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Abstract

Combination immunotherapy targeting the PD-1 and CTLA-4 checkpoint inhibitor pathways provides substantial clinical
benefit in patients with advanced-stage cancer but at the risk of dose-limiting inflammatory and autoimmune toxicity. The
delicate balance that exists between unleashing tumor killing and promoting systemic autoimmune toxicity represents a
major clinical challenge. We hypothesized that targeting anti-CTLA-4 so that it perfuses tumor-draining lymph nodes would
provide a significant therapeutic advantage and developed an injectable hydrogel with controlled antibody release charac-
teristics for this purpose. Injection of hydrogel-encapsulated anti-CTLA-4 at a peri-tumor location (MC-38 tumor model)
produced dose-dependent antitumor responses and survival that exceeded those by anti-CTLA-4 alone (p < 0.05). Responses
to 100 pg of targeted anti-CTLA-4 also equaled or exceeded those observed with a series of systemic injections delivering
600 pg (p <0.05). While preserving antitumor activity, this approach resulted in serum anti-CTLA-4 exposure (area under
the curve) that averaged only 1/16th of that measured with systemic therapy. Consistent with the marked differences in sys-
temic exposure, systemic anti-CTLA-4 stimulated the onset of autoimmune thyroiditis in iodide-exposed NOD.H-2" mice,
as measured by anti-thyroglobulin antibody titer, while hydrogel-encapsulated anti-CTLA-4 had a minimal effect (p <0.01).
At the same time, this targeted low-dose anti-CTLA-4 approach synergized well with systemic anti-PD-1 to control tumor
growth and resulted in a high frequency of complete responders that were immune to tumor re-challenge at a distant site.
We conclude that targeted and controlled delivery of low-dose anti-CTLA-4 has the potential to improve the benefit-risk
ratio associated with combination checkpoint inhibitor therapy.
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Abbreviations mADb Monoclonal antibody

AUC Area under the curve PEGDA  Poly-(ethylene glycol)-diacrylate
CLLN Contralateral lymph nodes TDLN Tumor-draining lymph nodes
CMHA-S Thiolated carboxymethyl HA TIL Tumor-infiltrating lymphocytes
HA Hyaluronic acid

HAse Hyaluronidase

i.p. Intraperitoneal Introduction

irAEs Immune-related adverse events
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and small-molecule inhibitors [1-4]. Of these, combining
the systemic administration of an anti-CTLA-4 monoclonal
antibody (mAb) with mAbs targeting anti-PD-1 stands out
as a central approach. Clinical results indicate that this com-
bination yields a significantly greater response and progress-
free survival rate compared to monotherapy [5-9]. While
anti-PD-1 and anti-CTLA-4 each target distinct pathways,
their combination produces a synergistic effect that activates
novel antitumor mechanisms not observed when either is
used alone [10, 11]. However, along with the induction of a
superior clinical response, this combination also produces
a significant increase in severe inflammatory/autoimmune
toxicity. The delicate balance that exists between unleash-
ing tumor killing and promoting immune-related adverse
events (irAEs) represents a major obstacle when combining
immune checkpoint inhibitors [5-9, 12, 13].

As such, the current investigation focuses on the adminis-
tration of anti-CTLA-4, a checkpoint inhibitor therapy asso-
ciated with a less favorable benefit-to-risk ratio and a sig-
nificant increase in toxicity when combined with anti-PD-1
[12-14]. We hypothesized that the targeted and controlled
administration of low-dose anti-CTLA-4 could be used to
activate regulatory T cells within tumor-draining lymph
nodes (TDLN) while limiting high-dose systemic exposure
and the activation of autoimmune responses at distant organ
sites. We employed an injectable and self-polymerizing hya-
luronic acid (HA)-based hydrogel to encapsulate and deliver
anti-CTLA-4. A peri-tumor injection site was employed as a
simple approach for targeting tumor-responsive T cells that
are concentrated within TDLN and capable of producing a
systemic abscopal antitumor response [15, 16]. Ultimately,
the goal was to produce a reagent that would not only reduce
systemic exposure and toxicity, but also synergize with
the systemic administration of anti-PD-1. In this preclini-
cal evaluation, a subcutaneous MC-38 tumor implantation
model was employed and the antitumor effects of targeted-
controlled low-dose anti-CTLA-4 were compared to that
of a standard regimen of systemic anti-CTLA-4. In addi-
tion, in order to determine the impact of this targeted low-
dose approach on the induction of autoimmune toxicity, we
measured serum thyroglobulin antibody levels to assess the
impact on the induction of autoimmune thyroiditis using
NOD.H-2" mice. NOD.H-2" mice develop spontaneous
thyroiditis, a process accelerated by dietary iodide supple-
mentation [17], and both the frequency and severity of the
thyroiditis are susceptible to anti-CTLA-4 blockade [18, 19].
Our findings suggest a promising approach for improving the
benefit-risk ratio associated with conventional delivery of
anti-CTLA-4 therapy.
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Materials and methods
Animals

Six- to eight-week old C57BL/6 mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) or the UCLA
Department of Radiation Oncology Mouse Facility and
housed at the UCLA Division of Laboratory Animal Medi-
cine facility. A colony of NOD.H-2" mice (breeding pairs
of NOD.Cg-H2"/DilTacUmmJ from The Jackson Labora-
tory) was bred at the UCLA Division of Laboratory Animal
Medicine facility and housed at UCLA CFAR Humanized
Mouse Core facility under laminar flow conditions with ster-
ile food, water, and caging. All protocols and procedures
were approved by the UCLA Animal Research Committee.

