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Abstract

CpG oligodeoxynucleotides (CpG) potently activate the immune system by mimicking microbial
DNA. Conjugation of CpG to chTNT-3, an antibody targeting the necrotic centers of tumors,
enabled CpG to accumulate in tumors after systemic delivery, where it can activate the immune
system in the presence of tumor antigens. CpG chemically conjugated to chTNT-3 (chTNT-3/
CpG) were compared to free CpG in their ability to stimulate the immune system /n vitro and
reduce tumor burden /in vivo. In subcutaneous Colon 26 adenocarcinoma and B16-F10 melanoma
models in BALBIc and C57BL/6 mice, respectively, chTNT-3/CpG, free CpG, or several different
control constructs were administered systemically. Intraperitoneal injections of chTNT-3/CpG
delayed tumor growth and improved survival, and were comparable to intratumorally administered
CpG. Compared to saline-treated mice, chTNT-3/CpG-treated mice had smaller average tumor
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volumes by as much as 72% in Colon 26-bearing mice and 79% in B16-bearing mice.
Systemically delivered free CpG and CpG conjugated to an isotype control antibody did not
reduce tumor burden or improve survival. In this study, chTNT-3/CpG retained
immunostimulatory activity of the CpG moiety and enabled delivery to tumors. Because
systemically administered CpG rapidly clear the body and do not accumulate into tumaors,
chTNT-3/CpG provide a solution to the limitations observed in preclinical and clinical trials.

Keywords

CpG oligodeoxynucleotides; toll-like receptor agonist; immunoconjugate; immunotherapy; solid
tumors

Introduction

For several centuries, historical accounts describe the therapeutic effects of infectious
disease processes on malignancy (reviewed in (1)). These observations led to the direct
injection of attenuated pathogens or pathogen-associated molecular patterns (PAMPS) into
the tumor space (2). Pathogens and PAMPs promote the ability of immune cells to identify
tumors as a diseased environment. Unlike TCRs or antibodies, which are antigen-specific,
the receptors for PAMPs are germline encoded and critical to innate immunity. Because
immunotherapies solely relying on T cell or antibody activity work poorly in tumors with
low antigen expression (3), inclusion of the innate immune system offers the opportunity to
combat a wider range of cases. With the recognition that innate immune cells can destroy
tumor cells, and that there is extensive cross-talk between the innate and adaptive systems,
targeting innate immunity is an intuitive approach to cancer immunotherapy (reviewed in

(4)).

Toll-like receptor (TLR) agonists are a group of PAMPs that include CpG
oligodeoxynucleotides (CpG), characterized by unmethylated cytosine-guanine motifs found
commonly in microbial but not mammalian DNA (5). As a TLR9 agonist, CpG rapidly
activate plasmacytoid DC, NK cells, and B cells, to promote the production of Ty-1
cytokines and enhance cross-presentation of antigens by professional antigen-presenting
cells (6). Intratumoral injections of CpG elicited immune responses against tumors in murine
models of melanoma (7-10), fibrosarcoma (7), renal cell carcinoma (8), colon
adenocarcinoma (8, 9, 11), pancreatic adenocarcinoma (11), neuroblastomas (12), and
lymphoma (13). Following its success in preclinical models, CpG were used in clinical trials
for a wide range of cancers (reviewed in (14, 15)). However, optimal therapeutic effects
were generally limited to intratumoral injections. Disappointing clinical results (16, 17) were
in part due to its poor efficacy when given systemically or in non-tumor sites (8, 10, 13, 14,
18). In clinical trials where CpG resulted in systemic tumor regression, CpG were still given
intratumorally (19, 20). Rapid clearance of oligodeoxynucleotides and inadequate
accumulation in tumors may have limited systemic delivery. Furthermore, non-targeted,
systemic CpG can hamper immune responses by inducing immunosuppressive mechanisms
(21). Because multiple intratumoral injections over time are not feasible clinically and may
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not result in an abscopal effect (22), we explored the use of CpG as an antibody conjugate to
allow tumor accumulation.

In addition to previously describing the chemical conjugation of CpG to antibodies
trastuzumab and rituximab (23), we chemically linked the 3’-end of CpG to lysine residues
on chimeric TNT-3 antibody. chTNT-3 (24) belongs to a series of antibodies, designated as
Tumor Necrosis Therapy (TNT), directed against ubiquitous and stable nucleic acid antigens
retained in necrotic tissues (25). By binding nucleic acid antigens that are universally present
in solid tumors regardless of species, TNT antibodies can be used in both experimental
animal models and clinical settings. Because degenerating tumor cells release tumor
antigens, the necrotic cores of tumors are ideal sites for delivering immunostimulatory
molecules. Several TNT antibodies are in clinical trials for the radiotherapy of lung and
brain cancers (26-28), and for the immunotherapy of solid tumors as fusion proteins (29). In
preclinical tumor models, we demonstrated the tumor-targeting specificity of chTNT-3 and
its derivatives in imaging and therapeutic studies (30-35).

