neck after
the hair was removed. The balb/c mice were fed with alfalfa-free food
for at least 1 week before the study to minimize the gastrointestinal
background autofluorescence. Once the tumor reached ~50 mm?,
a PS-FcBP/Fc-Cy7 (50 pg/ml) in 20 pl of sterile PBS solution (1x)
was intratumorally injected into the 4T1 tumor. Whole-body fluo-
rescence imaging of mice was performed with LI-COR Biosciences
Odyssey Infrared Imaging System with emission wavelength at 700 nm
(for autofluorescence in mice body) and 800 nm (for Fc-Cy?7) at
designated time points. Tumors were explanted at 168 hours and
imaged to get the fluorescence intensity. The analysis of the results
was carried out using Origin software (Northampton, MA) by fit-
ting the normalized fluorescence intensity (I)-time () curve into an
exponential decay model according to Eq. 1.

I=a-exp(t/T1)+b (1)

where g, b, and T1 are all constants fitted by Origin software. The start-
ing point for the curve fitting was the peak value of the normalized
fluorescence intensity, usually at 6 or 24 hours. The obtained T1 value
was used to calculate the decay half-life T based on Eq. 2.

t=1In(2)-T1 (2)

Note that the fluorescence intensity at t = 0 was normalized as 1.

Subcutaneous tumor treatment

Intratumoral treatments into the subcutaneous tumors were ad-
ministered in 30 pl of sterile PBS. Intraperitoneal treatments were
administered in 100 pl of sterile PBS (1x). In total, 50 pg of anti-
CTLA-4 (clone 9H10, BioXCell, Lebanon, NH, catalog no. BP0131)
and anti-PD-1 (clone RMP1-14, BioXCell, catalog no. BE0146),
100 pg of TA99 (or anti-TYRP-1, BioXCell, catalog no. BE0151),
2 pg of Fc-IL-12 (SinoBiological, catalog no. CT021-M02H), 2 pg
of Fc-IL-15 (ACROBiosystems, catalog no. IL5-M5255), and
equivalent P-IL-12 and P-IL-15 were administered each per dose.
All mice were treated under anesthesia. Detailed dose and schedule
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of the cytokines and antibodies are described in Figs. 3H and 7A
for different tumor models.

Induction and treatment of Braf ">’ /pten”"

autochthonous melanoma

On day 0, 6- to 8-week-old BmeﬁOOE/Ptenﬂ/ﬂ mice were painted
with 5 pl of ethanol solution of 4-hydroxytamoxifen (Sigma-
Aldrich) at 5 mg/ml on the shaved nape of the mice for three con-
secutive days. On day 10, mice were intratumorally treated with
P-IL-12 (equivalent of 2 pg of IL-12, q6d), P-IL-15 (equivalent of
2 pg of IL-15, q6d), 100 pg of TA99 (q3d), 50 pg of anti-CTLA-4
(clone 9H10, BioXCell, q3d), and 50 pg of anti-PD-1 (clone 29F.1A12,
BioXCell, q3d) in 50 pl of sterile PBS (1x) following the dose
schedule described in Fig. 7C. Tumor size was measured as surface
area, which was taken photos with a caliper and quantified by Fiji
Image] analysis software. Mice were euthanized when tumors areas
exceeded 150 mm”.