Reagents

Mouse colorectal cancer cell line, MC-38, was from the
Division of Cancer Treatment and Diagnosis Tumor Reposi-
tory, National Cancer Institute. Thiolated carboxymethyl HA
(CMHA-S) and poly-(ethylene glycol)-diacrylate (PEGDA)
were from Lineage Cell Therapeutics (Alameda, CA,
USA). Anti-CTLA-4 (clone # 9H10) and anti-PD-1 (clone
# BE(0146) were from BioXcell (West Lebanon, NH, USA).
Purified mouse CTLA-4 protein was from BioLegend (San
Diego, CA, USA), and FITC-labeled anti-PD-1 was from
Invitrogen (Carlsbad, CA). FITC-labeled dextrans were from
Sigma-Aldrich (St. Louis, MO). Purified bovine hyaluroni-
dase (HAse) was from MP Biomedicals (Santa Ana, CA).
Labeled mAb for flow cytometry included anti-mouse CD3
and CD152 (anti-CTLA-4) from BD Biosciences (San Jose,
CA) along with anti-CD4 and CDS8 from BioLegend.

Hydrogel formulation and in vitro assessment
of retention and release characteristics

CMHA-S and PEGDA were individually dissolved in
degassed deionized water (pH 7.4) to prepare solutions of
1.25% (w/v) and 6% (w/v), respectively. Molecules to be
incorporated, either Dextran-FITC (5 pg in 24 ul/gel), anti-
CTLA-4 (25-100 pg in 24 ul/gel) or FITC-labeled anti-PD-1
(5 pg in 24 pl/gel), were mixed with PEGDA solution (30 ul/
gel), and the resulting mixtures were added to CMHA-S
(96 pl/gel) with thorough mixing to initiate gelation. Final
component concentrations within standard 150 ul hydrogels
were 0.8% w/v for CMHA-S and 1.2% w/v for PEGDA.
For in vitro assessment, 150 pl of hydrogel solution
containing an incorporated target molecule was allowed
to undergo gelation (20 min in 14-ml round-bottom tube)
followed by addition of either 1 ml (for incorporated
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molecules <5 pg/gel) of 10 ml (for incorporated mol-
ecules of 5-50 pg/gel) of release media (PBS with 1%
BSA, 0.5 mM EDTA) and incubation at 37 °C. At indi-
cated times, media were completely recovered from each
tube and replaced by fresh pre-warmed media. Exogenous
HAse (1000 units) was added to release media after the final
sample collection to release any remaining target molecule
from the hydrogel matrix as previously described [20]. The
quantity of Dextran-FITC or FITC-labeled anti-PD-1 recov-
ered at each time point was determined using a fluorescence
plate reader (Bio-Rad Laboratories, Hercules, CA, USA),
and recovered anti-CTLA-4 was measured using a binding-
specific ELISA.

Retention of Dextran-FITC by hydrogels
after injection in vivo

Hydrogels formulated with Dextran-FITC (20, 150 or
500 kDa) were implanted into the upper flank of C57BL/6
mice by subcutaneous injection and excised 4 h later. Dex-
tran-FITC remaining in the recovered hydrogels was recov-
ered by incubating in 1 ml of release media at 37 °C in the
presence of HAse (1000 units) until hydrogels were lysed.
The amount of recovered Dextran-FITC was determined by
fluorescent plate reader using stock preparations to generate
standard curves.

Binding-specific ELISA for quantitation of functional
anti-CTLA-4 antibody

To measure intact anti-CTLA antibody with binding activ-
ity, wells were coated with mouse recombinant CTLA-4
protein (2 mg/ml) in coating buffer (Sigma-Aldrich) over-
night at 4 °C, washed and then incubated with test samples
(after a 1:100 dilution) for 2 h at room temperature. Wells
were washed and then incubated with horseradish perox-
idase-conjugated affinity-purified F(ab'), fragment goat
anti-hamster IgG (H+L) (Jackson ImmunoResearch, West
Grove, PA, USA) for 1 h followed by detection with TMB
Substrate Solution (Thermo Fisher Scientific, Waltham,
MA) for 30 min. Stop solution (Thermo Fisher Scientific)
was added, and optical densities were read at 450 nm using
a microplate reader (Bio-Rad Laboratories). Serial dilutions
of anti-CTLA-4 obtained from the same manufacturing lot
were used to generate standard curves and anti-CTLA-4 con-
centration calculated based on measured optical density at
450 nm.

Tumor model and determination of treatment
responses to anti-CTLA-4

C57BL/6 mice were implanted with MC-38 cells (3 x 10/
mouse) by subcutaneous injection into the right upper flank.

Six days after implantation, all animals with palpable tumors
were randomly divided into control and treatment groups (12
mice/group). Control mice received no therapy, while mice
in the experimental groups received anti-CTLA-4 admin-
istered by either intraperitoneal (i.p) injection (200 ug in
PBS) on days 6, 9, and 12 (total dose 600 ug) after tumor
implantation or by subcutaneous injection at a peri-tumoral
location with (1) anti-CTLA4 (50 pg) diluted in PBS or (2)
anti-CTLA4 (25-100 pg) that had been incorporated into a
150 pl hydrogel on days 6 and 11 (total dose 50-200 ug).
Hydrogel injections occurred between 4 and 5 min after final
mixing, while the solution was still in a liquid state. Tumor
volumes were measured by digital caliper every 3—4 days up
to day 28, and survival rate was determined over 40 days.
Mice with tumor volumes > 3000 mm?® were considered ter-
minal and euthanized.