Here, we describe the conjugation of two different classes of CpG (class A and B) to
chTNT-3. Both classes of CpG are TLR9 agonists, but preferentially elicit distinct cytokine
responses, likely due to structural differences. Class B CpG (or type K) principally acts as a
monomer on monocytes and B cells to promote IL-6, IL-10, and IL-12 secretion, and
antibody production (36). In contrast, class A (or type D) CpG aggregate into higher-order
structures due to their poly-G tail. Although a weak stimulator of B cells, class A CpG
potently activate DC and promote the secretion of type | IFNs and IL-12 (37). While most
tumor studies and clinical trials utilized class B sequences, we compared the two classes as
immunoconjugates for their ability to generate anti-tumor responses in highly (Colon 26)
and poorly (B16) immunogenic tumor models. To our knowledge, this is the first in vivo
study of antibody/CpG conjugates delivered systemically as a monotherapy in preclinical
models of solid tumors.

J774A.1 murine monocytic cell line was acquired in 1997 as a gift from Dr. Stephen A.
Stohlman (Cleveland Clinic Foundation, Cleveland, OH). B16-F10 melanoma and Colon 26
adenocarcinoma were acquired in 1988 and 1999, respectively, from ATCC (Manassas, VA).
All cell lines were grown in RPMI-1640 supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), non-essential amino acids, penicillin G and streptomycin (Gemini
Bio-Products, West Sacramento, CA). Cell lines were authenticated by STR DNA profiling
by DDC Medical (Fairfield, OH) in 2015.

CpG sequences

All oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 1A).
CpG1585 is a class A murine CpG sequence, CpG1826 is a class B murine CpG sequence,
and sc1585 and sc1826 are negative controls for CpG1585 and CpG1826, respectively. To
enable conjugation, the 3’-ends contained a C3 thiol modifier. For sequences, see Table 1.
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Conjugation of antibodies with CpG

The chemical conjugation of thiol-modified CpG1826 to primary amines on antibodies was
previously described (23). chTNT-3 or cetuximab were incubated with Sulfo-EMCS (Pierce,
Rockford, IL) at 1:6 antibody-to-Sulfo-EMCS ratio in PBS containing 1 mM EDTA for 1
hour at room temperature. The excess cross-linker was removed using Zeba™ Spin
Desalting Columns (Pierce). Thiol-modified CpG1826 or sc1826 was reduced in 0.1 M DTT
for 1 hour at room temperature. Excess DTT was removed using PD-10 Desalting Columns
(GE Healthcare, Little Chalfont, United Kingdom). Reduced thiol-modified CpG were
mixed with antibody/EMCS at a 6:1 ratio overnight at 4°C. Unconjugated CpG were
separated from chTNT-3/CpG by gel filtration using a Sephacryl S-100 column (GE
Healthcare). See Supplementary Fig. S1 for conjugation reactions.

Because of its poly(G) motif, CpG1585 and sc1585 self-assemble into higher-order
structures known as G-tetrads (38, 39). To prevent precipitation during conjugation, thiol-
modified CpG1585 (or sc1585) was mixed with native CpG1585 (or sc1585) at a 1:3 ratio in
10 mM MOPS buffer. This mixture was heated at 95°C for 5 minutes and cooled to room
temperature to allow reannealing. This thiol-modified/native CpG mixture was reduced in
DTT and desalted prior to conjugation with chTNT-3/EMCS (8:1 ratio) as described above.
The oligo:antibody ratios for the final products are listed in Table 1.

Fluorescence microscopy

Mice

J774A.1 cells seeded on poly-D-lysine coated coverslips (Neuvitro, Vancouver, WA) were
incubated with CpG-biotin, chTNT-3, or chTNT-3/CpG-biotin in medium at 37°C for 60
minutes. Cells were fixed in 2% paraformaldehyde and permeabilized with 0.5% Triton-
X100. Nonspecific binding sites were blocked with 5% BSA/PBS-Tween20 (PBST).
Permeabilized cells were incubated with polyclonal rabbit anti-mouse TLR9 antibody
(Pierce) in 1% BSA/PBST overnight at 4°C. Cells were washed in PBST and stained with
streptavidin-Alexa Fluor®488 or goat anti-human IgG-Alexa Fluor®488, and goat anti-
rabbit 1gG-Alexa Fluor®568 (Life Technologies, Carlsbad, CA) in 1% BSA/PBST for 1
hour. Coverslips were washed and mounted on slides using Fluoroshield Mounting Medium
with DAPI (Abcam, Cambridge, MA). Images were captured on a PerkinElmer UltraVIEW
spinning disk confocal microscope (Waltham, MA).