Flow cytometry analysis of tumor lymphocytes

Tumors and lymph nodes were resected from mice, weighted, and
gently ground to generate single-cell suspensions through a 70-pm
cell strainer. Red blood cells were lysed with RBC lysis buffer (Bio-
Legend, San Diego, CA). Cells were counted and resuspended in cell
staining buffer (BioLegend) and used for flow cytometry staining.
Nonspecific immunofluorescence staining was prevented by incu-
bating cells with TruStain fcX (anti-mouse CD16/32) (clone 93,
BioLegend) antibody in 100 pl of volume for ~10 min on ice. Cell
surface staining with antibody was performed according to the manu-
facturer’s instructions (BioLegend) with a dilution ratio of 1:100.
Fluorescent antibodies (all from BioLegend) used included CD45
(clone 30-F11), CD3 (clone 17A2), CTLA-4 (CD152, clone UC10-4B9),
CD11c (clone N418), CD49b (clone HMa2), PD-1 (CD279, clone
RMP1-30), F4/80 (clone BM8), CD19 (clone 6D5), CD4 (clone GK1.5),
Ly-6G (clone 1A8), CD11b (clone M1/70), CD25 (clone PC61), CD8a
(clone 53-6.7), CD44 (clone IM7), CD62L (clone MEL-14), Ly-6C
(clone HK1.4), NK1.1 (CD161, clone PK136), TIM-3 (CD366, clone
RMT3-23 for C57BL/6 mice, and clone B8.2C12 for balb/c mice),
LAG-3 (CD223, clone C9B7W), Slamf6 (Ly-108, clone 330-AJ), IFN-y
(clone XMG1.2), TNF-a (clone MP6-XT22), granzyme B (clone
QA16A02), ki-67 (clone 16A8), and Foxp3 (clone MF-14). Fixable live/
dead cell discrimination was performed using Zombie Aqua Fixable
Viability Kit according to the manufacturer’s protocol (BioLegend).
For intracellular staining, cells were fixed and permeabilized with the
True-Nuclear Transcription Factor Staining Kit (BioLegend) follow-
ing the manufacturer’s instructions before being stained with anti-
bodies. All flow cytometry data collection was performed using BD
FACSAria flow cytometer (BD Biosciences, San Jose, CA) and ana-
lyzed using Flow]Jo software (Ashland, OR).

CD8™ T cell activation and cytokine analysis

Tumors were resected from mice, weighted, and gently ground to
generate single-cell suspensions through a 70-pm cell strainer.
Cells were counted and resuspended in cell culture medium and
plated at a density around 1 x 10° cells per well in a 24-well plate.
The suspension was incubated with cell activation cocktail (con-
taining brefeldin A, phorbol 12-myristate 13-acetate, and iono-
mycin; BioLegend) for 6 hours at 37°C with 5% CO, following the
manufacturer’s instructions, followed by surface and intracellular
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flow cytometry staining to detect IFN-y, TNF-a, other cytokines,
and cell markers.

Luminex analysis of cytokine/chemokine

For cytokine/chemokine analysis of serum and tumor lysate, blood was
collected at 1, 24, and 72 hours after treatment, while tumors were col-
lected and homogenized using Branson SFX150 Sonifier in cell lysis
buffer (Thermo Fisher Scientific, catalog no. EPX-99999-000) with 1%
halt protease and phosphatase inhibitors (Thermo Fisher Scientific,
catalog no. 78442). The lysates were incubated with tissue at 4°C for
30 min with rotation and then centrifuged at 16,000¢ to remove debris.
Lysates were aliquoted and stored at —80°C until analysis. Samples
were assayed using a Luminex bead-based enzyme-linked immuno-
sorbent assay (Thermo Fisher Scientific Cytokine & Chemokine
Convenience 36-Plex Mouse ProcartaPlex Panel 1A, catalog number:
EPXR360-26092-901, Tyy1/ T2/ Tu9/Tul7/T22/ Treg Cytokine 17-Plex
Mouse ProcartaPlex Panel, catalog no. EPX170-26087-901, and Mouse
ProcartaPlex Mix&Match 12-plex, catalog no. PPX-12-MXYMMC])
following the manufacturer’s instructions.

Histology

For hematoxylin and eosin staining, balb/c mice were euthanized
5 days after the first treatment, while C57BL/6 mice were euthanized
14 days after the first treatment. The lung, liver, heart, spleen, kidney,
and tumors were fixed in 10% formalin, embedded in paraffin, and
stained with hematoxylin and eosin. The images were acquired under
identical acquisition settings and subsequently processed using Fiji
Image] analysis software.

Statistical analysis

Statistical analysis was performed using Origin software (Northampton,
MA). Most comparisons between groups were assessed using
Mann-Whitney U test (two-sided). Kaplan-Meier survival curves were
compared using log-rank test. The n values and specific statistical
methods are indicated in figure legends.

Supplementary Materials
This PDF file includes:
Figs.S1to S12
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