Characterization of TDLN and tumor-infiltrating
lymphocytes (TIL)

C57BL/6 mice that were treated with peri-tumor injec-
tions of hydrogel-encapsulated anti-CTLA-4 (50 pg/dose)
on days 6 and 11 after tumor implantation, or untreated
tumor-bearing animals, were killed on day 13 to recover
axillary, brachial, and inguinal TDLN, contralateral lymph
nodes (CLLN), and tumor. Single-cell suspensions were pre-
pared by mechanical disaggregation for cell counts, stained
with fluorochrome-conjugated mAbs and results acquired
with a LSR II flow cytometer (Becton—Dickinson, Franklin
Lakes, NJ).

Assessment of autoimmune toxicity using
NOD.H-2" mice

Female NOD.H-2" mice were given drinking water con-
taining sodium iodide (0.05% w/v, Sigma) starting at the
age of 8—11 weeks to accelerate and synchronize the spon-
taneous onset of autoimmunity [17]. Control mice received
no additional therapy. In the experimental groups, mice
were started on treatment at 11 weeks with either hydro-
gel-encapsulated anti-CTLA-4 (50 ug/dose) by subcutane-
ous injection into the right flank on treatment days 0, 5,
and 10 (total dose =150 pg) or systemic administration
of anti-CTLA-4 (200 pg/dose) on treatment days 0, 3, 6,
9, and 12 (total dose =1000 ug) by i.p. injection. Serum
samples were collected at 11 weeks (prior to anti-CTLA-4)
and 15 weeks of age, and the levels of anti-thyroglobulin
autoantibody were assessed by ELISA. Mouse thyroglobulin
protein was prepared from BALB/C mouse thyroid glands
(BioIVT, Westbury, NY) as described previously [21] and
used to coat ELISA wells (1.5 pg/ml). After an overnight
incubation (4 °C), wells were washed and blocked, and then
diluted serum samples (1:100) were added for 2 h at room
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temperature. Wells were washed and then incubated with
secondary antibody, horseradish peroxidase-conjugated goat
anti-mouse IgG (Sigma-Aldrich), for 1 h followed by wash-
ing and incubation with TMB Substrate Solution (Thermo
Fisher Scientific) for 15 min. Stop solution (Thermo Fisher
Scientific) was added, and optical densities were read at
450 nm on a microplate reader (Bio-Rad Laboratories).

Calculations and statistical analysis

The cumulative amounts of Dextran-FITC and checkpoint
inhibitor antibody recovered at each time point were calcu-
lated as a percentage of the total recovery (summation of
values at all time points including recovery after digestion
with HAse). Reported fluorescent O.D. and ELISA values
represent the average of replicate determinations. Tumor
volume (mm?*) was calculated by multiplying measured
width, height, and depth of the tumor. Tumor growth (size)
is reported as the mean + SE for the tumor volume meas-
ured from all animals, and comparisons between groups
over time were performed using a two-way ANOVA with
repeated measures. A Bonferroni correction was applied to
post hoc comparisons between individual treatment groups.
A Fisher’s exact test was used to compare the frequency of
responders, based on tumor size <500 mm?>, when compar-
ing single and combination therapy. Survival curves were
compared using a log-rank test. T tests were applied for
single-point comparisons between groups when applicable.
p <0.05 was considered significant and adjusted by Bonfer-
roni correction for post hoc comparisons.

Results
Hydrogel retention and release characteristics

An injectable HA-based hydrogel with controlled release
characteristics was optimized to deliver an initial bolus of
anti-CTLA-4 at the injection site followed by a sustained
drug delivery over a period of days. As shown in Fig. 1, a
formulation consisting of 0.8% w/v of CMHA-S and 1.2%
w/v of PEGDA appeared ideally suited for mAb delivery
with an intrinsic gelation time of approximately 5 min after
mixing, allowing for injection and rapid polymerization
in situ, and the capacity to control the release of large mole-
cules. In both in vitro and in vivo testing, the release rate for
Dextran-FITC was inversely related to the molecular weight
(Fig. 1a/b). When incorporating the 20 kDa molecules, >
60% was released within the first 4 h in vitro. In contrast,
only 36.8% and 22.3% of the 150 and 500 kDa Dextran-
FITC, respectively, were released at 4 h. While release of
the 20 kDa construct was essentially complete within 24 h,
measurable levels of the 150 and 500 kDa constructs still
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remained within hydrogels after 5 days. Similarly, when
hydrogels containing the different-sized Dextran-FITC
were injected into the subcutaneous tissue of C7BL/6 mice
and recovered 4 h later, there was a significant difference
in the retained Dextran-FITC based on molecular weight
(»<0.001). In vitro release kinetics for anti-CTLA-4 were
determined using a similar approach (Fig. 1¢). In order to
assure that released antibody remained functional, a binding-
based ELISA that employed mouse CTLA-4 protein as the
target antigen was used. Approximately 95% of anti-CTLA-4
was gradually released over a period of 3 days. Similar
release kinetics were observed for anti-PD-1/FITC suggest-
ing a generalized effect on mAbD release (Fig. 1d). When
administered to mice by subcutaneous injection, functional
antibody was still detected from hydrogels harvested 3 days
later (data not shown), correlating with the in vitro kinetics.