Six-week-old female BALB/c and C57BL/6 mice were used in this study. All mice were
purchased from Harlan Laboratories (Indianapolis, IN). All protocols using mice zwere
approved by University of Southern California’s Institutional Animal Care and Use
Committee (IACUC).

Radiolabeling and biodistribution studies of chTNT-3/CpG1826

To radiolabel chTNT-3/CpG186 with iodine-125, 1 mCi (37 MBq) of 1-125 was added to
100 pg of chTNT-3/CpG1826 in the presence of chloramine-T (35). The solution was
quenched after 2 minutes with sodium metabisulfite. The reaction was purified using a
Sephadex G-25 column (GE Healthcare) and administered within 2 hour after labeling.

Cancer Immunol Immunother. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jang et al.

Page 5

Colon 26 tumors were grown subcutaneously until reaching approximately 0.5 cm in
diameter. Mice were given potassium iodide in their drinking water for 3 days to block
thyroid uptake of free radioiodide. Mice were injected with 100 pCi (10 pg) of 1251-
chTNT-3/CpG1826. Groups of mice were euthanized 1, 3, and 5 days post-injection and
organs, blood, and tumors were removed and weighed. Radioactivity was measured with a
gamma counter.

In vitro assay for cytokine production

Splenocytes from naive BALB/c mice (n=3 mice) were acquired by flushing spleens with
medium and passing cells through a 70 um filter followed by red blood cell lysis with BD
Pharm Lyse™ (BD Biosciences, San Jose, CA). Leukocytes were then washed and
incubated in low serum medium (2.5% FBS in RPMI supplemented with NEAA) (2.5x10°
cells/200 uL) with or without plated anti-CD3 stimulation, in the presence of chTNT-3,
chTNT-3/sc1585, chTNT-3/s¢1826, CpG1585, CpG1826, chTNT-3/CpG1585, or chTNT-3/
CpG1826 (corresponding to 0.1, 1.0, or 10 ug/mL of oligo, or 83 ug/mL antibody) for 4 days
at 37°C in a humidified incubator. Anti-CD3 antibody (clone 145-2C11, eBioscience, San
Diego, CA) was plated by incubating 5 pg/mL antibody in PBS on non-treated tissue culture
plates at 4°C overnight, followed by multiples washes with PBS.

Supernatants were collected and measured for IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-12p70,
IL-17(F), IL-23p19, and IFN-y using Bio-Plex® Multiplex System (Bio-Rad, Hercules,
CA). Data were collected on the Bio-Rad Bio-Plex Suspension Array System at the USC
Immune Monitoring Core. IFN-a was analyzed using the mouse IFN-a Platinum ELISA kit
(eBioscience).

Tumor treatment studies

Two million B16 cells and Colon 26 cells were injected subcutaneously into the left flank of
C57BL/6 and BALB/c mice, respectively. When average tumor sizes reached 75-100 mms3,
all mice were randomized into treatment groups. Mice then received treatments diluted in
PBS by intraperitoneal (i.p.) or intratumoral (i.t.) injection daily for 5 days. Tumor volumes
were determined by length, width, and height measurements using a caliper (volume=length
x width x height). For survival analysis, an event was considered to have occurred if a
mouse was deceased, or had to be euthanized due to conditions previously specified in
IACUC protocols.

Treatments included antibodies (chTNT-3 or cetuximab), free CpG (CpG1826),
immunoconjugates (chTNT-3/CpG1826, chTNT-3/CpG1585, and cetuximab/CpG1826), or
free CpG with parental chTNT-3 (chTNT-3 + CpG1826). As a negative control, chTNT-3/
s¢c1826 was used. Each dose corresponded to either 18 or 10 ug of oligo (50-100 ug
antibody), as specified in the figure legends.

Flow cytometry analysis of inguinal lymph nodes, splenocytes, and peripheral blood

Colon 26 tumor-bearing BALB/c mice were treated with PBS or chTNT-3/CpG1826 (doses
corresponding to 10 pg of CpG) daily for 5 days by i.p. injections. Three days following the
last dose, contralateral, tumor-draining inguinal lymph nodes (TDLN), spleens, and
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peripheral blood were acquired. Cells were flushed from lymph nodes and spleens, and
passed through a 70 um filter. Red blood cells were lysed with BD Pharm Lyse™. Fc
receptors (FcR) were blocked with a mouse FcR blocking agent (Miltenyi Biotec, Bergisch
Gladbach, Germany) prior to staining. Cells were stained with anti-CD4-FITC, anti-CD8-
APC, anti-CD3-APC-Cy7, anti-CD25-FITC, and/or anti-CD4-PE. For IFN-y staining, cells
were fixed in 2% paraformaldehyde, followed by permeabilization in 1x Permeabilization
Buffer (eBioscience) and staining with anti-IFN-y-PE. For FoxP3 detection, cells were fixed
and permeabilized in FoxP3 Fixation/Permeabilization solutions (eBioscience) prior to
staining with anti-FoxP3-APC. All antibody clones and manufacturers are listed in
Supplementary Table S1. Cells were washed three times prior to collection on the Attune
Flow Cytometer (Life Technologies). Data were analyzed using FlowJo software (Tree Star,
Ashland, OR).

Statistical analysis

Results

Biodistribution and tumor:organ ratio of chTNT-3/CpG uptake were analyzed by two-way
ANOVA with time and organ as the independent variables, followed by Tukey’s test for
pairwise comparisons after significance was found in the primary analysis. /n vitro cytokine
concentrations were analyzed by one-way ANOVA followed by Dunnett’s test to compare
every treatment with PBS or PBS with CD3 stimulation (control groups). In the Colon 26
model, tumor volume curves over time were compared using two-way repeated measures
ANOVA followed by Tukey’s test for pairwise comparisons between each treatment group
after significance was found in the primary analysis. Due to the loss of mice in the B16
tumor model prior to 30 days, group comparisons on tumor volumes were analyzed up to
day 13. To account for repeatedly measured tumor volumes over days, treatment groups
were compared using generalized estimating equations (GEE), followed by pairwise
comparisons by day with p-values adjusted for false discovery rate. Survival curves were
compared using a log-rank test. The percentages of T regulatory cells in TDLN were
compared using a two-tailed unpaired t-test. Statistical analyses were carried out using
GraphPad Prism 6 Software (La Jolla, CA). GEE analysis was carried out using SASv9.4
(SAS Institute, Cary, NC).

Intact localization of chTNT-3/CpG in vitro and in vivo

Because CpG engage TLR9 in endosomes to stimulate immune cells, we compared the
internalization and localization of free CpG and chTNT-3/CpG in murine monocytic cell line
J774A.1 (Fig. 1a). Both free CpG and chTNT-3/CpG co-localized with TLR9. Although
J774A.1 cells bound unconjugated chTNT-3, likely through Fc:FcR interactions as
demonstrated by membranous staining patterns (Fig. 1a), cells did not internalize chTNT-3,
even after 2 hours incubation (data not shown). This finding suggested that co-localization
with TLR9 required the presence of CpG. Because chTNT-3/CpG were chemically
conjugated using a non-cleavable linker, the chTNT-3 moiety of the conjugate also co-
localized with TLR9 and the CpG moiety (Supplementary Fig. S2).

Cancer Immunol Immunother. Author manuscript; available in PMC 2017 May 01.
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In addition to preserving the ability of CpG to co-localize with TLR9, chemical conjugation
permitted chTNT-3 to bind its target antigens /n7 vivo. Biodistribution studies in Colon 26
tumor-bearing mice demonstrated tumor uptake and retention of 1251-chTNT-3/CpG. At each
time point, tumor uptake of 1251-chTNT-3/CpG were greater than uptake in normal organs
and blood (p<0.0001, Fig. 1b) and comparable to tumor uptake of parental chTNT-3 (34,
40). Whereas chTNT-3/CpG cleared rapidly from normal tissues and blood, 1251-
chTNT-3/CpG was retained by tumors after five days. The rapid clearance of 125]-
chTNT-3/CpG in blood and normal organs resulted in increasing tumor:organ uptake ratios
for every organ over time (p<0.0001, Fig. 1c). Using whole-body radioactivity to estimate
half-life, 1251-chTNT-3/CpG had a half-life of 48.0+1.2 hours, which was shorter than the
previously reported half-life of 1251-chTNT-3, 134.2+4.0 hours (34, 40).