Antitumor effect from targeted administration
of low-dose anti-CTLA-4

Having developed a mechanism for controlled delivery of
anti-CTLA-4, we next assessed whether a low dose of hydro-
gel-encapsulated anti-CTLA-4 delivered by a peri-tumor
injection could mediate significant antitumor activity. As
shown in treatment schedule Fig. 2a, C57BL/6 mice bear-
ing palpable subcutaneous MC-38 tumors were treated with
one of three anti-CTLA-4 regimens: (1) standard systemic
administration with 3 doses (200 pg each, i.p. injection) at
days 6, 9, and 12 after tumor implantation; (2) low-dose
peri-tumor injection in PBS (50 ug each, subcutaneous injec-
tion) at days 6 and 11; or (3) low-dose peri-tumor injection
of hydrogel-encapsulated anti-CTLA-4 (50 pg each, sub-
cutaneous injection) at days 6 and 11. Positive treatment
effects were observed in all cases, but the magnitude was
different for each route of administration. As demonstrated
in Fig. 2b, peri-tumoral administration of hydrogel-encapsu-
lated anti-CTLA-4 induced the most efficient tumor regres-
sion among all treatment groups (p <0.001) with the day
25 tumor volume reduced to 32.9 +24.2% (mean + SE) of
control values. The response to targeted administration of
anti-CTLA-4 alone, in the absence of a hydrogel, was sig-
nificantly less. In this setting, the day 25 tumor volume was
reduced to 55.9 +46.0% of control values (p <0.001 com-
pared to hydrogel-encapsulated anti-CTLA-4). High-dose
systemic therapy was effective and reduced tumor volume
to 47.9 +37.9% of control values (p <0.001 compared to
control), but this effect was also significantly less than that
resulting from low-dose therapy with hydrogel-encapsulated
anti-CTLA-4 (p <0.001). A similar pattern was observed
with respect to survival (Fig. 2c) in which there was a sig-
nificant survival advantage in animals treated with hydro-
gel-encapsulated anti-CTLA-4 compared to the untreated
control group (p <0.05), a trend toward a survival advantage
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Fig. 1 Hydrogel release characteristics. a, b Hydrogels containing
5 pg of Dextran-FITC with different molecular weights (20-500 kDa)
were prepared. For in vitro experiments (a), hydrogels were incu-
bated in 1 ml release media at 37 °C with the media collected and
replaced with fresh media at indicated time points, HAse (1000 U)
was added after 120 h to promote lysis and the release of any retained
molecules for “Final” measurement. Recovery at each time point was
normalized as a percentage of total antibody recovered. A significant
impact of molecular weight on the release over time was observed
(p<0.001, two-way ANOVA with repeated measures). For in vivo
experiments (b), hydrogels prepared under the same conditions were
implanted into the flank of C57BL/6 mice by subcutaneous injection

when animals were treated with systemic administration, but
no survival advantage in animals that received a targeted
injection of low-dose anti-CTLA-4 prepared in PBS.
When examined in more detail, the targeted administra-
tion of hydrogel-encapsulated anti-CTLA-4 was associated
with a dose-dependent antitumor effect at total doses that
were only 1/12th (25 pgx2), 1/6th (50 ugx2), or 1/3rd
(100 pg x2) of the standard systemic dose (Fig. 3a). Tumor
volumes at day 25 were reduced on average to 68.2%, 54.0%,
and 25.2% of the untreated control tumor size (p <0.001
comparing untreated control to 25 ug dose and comparing
50-100 pg dose). Similarly, there was a dose-dependent
survival advantage when compared to untreated animals
(Fig. 3b; 25 pug, p=0.07; 50 pg, P=0.005; 100 pg, p=0.01).
The biologic effects of targeted hydrogel-encapsulated anti-
CTLA-4 were further assessed by recovering TDLN, CLLN,
and TIL for analysis at 7 days after initiation of treatment

T
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and excised 4 h later. Dextran-FITC remaining in excised hydrogels
was recovered by incubating in release media containing HAse (1,000
U) at 37 °C. A significant impact of molecular weight on the retention
of Dextran-FITC was observed (p<0.001, two-way ANOVA). All
experiments were performed in duplicate. ¢, d In vitro release pro-
files were also determined for hydrogels incorporating 50 ug of anti-
CTLA-4 (c) or 5 pg of anti-PD-1/FITC (d) with the release media
collected and replaced with fresh media at indicated time points.
HAse (1000 U) was added after 72 h to promote hydrogel lysis and
the release of any remaining antibody for “Final” measurement.
Measurements represent the mean of duplicate hydrogels

with the 50 pg dose (day 13 after tumor implantation). As
expected (Fig. 3c), TDLNs demonstrated an innate response
to tumor implantation, even in the absence of treatment, with
5.1+ 1.2 x 10° mononuclear cells recovered from TDLNs
as compared to only 2.2+0.6 x 10° cells recovered from
CLLNs (p <0.05). Targeted administration of hydrogel-
encapsulated anti-CTLA-4 further expanded the cell num-
bers within TDLN to 11.3 +0.8 x 10° cells (122% increase
compared to untreated TDLN; p <0.01) without any impact
on cell counts recovered from CLLN (1.3 +0.5 X 10°; no dif-
ference from untreated CLLN). These regional effects on
TDLN were linked to dynamic changes in the character-
istics of TIL including a relative increase in the percent-
age of CD3+/CD8+T cells and a reduction in the CD4 +/
CTLA-4 +and CD8 + /CTLA-4 + subsets (Fig. 3d). These
data suggest that targeted peri-tumor injection of low-dose
anti-CTLA-4, when delivered with an injectable hydrogel,
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Fig.2 Antitumor activity of anti-CTLA-4; comparing systemic to
peri-tumor administration. a C57BL/6 mice implanted with MC-38
cells (3.5% 10%) by subcutaneous injection into the right upper flank
had palpable tumor confirmed on day 6 prior to initiation of therapy.
For systemic administration, mice received anti-CTLA-4 (200 pg
by i.p. injection) on days 6, 9, and 12. For subcutaneous peri-tumor
injection, mice received anti-CTLA-4 (50 pg) formulated in either
PBS or incorporated into a hydrogel and administered on days 6 and
11. b Tumor volume (mm?®) was determined every 3—4 days over a