Immunostimulatory activity of chTNT-3/CpG in vitro

Because chemical modifications can change the physical properties of CpG, especially
higher-ordered structures of class A CpG, we compared cytokine responses to chTNT-3/CpG
and free CpG /n vitro (Fig. 2). BALB/c splenocytes treated with chTNT-3/CpG1826 or free
CpG1826 (class B) produced IL-6, 1L-10, IL-12p40, and I1L-12p70 in a dose-dependent
manner (p<0.0001). chTNT-3/CpG1585 and free CpG1585 (class A) did not produce
statistically significant amounts of IL-6, but produced significant amounts of IL-12p40 and
IL-12p70 (p<0.0001) compared to negative controls. In the absence of CD3 stimulation,
IL-2, IL-4, IL-17(F), IL-23p19, IFN-a and IFN-y production were below 100 pg/mL in all
treatment groups (Supplementary Fig. S3, S4).

In combination with T cell stimulation using an agonistic antibody to CD3, CpG1826 and
chTNT-3/CpG1826 increased 1L-23p19 (p<0.0001) and IFN-vy secretion (p<0.05), and
decreased IL-17(F) (p<0.01). In the absence or presence of CD3 stimulation, cytokine
profiles were similar for chTNT-3/CpG1826 and free CpG1826, and demonstrated induction
of pro-inflammatory (Fig. 2a) and TH1 cytokines (Fig. 2d).

While both CpG1585 and its immunoconjugate similarly induced 1L-12, only free CpG1585
significantly increased secretion of IL-2 when combined with CD3 stimulation (p<0.0001,
Fig. 2d). In contrast, with CD3 stimulation, chTNT-3/CpG1585 significantly increased IFN-
v 12-fold compared to PBS control, p<0.0001, Fig. 2d) and 1L-23p19 (p<0.0001, Fig. 2c)
secretion. Unlike CpG1826 and chTNT-3/CpG1826, CpG1585 and chTNT-3/CpG1585
induced IFN-a production (p<0.0001, Supplementary Fig. S4), as expected (37).

chTNT-3/CpG delays tumor growth in vivo

By delivering CpG to the tumor microenvironment, systemically administered
chTNT-3/CpG can stimulate the immune system in the presence of /n situtumor antigens. In
Colon 26 adenocarcinoma and B16 melanoma tumor models, chTNT-3/CpG delayed growth
(Fig. 3a) following five daily i.p. injections. By day 30 in the Colon 26 tumor model, mean
tumor volumes were smaller by 63% in the chTNT-3/CpG1585 (class A) group (mean=SD,
541+297 mm3; p<0.0001) and by 72% in the chTNT-3/CpG1826 (class B) group (418+112
mm?3; p<0.0001) compared to the PBS-treated group (1,478+829 mm?3). By day 13 in the
B16 melanoma model, chTNT-3/CpG1585 reduced mean tumor volumes by 65%
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(1,463+718 mm3; p<0.01) and chTNT-3/CpG1826 by 79% (888+152 mm3; p<0.01)
compared to the PBS-treated group (4,139+1,346 mm3). These results highlight the
therapeutic potential of chTNT-3/CpG in two divergent types of tumors.

While different classes of CpG induced distinct sets of cytokines (Fig. 2, Supplementary Fig.
S4), chTNT-3/CpG1585 and chTNT-3/CpG1826 had similar reductions in tumor growth for
both tumor models. Mice treated with chTNT-3/CpG1826 had smaller mean tumor volumes
than mice treated with chTNT-3/CpG1585 but differences only reached statistical
significance on day 13 in the B16 model (p<0.05). For individual tumor volume curves of
each mice, see Supplementary Fig. S5.

By delaying tumor growth, chTNT-3/CpG1585 and chTNT-3/1826 improved survival in
Colon 26 (p<0.05) and B16 (p<0.001) models (Fig. 3b). One of the six Colon 26 tumor-
bearing mice treated with chTNT-3/CpG1585 had no palpable tumor by day 25
(Supplementary Fig. S5). This mouse achieved a memory response against Colon 26 cells,
as indicated by the lack of tumor growth following tumor rechallenge on the opposite flank
(data not shown).