preferentially activates TDLN, promotes the accumulation
of activated T cells within tumors, and produces potent
antitumor effects that translate into survival advantages that
were equal to or more effective than conventional systemic
administration.

Impact of targeted administration of anti-CTLA-4
on the induction of autoantibodies

We hypothesized that the targeted and controlled delivery
of anti-CTLA-4 would produce less systemic exposure
and therefore reduce the magnitude of autoimmune toxic-
ity. The induction and severity of autoimmune thyroiditis
were assessed using the NOD.H-2" mouse model in which
spontaneous thyroiditis is accelerated when the drinking
water is supplemented with sodium iodide. In this model,
the severity of thyroiditis is exacerbated with administration
of anti-CTLA-4, an effect that correlates with the production
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course of 25 days (11 mice/group, +SE) with a significant difference
between groups identified (p <0.001; two-way ANOVA with repeated
measures). Tumor size at day 25 was significantly less in animals
receiving peri-tumor injection of hydrogel-encapsulated anti-CTLA-4
when compared to animals receiving peri-tumor injection in PBS
or systemic administration (¥*p <0.001). ¢ Survival rates of the four
groups were compared over a 40-day period. **p <0.05 compared to
untreated and peri-tumor injection in PBS groups; log rank test

of autoantibody directed against thyroglobulin [18, 19]. As
shown in Fig. 4, and consistent with spontaneous develop-
ment of autoimmune thyroiditis in this model, there is a
modest increase between weeks 11 and 15 in the level of
thyroglobulin autoantibody in control animals. However,
following systemic i.p. administration of anti-CTLA-4, the
level of thyroglobulin autoantibody dramatically increases
over the same time interval and is significantly higher than
the control group (week 15 vs week 11, OD=0.93 +0.15 vs.
0.17 +£0.12 (means + SE), respectively, p <0.001). By com-
parison, targeted low-dose delivery of anti-CTLA-4 using
a hydrogel resulted in week 15 thyroglobulin autoantibody
levels that were not significantly different than in control
mice (week 15 OD=0.42+0.14 vs. 0.17 £0.12, respec-
tively, p>0.1). The week 15 thyroglobulin autoantibody
levels were significantly higher following i.p. administration
compared to administration by hydrogel (OD=0.93+0.15
vs. 0.42 +0.14, respectively, p=0.01).
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Fig.3 Dose-dependent antitumor activity of hydrogel-encapsulated
anti-CTLA-4. C57BL/6 mice bearing palpable subcutaneous MC-38
tumors, confirmed by palpation on day 6, received either no treat-
ment (control) or peri-tumor subcutaneous injections of hydrogels
formulated with different doses of anti-CTLA-4 (25, 50 or 100 pg) on
days 6 and 11. a Tumor volume (mm?®) was measured every 3—4 days
over a course of 25 days (10 mice/group,+SE). A significant over-
all impact of anti-CTLA-4 dose on growth of tumor over times was
observed (p<0.001, two-way ANOVA with repeated measures), and
significant differences between groups were identified (*p <0.001;
two-way ANOVA with repeated measures). b Survival rates of
the four groups were compared over a 40-day period. A significant
overall impact of anti-CTLA-4 dose on tumor growth over time was
observed (p<0.001, two-way ANOVA with repeated measures),
and significant differences between treatment groups were identified
('p=0.005 50 pg vs. control; ¥p=0.01 100 ug vs. control; **p=0.07

Serum levels of anti-CTLA-4 following systemic
versus targeted administration

Consistent with reduced autoimmune toxicity, we hypoth-
esized that targeted administration of low-dose anti-CTLA-4
would avoid high serum peak and overall drug exposure
that occurs following systemic administration. Following
the administration schedule in Fig. 2a, serum levels of anti-
CTLA-4 were measured at various time points by ELISA. As
shown in Fig. 5a, the serum levels of anti-CTLA-4 following
i.p. injection (200 pg % 3) were significantly higher at each

0 10 20 30 40
Days after tumor implantation

d Tumor Infiltrating Lymphocytes

Il No Treatment No Treatment i
[ Anti-CTLA-4/Hydrogel 201 Anti-CTLA-4/Hydrogel []
60 -|--
=
=
+
a 40-}--
O
kS
X
20-}--
0
CD4+ CD8+ CD4+/ CD8+/
CTLA-4+ CTLA-4+