Effect of chTNT-3/CpG on tumor growth depends on its ability to localize to tumor

Except as a vaccine adjuvant, numerous studies established that systemic delivery of free
CpG is ineffective in eliciting anti-tumor immunity (8, 10, 13, 14, 18). chTNT-3/CpG1585
and chTNT-3/1826 monotherapies likely delayed tumor growth and improved survival by
delivering the CpG moiety to the tumor, and may have increased CpG half-life. To
demonstrate that tumor accumulation is critical, we compared systemically delivered
chTNT-3/CpG1826 to free CpG1826 (i.p.), CpG1826 (i.t.), CpG1826 conjugated to
cetuximab (cetuximab/CpG1826, i.p.), and co-administered unconjugated CpG1826 and
chTNT-3 (chTNT-3 + CpG1826, i.p.) in the Colon 26 tumor model. Cetuximab (Erbitux) is a
chimeric anti-human EGFR antibody that does not cross-react with murine EGFR and does
not bind to Colon 26 cells. For this study, cetuximab served as a negative isotype control for
chTNT-3.

Systemically delivered chTNT-3/CpG1826 and intratumoral free CpG1826 had statistically
significantly smaller tumor volumes compared to every other treatment group, and were the
only two treatment groups to be statistically different than PBS treatment (p<0.0001, Fig.
4a). By day 29 of the study, tumor volumes were smaller by 66% in chTNT-3/CpG1826-
treated mice (320+174 mm3; p<0.0001) and by 70% in CpG1826 (i.t.)-treated mice
(2774291 mm3; p<0.0001) compared to PBS treatment (931+599 mm3). Cetuximab/
CpG1826 treatment (842+141 mm3) did not result in statistically significant smaller tumor
volumes than PBS treatment, in spite of demonstrating immunostimulatory activity /in vitro
(Supplementary Fig. S6).

Corresponding survival data demonstrated an improvement in survival with chTNT-3/
CpG1826 (i.p.) and CpG1826 (i.t.) (p<0.0001, Fig. 4b). As expected, co-administration of
unconjugated chTNT-3 and CpG1826 did not delay tumor growth or improve survival (Fig.
4), indicating that the beneficial effects of chTNT-3/CpG1826 required their chemical
conjugation. In addition, this study demonstrated that CpG-specific responses mediated the

Cancer Immunol Immunother. Author manuscript; available in PMC 2017 May 01.
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anti-tumor effects of chTNT-3/CpG1826, as no reduction in tumor volume or improvement
in survival was seen with chTNT-3 conjugated to a negative control oligo (chTNT-3/sc1826)

(Fig. 4).

Characterization of immune cells by flow cytometry

To characterize immune responses to chTNT-3/CpG1826 in vivo, we analyzed the inguinal
lymph nodes (TDLN and contralateral), spleens, and peripheral blood from Colon 26 tumor-
bearing mice three days following the last dose of chTNT-3/CpG1826 and PBS. There was a
statistically significant reduction in the percentage of T regulatory (Treg) cells in the TDLN
of mice treated with chTNT-3/CpG1826 (mean+SD, 5.7+0.4%) compared to PBS
(8.3+0.6%; p<0.01, Fig. 5a). In two of three mice treated with chTNT-3/CpG1826, TDLN
contained IFN-y-producing cells, whereas no mice treated with PBS had detectable IFN-y
production (Fig. 5b). According to FACS analysis, CD3+ T cells comprised most of the IFN-
v producing cells (Fig. 5b), indicating that, in addition to an innate immune response,
chTNT-3/CpG1826-treatment elicited an adaptive immune response. In contrast,
contralateral lymph nodes, spleens, and peripheral blood were similar between chTNT-3/
CpG1826 and PBS treatment groups (data not shown), suggesting that immunomodulatory
effects were localized to the tumor environment

Discussion

The immunomodulatory activity of CpG and their ability to generate anti-tumor responses
are well-characterized (7-11, 13). Clinical trials use intratumoral and systemic CpG as a
monotherapy, vaccine adjuvant, and in combination with chemotherapy or radiotherapy with
mixed results (reviewed in (14, 15)). While systemic delivery of CpG decreased tumor
volumes in a small subset of patients’ tumors, optimal anti-tumor effects are seen when CpG
are in the tumor microenvironment (8, 10, 13, 14, 18). To meet this requirement, we
conjugated CpG to solid tumor-targeting antibody chTNT-3. The conjugation methods we
describe retained the ability of CpG to mount immune responses and affect tumor growth.

Other groups conjugated CpG to tumor-targeting antibodies, anti-Mucinl (11) and anti-
Her-2/neu (41), and demonstrated anti-tumor responses in murine models (41). Systemic
administration of anti-neu/CpG was evaluated only when given in combination with Treg
depleting agents (41). In our present work, we evaluated systemically delivered
chTNT-3/CpG as a monotherapy in two different models. In addition to these differences,
chTNT-3/CpG conjugation employed a noncleavable linker at the 3’-end, whereas anti-neu
was conjugated to the 5’-end of CpG using a cleavable linker. The use of a noncleavable
linker negated activity of anti-neu/CpG (41). Future studies need to compare
pharmacokinetics and therapeutic effects between cleavable and noncleavable linkers used in
antibody/CpG conjugates.

Other groups also modified CpG to improve its /n vivo stability and circulating half-life
(42). By conjugating CpG to dinitropheny! haptens (DNP-CpG) and immunizing mice to
DNP, DNP-CpG complexed with endogenous antibodies. Although this method increased
CpG uptake into tumors, uptake was not tumor-specific as normal organs also increased
DNP-CpG uptake. Because systemic delivery of DNP-CpG delayed growth of Colon 26
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tumors, we expected cetuximab/CpG to delay tumor growth. However, cetuximab/CpG did
not decrease tumor burden or improve survival (Fig. 4). These observations differentiate
CpG from other immunotherapeutic agents (B7.1-Fc, B7.2-Fc, Fc-OX40L, and antibody/
IL-2 fusion proteins) that do not require specific uptake into tumors to affect tumor growth
(43, 44).

Like other immunoconjugates, only a portion of systemically delivered chTNT-3/CpG
reached tumors (Fig. 1), yet systemic delivery delayed tumor growth almost equivalently to
intratumoral CpG (Fig. 4). This observation was repeated in four independent mouse
experiments (data not shown). In theory, the entire intratumoral CpG dose reaches the tumor.
However, intratumoral injections do not prevent CpG from leaking at the injection site or
into systemic circulation. This explanation is supported by findings demonstrating that
intratumoral injections of anti-Mucin1/CpG conjugates exhibited superior therapeutic effects
over intratumoral injections of free CpG (11). In our biodistribution experiments, Colon 26
tumors retained chTNT-3/CpG over several days (Fig. 1b), and this retention of
chTNT-3/CpG may explain our observations.

A unique aspect of this study was the inclusion of class A CpG immunoconjugates. In spite
of their different activities /n7 vitro (Fig. 2), chTNT-3/CpG1585 and chTNT-3/CpG1826
behaved similarly /n vivo. Because they both strongly induced IL-12 secretion (Fig. 2d), this
would suggest that IL-12 may be the critical mediator for /n vivo responses against tumors.
However, because IL-12 shares a subunit (IL-12p40) with IL-23, we also looked at IL-23p19
and IL-12p70, and showed that chTNT-3/CpG1585 and chTNT-3/CpG1826 induced both
IL-12 and IL-23 secretion (Fig. 2c¢). Although IL-23 may promote tumor growth through
IL-17 and STAT-3 pathways (45), there is mounting evidence that IL-23 can support Ty1-
mediated anti-tumor immune responses (46, 47). Additional studies on these cytokines and
tumor-infiltrating immune cells are currently being investigated.

In addition to characterizing activity, progress of chTNT-3/CpG into the clinic will require
improving its therapeutic effect. A limitation to our study was the lack of a dose titration,
which may suggest our study was underdosed. Because tumor size affects the amount of
necrotic antigens available to chTNT-3, the relationship between starting tumor size and
optimal chTNT-3/CpG dose needs further evaluation. Combining chTNT-3/CpG with
cytoreductive chemotherapies may also increase necrotic antigens available to chTNT-3
(35). Additional approaches to improve efficacy may include combining chTNT-3/CpG with
agents reversing immunosuppressive mechanisms (e.g., anti-CTLAA4, anti-PD-1, or anti-PD-
L1 antibodies), as shown in studies with intratumoral CpG (48-50).

Conclusions

We demonstrated the feasibility of using chTNT-3 to deliver CpG and delay tumor growth.
Unlike previously studied immunotherapies that produced therapeutic effects in
immunogenic tumor models (Colon 26, RENCA, 4T1) but not poorly immunogenic models
(MAD109, Lewis lung carcinoma, B16) (3), chTNT-3/CpG delayed tumor growth and
improved survival in tumors of varying immunogenicities. In light of these results, the
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systemic use of CpG immunoconjugates is a step forward in the employment of innate

immunity for cancer treatment.
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Fig. 1. chTNT-3/CpG co-localized with TLR9 in vitro and targeted tumor in vivo
(&) Fluorescent microscopy demonstrating internalization of chTNT-3/CpG-biotin and CpG-