25 ug vs. control; log rank test). ¢ Axillary, brachial, and ingui-
nal tumor-draining lymph nodes (TDLNs) and contralateral lymph
nodes (CLLN) were recovered on day 13 from animals that received
hydrogel-encapsulated anti-CTLA-4 (50 pg/dose) or untreated con-
trols (3 animals/group). The nodal size (representative images shown,
1.75 X magnification) and cell counts were always greater in TDLNs
as compared to contralateral nodes regardless of treatment (*p <0.05;
t test). In addition, leukocyte counts from the TDLNs were dramati-
cally higher in treated animals as compared to untreated controls
(§p<0.01). In contrast, there was no significant difference in cell
counts in CLLNs regardless of treatment group. d Tumors were also
recovered on day 13 (3 animals/group), pooled, and used to prepare
single-cell preparations for analysis by flow cytometry. Treatment
with hydrogel-encapsulated anti-CTLA-4 resulted in a shift in TILs
toward a CDS8+ phenotype and a reduction in CTLA-4 expressing
CD4 +and CD8+T cells (mean % positive in pooled cells)

time point than hydrogel injection (50 pgx?2). The highest
serum levels at 152 h were 174.7 +18.5 pg/ml following
i.p. injection and only 11.39+1.11 pug/ml (means + SE) fol-
lowing administration by hydrogel (ratio of i.p. vs. hydro-
gel concentration=15:1, p <0.01). The overall difference in
serum exposure, as measured by the ratio of the two areas
under the curve (AUC) calculations, was 16:1. To address
whether the observed differences in serum exposure were
due solely to the amount of mAb administered, animals were
given either 200 pg or 50 pg of anti-CTLA-4 by systemic i.p.
injection or 50 pg by targeted peri-tumor hydrogel injection
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Fig.4 The route of anti-CTLA-4 administration impacts autoanti-
body (to thyroglobulin) levels in an autoimmune thyroiditis model.
NOD.H-2" mice received drinking water supplemented with sodium
iodide starting at 8 weeks of age. From 11 weeks of age, mice were
treated with either subcutaneous injections of hydrogel-encapsu-
lated anti-CTLA-4 (3 doses of 50 ug; 150 ug total) or systemic (i.p.)

a Serum pharmacokinetics

administration of anti-CTLA-4 (5 doses of 200 ug; 1000 pg total).
Serum was collected from mice at age of 11 (pre-treatment) and
15 weeks for determination of anti-thyroglobulin antibody by ELISA.
N=15 in control and i.p. groups, 14 in hydrogel; group. Data for indi-
vidual mice are shown in different colors. Bars indicate mean levels
of thyroglobulin autoantibody. *p=0.01; ¢ test

b Single dose exposure (8 hrs)
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Fig.5 Serum exposure to anti-CTLA-4 Ab; comparing systemic to
peri-tumor administration. a C57BL/6 mice were treated with either
peri-tumor injection of hydrogel/anti-CTLA-4 (50 pg; day O and 5)
or i.p. injection of anti-CTLA-4 (200 pg; day O, 3 and 9). Serum
was collected at various time points (8, 48, 72, 80, 120, 144, 152,
168, 240 h after the first treatment) and anti-CTLA-4 concentration
measured by ELISA. Data displayed as means+SE, N=6 mice/
group. b To assess if the difference in peak serum levels was solely
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related to the reduced injection dose, C57BL/6 mice received either
a single systemic i.p. injection of anti-CTLA-4 at a dose of 50 pg or
200 g, or a peri-tumor injection of hydrogel/anti-CTLA-4 contain-
ing 50 pg. Serum was collected at 8 h after drug administration and
anti-CTLA-4 concentration measured by ELISA. Data displayed as
means +SE, N=6 mice/group (*p <0.001 comparing hydrogel/anti-
CTLA-4 to either systemic dose)
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and serum concentration measured 8 h later (Fig. 5b). Con-
sistent with the fourfold difference in dose, serum levels in
animals receiving a 50 ug i.p. dose averaged only 27.2%
(17.4 2.0 pg/ml) of that measured in animals receiving
200 pg i.p. (64.0 +17.4 pg/ml). However, when encapsu-
lated in hydrogel and administered as a peri-tumor injection
of 50 pg, the serum level was only 4.4% of that measured
following the 200 pg systemic dose (2.8 +£0.5 pg/ml). Con-
trolled release using hydrogel-encapsulated anti-CTLA-4
results in much lower systemic exposure than predicted by
dose difference alone.

Targeted anti-CTLA-4 therapy enhances antitumor
efficacy mediated by systemic anti-PD-1

Having demonstrated that targeted administration of low-
dose anti-CTLA-4 induces an effective antitumor response
while limiting autoimmune toxicity, we asked whether it
would still enhance antitumor efficacy when administered
in combination with systemic anti-PD-1 (Fig. 6). Following
a similar treatment regimen to that shown in Fig. 2a, tumor-
bearing mice were treated with either peri-tumor injection of
hydrogel formulated with anti-CTLA-4 alone, i.p. injection

a Untreated Control b Hydrogel/anti-CTLA-4 alone
1600 1
1400 {N=11 1 N=12
IS ] ]
£ 1200
o 1000 - :
S
= 800 - _
(@]
= 600 - .
o ________________________________________________
E 400 - 1
e
200 - 1 4
0 - x
0 5 10 15 20 25 30 0 5 10 15 20 25 30
c Anti-PD-1 alone d Hydrogel/anti-CTLA-4 + anti-PD-1
1600 -
. 14004 N=12
S i
£ 1200
o 1000 -
S
= 800 -
(@]
2 600 -
g
5 400 -
200 A
O a
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Days after tumor implantation

Fig.6 Tumor regression by monotherapy vs combination therapy.
C57BL/6 mice were implanted with MC-38 cells (3.5 10°) by sub-
cutaneous injection and treatment initiated on day 6 after confirma-
tion of palpable tumor. Tumor size was determined in three dimen-
sions at intervals to calculate tumor volumes and construct tumor
growth curves. a Untreated control. Tumor growth in control ani-
mals that received tumor without administration of any checkpoint
inhibitor antibody. b Monotherapy with hydrogel-encapsulated anti-
CTLA-4. Mice were treated with peri-tumor injections of hydrogel-

encapsulated anti-CTLA-4 (50 pg) on days 6 and 11. ¢ Monotherapy
with anti-PD-1. Mice were treated with i.p. injection of anti-PD-1
(100 pg) on days 6, 9, and 12. d Combination therapy. Mice were
treated with peri-tumor injection of hydrogel formulated with anti-
CTLA-4 (50 pg) at days 6 and 11 and i.p. injection of anti-PD-1
(100 pg) on days 6, 9, and 12. Each line represents tumor growth in a
single mouse. The number of animals with no palpable tumor at day
28 is indicated with an arrow. *p <0.005; combination therapy versus
either monotherapy
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of anti-PD-1 alone following the same injection schedule
as detailed for i.p. administration of anti-CTLA-4, or the
combination of hydrogel formulated with anti-CTLA-4 and
i.p. injection of anti-PD-1. Tumor growth in control ani-
mals that received no therapy is also shown. Monotherapy
with either anti-CTLA-4 alone or anti-PD-1 alone exhibited
similar effects on tumor growth, with lasting tumor regres-
sion in 33% of treated mice and delayed development of
larger tumors (> 500 mm?) in remaining mice. On the other
hand, when treated with combination therapy, the majority
of mice (58%) experienced lasting tumor regression and only
one mouse developed tumor greater than 500 mm?. As such,
combination therapy significantly reduced the development
of large tumors (p < 0.005; combination vs. either mono-
therapy). All mice that experienced lasting tumor regres-
sion (4 per monotherapy group, 7 in combination therapy
group) were re-challenged with a 50% higher dose of tumor
inoculation on the opposite side of the original tumor at day
40. No palpable tumors developed in these animals. These
results suggest that targeted peri-tumor administration of
anti-CTLA-4, using a controlled hydrogel delivery system,
synergizes with systemic anti-PD-1 therapy and results in
a high level of systemic protection as documented by the
rejection of tumor challenge at a distant site.

Discussion

Tumor immunotherapy has evolved over time from a focus
on antigen-specific vaccines to a broader attack on check-
point inhibitor pathways that shield both normal tissue and
tumors from host immunity [22, 23]. Monoclonal antibodies
targeting CTLA-4, PD-1 and PD-L1 represent a cadre of
reagents with broad clinical activity against melanoma, lung
cancer, renal cancer, and other tumor types [3, 4]. While
capable of mediating antitumor responses as single agents,
there is significant interest in combination therapy to boost
both the frequency and magnitude of responses [1-4]. Simul-
taneously targeting CTLA-4 and PD-1 produces a synergis-
tic biologic effect that activates novel antitumor mechanisms
[10, 11] and yields a significantly greater clinical response
and progress-free survival rate compared to monotherapy
[5-9]. In the CheckMate 067 trial, progression-free survival
in previously untreated melanoma patients increased from
2.9 months with ipilimumab alone to 11.5 months in those
treated with ipilumumab plus nivolumab [5]. Similarly, the
combined use of nivolumab and ipilimumab proved supe-
rior to chemotherapy for previously untreated non-small cell
lung cancer, while nivolumab alone did not [5, 24]. Unfor-
tunately, the potential for inflammatory and immune related
adverse events is also magnified by combination therapy [12,
14]. In the CheckMate 067 trial, the occurrence of Grade 3
or 4 treatment-related adverse events increased from 27.3%
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in patients treated with anti-CTLA-4 alone to 55.0% in those
receiving combined anti-CTLA-4 plus anti-PD-1 [5]. The
work presented here directly addresses this problematic
aspect of systemic checkpoint inhibitor therapy and the risk
for unleashing irAEs. In this study, hydrogel-encapsulated
anti-CTLA-4 was administered as a peri-tumor injection to
target TDLN and perfuse them with a sustained release of
therapeutic antibody. This approach takes advantage of the
unique enrichment of both tumor-responsive and regulatory
T cells that occurs within TDLNs [25-28] and was shown to
activate TDLNs and alter the phenotype of TIL in a manner
consistent with the known effects of anti-CTLA-4 therapy
[25, 29, 30]. This targeted administration was associated
with a dramatic reduction in serum anti-CTLA-4 levels, as
compared to systemic administration, while producing equal
or superior tumor control in a dose-dependent manner. More
importantly, targeted administration of anti-CTLA-4 limited
the stimulation of autoimmune thyroiditis while still syn-
ergizing with systemic anti-PD-1 to control tumor growth.