biotin, and co-localization with TLR9 (600x magnification). chTNT-3 was detected using a-
hulgG-AF488 (top panel, green). CpG-biotin was detected using streptavidin-AF488
(bottom two panels, green). TLR9 was detected using a-TLR9 and a-rabbit 1gG-AF568
(red). Images are representative of 3 independent experiments. (b) Biodistribution of 125]-
chTNT-3/CpG1826 over 1, 3, and 5 days expressed as %ID/g. Statistical significances are
shown for tumor compared to each of the normal organs. (c) Biodistribution expressed as
tumor:organ ratio of %ID/g. Statistical significances are shown for comparisons between
time points. Error bars represent standard error of the mean (SEM). ***p<0.001,
****n<0.0001, n=5 mice/group.
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Fig. 2. Cytokine production in responseto chTNT-3/CpG1585 and chTNT-3/CpG1826

(a) Pro-inflammatory (IL-6), (b) anti-inflammatory (IL-10), (c) Ty17 (IL-17(F) and
1L-23p19), and (d) Tyl (IL-12p40, IL-12p70, IL-2, and IFN-y) cytokines released from
murine splenocytes treated /7 vitro measured using Luminex xMAP technology. Means were
compared to the means of PBS-treated splenocytes with or without CD3 stimulation, and
adjusted for multiple comparisons using Dunnett’s method. chTNT-3, chTNT-3/sc-A,
chTNT-3/sc-B corresponded to antibody concentrations of 83 pg/mL or oligo concentrations
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of 10 ug/mL. Error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
n=3, except IL-17(F) where n=2 mice. CpG-A=CpG1585, CpG-B=CpG1826.
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Fig. 3. Class A and B CpG sequences decreased tumor burden and improved survival in highly
(Colon 26) and poorly (B16) immunogenic tumor models when conjugated to chTNT-3

(a) Tumor volume curves in BALB/c mice bearing Colon 26 adenocarcinoma and C57BL6
mice bearing B16 melanoma. Doses of chTNT-3/CpG1585 and chTNT-3/CpG1826
corresponded to 18 g of CpG. Open symbols represent data points where n=3-4 mice due
to death of mice prior to that time point. Arrows indicate when treatments were
administered. Error bars represent SEM. (b) Kaplan-Meier survival curves, with data
symbols representing mice alive at the end of study. Statistically significant differences
between chTNT-3/CpG1585 or chTNT-3/CpG1826 and PBS treatment are represented by
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistically significant difference between
chTNT-3/CpG1585 and chTNT-3/CpG1826 is represented by $p<0.05. N=5-7 mice/group.
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Fig. 4. Optimal effect on tumor growth required delivery of CpG to the tumor
(a) Tumor volume curves in BALB/c mice-bearing Colon 26 adenocarcinoma. Treatment

groups are divided into two graphs for easier visualization. All doses corresponded to 10 g
of oligo (CpG1826 or sc1826). Arrows indicate when treatments were administered. Error
bars represent SEM. (b) Kaplan-Meier survival curves, with data symbols representing mice
alive at the end of the study. Statistically significant differences between chTNT-3/CpG1826
or CpG (i.t.) and PBS treatment are represented by ***p<0.001, ****p<0.0001, n=6 mice/

group.
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Fig. 5. FACS analysisof TDLN in tumor-bearing micetreated with chTNT-3/CpG1826
(a) Treg was defined as CD3*CD4*FoxP3™. Error bars represent SEM. **p<0.01, n=3 mice/

group. (b) Intracellular staining for IFN-y.
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Table 1

Sequences of constructs and oligo:antibody ratios
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C-G or G-C moatifs are underlined. Bases in lower case have a phosphorothioate backbone and bases in capital
letters have a phosphodiester linkage.

Experiment Construct Sequence Oligo:Ab
Ratio
Fig. 1 chTNT-3/CpG1826-biotin 5’-biotin-tccatgacgttcctgacgtt-3’ 351
Figs. 2,3 chTNT-3/CpG1585 5’-ggGGTCAACGTTGAgggggg-3’ 8:1
Fig. 2 chTNT-3/sc1585 5’-ggGGTCAAGCTTGAQggggg-3’ 8:1
Fig. 3 chTNT-3/CpG1826 5’-tccatgacgttcctgacgtt-3’ 4.4:1
Figs. 2, 4,5 chTNT-3/CpG1826 5’-tccatgacgttcctgacgtt-3’ 28:1
Figs. 2,4 chTNT-3/sc1826 5’-tccatgagcttcctgagctt-3’ 351
Fig. 4 cetuximab/CpG1826 5’-tccatgacgttcctgacgtt-3’ 4.4:1
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