The administration of immune modulators via a peri-
tumor injection, including anti-CTLA-4, is a well-estab-
lished approach for stimulating protective antitumor
immunity. In preclinical studies, efficacy relies upon the
heightened frequency of tumor-specific T cells that reside
within TDLN and on the capacity for treatment to induce
the systemic circulation of activated T cells that control
tumor growth, including metastatic disease, and results
in protective immune memory [25-30]. In this report, a
self-polymerizing HA-based hydrogel was employed as a
mechanism to provide sustained and targeted delivery of
anti-CTLA-4. This formulation rapidly polymerizes at the
site of injection and produces a mechanism for sustained
perfusion of TDLN. When compared to administration of
anti-CTLA-4 alone (in PBS), encapsulating the same dose of
anti-CTLA-4 within the hydrogel produced a superior tumor
response; suggesting that the mode and/or rate of delivery
are important determinants of the response. Hyaluronic acid
is a natural component of the extracellular matrix with good
biocompatibility and limited risk for immunogenicity [20,
31]. The HA and PEGDA reagents used in this study were
admixed at a ratio optimized for localized administration
and to control antibody release, but are otherwise the same
as those recently approved for human use (Renevia®) [32].
Hydrogel-encapsulated anti-CTLA-4 administered in this
manner produced a dose-dependent response capable of
achieving equal or better tumor control and survival than
systemic dosing while requiring only a fraction of the dose.
This dose dependency recapitulates the known response to
systemic anti-CTLA-4 [32, 33].

As toxicity is also dose-related, a primary goal of tar-
geted therapy is to employ dose reduction as a mechanism
to reduce systemic toxicity [25-27]. The irAEs associated
with anti-CTLA-4 represent off-target effects from immune
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activation including both inflammatory and organ-specific
autoimmune toxicity [14]. Other mouse models employ-
ing low-dose targeted anti-CTLA-4 have demonstrated a
reduction in the release of liver enzymes and serum IL-6
as compared to the effects of systemic therapy [25, 34]. In
this study, subcutaneous administration of low-dose anti-
CTLA-4 dramatically reduced both peak and sustained
serum exposure to a level lower than otherwise expected
based on dose and antibody bioavailability [35]. This may
reflect the impact from using a controlled release hydrogel
or a significant first-pass effect due to binding within TDLN.
On average, serum exposure following the administration
of an effective dose of hydrogel-encapsulated anti-CTLA-4
was only 1/16th of that documented following standard sys-
temic therapy. Organ-specific autoimmunity is stimulated by
endogenous antigen presentation, which occurs primarily in
organ-draining lymph nodes, but is typically kept in check
by the local induction of antigen-specific regulatory T cells
[36]. In this setting, we hypothesized that low-dose targeted
therapy would reduce the frequency/severity of autoimmune
toxicity occurring at a distant site. To test this hypothesis,
we employed NOD.H-2" mice that spontaneously develop
autoimmune thyroiditis and thyroglobulin autoantibodies, a
process accelerated by dietary iodide supplementation [17].
Autoimmune thyroiditis in NOD.H-2" mice is regulated by
checkpoint inhibitors and regulatory T cells [18]. Accord-
ing to Sharma et al. [19], the incidence of disease, severity
of the mononuclear cell infiltration of the thyroid, and the
thyroglobulin autoantibody levels in NOD.H-2" mice are
all significantly increased when animals are exposed to sys-
temic anti-CTLA-4. As such, this model provided an oppor-
tunity to assess the impact of checkpoint inhibitor blockade
on features of autoimmune toxicity that are similar to those
occurring in patients [37]. Consistent with our hypothesis,
systemic anti-CTLA-4 stimulated a significant increase in
serum thyroglobulin autoantibody levels in this model, while
peri-tumor administration resulted in thyroglobulin autoanti-
body levels similar to those in controls not treated with anti-
CTLA-4. These findings, when combined with the impact
on tumor growth and survival, imply a positive impact on
the clinical benefit/risk ratio.

Given the unique synergism that occurs when systemic
anti-CTLA-4 and anti-PD-1 are administered together,
and the low serum exposure that occurs following targeted
delivery of anti-CTLA-4, it was important to ask whether
targeted administration would synergize with systemic
anti-PD-1. Indeed, while monotherapy with either anti-
CTLA-4 or anti-PD-1 alone significantly slowed tumor
growth, combining targeted peri-tumor anti-CTLA with
systemic anti-PD-1 resulted in the majority of animals
experiencing lasting tumor regression. In addition, ani-
mals that experienced complete tumor regression were

protected from tumor re-challenge at a contralateral site.
This synergism between a targeted peri-tumor injection
and systemic therapy could pave the way for a number of
different approaches to combination therapy.

In conclusion, our findings add to a growing literature
and document the capacity for targeted peri-tumor admin-
istration of immune modulators to elicit systemic antitu-
mor immunity and control tumor growth [25-28, 34]. By
targeting anti-CTLA-4 toward TDLN, this approach acti-
vated tumor-specific T cell responses at a fraction of the
required systemic dose. The use of a hydrogel-encapsu-
lated anti-CTLA-4, specifically designed to act as a res-
ervoir for controlled antibody release over several days,
further enhanced potency and was associated with a lower-
than-expected systemic exposure. The fact that targeted
administration mimicked systemic administration with
respect to efficacy and dose-responsiveness is significant,
as is the capacity for targeted administration to synergize
with systemic anti-PD-1. These features imply that the
activation of T cell responses from TDLN is sufficient
(as compared to systemic exposure) and likely represents
the dominant response pathway for anti-CTLA-4. In this
setting, one would hypothesize that systemic exposure to
anti-CTLA-4 is not required and more associated with
toxicity than efficacy. The testing of systemic versus tar-
geted administration of anti-CTLA-4 in the autoimmune
thyroiditis model further supported this—autoimmune
toxicity at a distant organ only occurred with systemic
therapy. The logical conclusion of this work is that tar-
geted administration of anti-CTLA-4, especially in the set-
ting of a controlled release formulation, has considerable
promise for enabling combination immunotherapies while
limiting toxicity, resulting in a significant impact in the
overall benefit-to-risk ratio.
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