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After decades of development in the shadow of traditional cancer treatment, immunotherapy has come into the
spotlight. Treatment of metastatic tumors with monoclonal antibodies to T cell checkpoints like programed cell death 1
(PD-1) or its ligand, (PD-L1), have resulted in significant clinical responses across multiple tumor types. However, these
therapies fail in the majority of patients with solid tumors, in particular those who lack PD17CD8" tumor-infiltrating
lymphocytes within their tumors. Intratumoral “in situ vaccination” approaches seek to enhance immunogenicity,
generate tumor infiltrating lymophcytes (TIL) and drive a systemic anti-tumor immune response, directed against
“unvaccinated,” disseminated tumors. Given the emerging picture of intratumoral immunotherapy as safe and capable
of delivering systemic efficacy, it is anticipated that these approaches will become integrated into future multi-modality

therapy.

Introduction

Intratumoral therapy, as a route of drug delivery, has been
linked to immunotherapy since Coley injected his famous
“toxins” into sarcomas of the head and neck in the 1890s." The
recent demonstration that systemic administration of immune
checkpoint inhibitors (e.g., anti-cytotoxic T-lymphocyte-associ-
ated protein-4 (CTLA-4) and anti-PD-1) yield durable clinical
responses has fueled the search for new immunologic approaches
for cancer treatment. Intratumoral immunotherapy is now
emerging as a key asset in the clinician’s armamentarium in the
fight against cancer.>” Direct treatment of tumors with immuno-
modulatory molecules and other treatments like radiotherapy can
lead to the triggering of systemic anti-tumor responses, or
“abscopal effects.” In many of these experimental local therapies,
these “away” (ab) from “target” (scopus) effects have been shown
to be mediated by lymphocytes *” and to synergize with immu-
notherapies.”® Intratumoral immuno-oncology treatments seek
to drive local activation of the immune system in order to harness
the immune system’s ability to recognize and attack distant and
widely disseminated tumors and to optimizing this abscopal
effect.

Immunogenicity and In Situ Vaccination

Immunogenicity is the ability of the tumor to engender an
adaptive anti-tumor immune response, which is mostly mediated
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by T cells. Adaptive immunity is driven by recognition of anti-
gens. Anti-cancer immune responses can be generated against
non-mutated “self” antigens, or tumor associated antigens
(TAA), especially those with restricted somatic expression like
cancer-testes antigens (e.g., NY-ESO), differentiation-specific
antigens (e.g., tyrosinase), or neo-antigens, derived from unique
somatic mutations in cancer cells. Recent data suggests that
mutation-derived neo-antigens, which are seen by the immune
system as “non-self or foreign,” may be critical antigenic drivers
of effective anti-tumor immunity and response to T cell-check-
point therapies.”'* Tumors contain abundant synonymous and
non-synonymous mutations. Non-synonymous mutations result
in changes to the amino acid sequence or protein structure. These
“virtual” antigens are predicted to be recognized by the immune
system, but in order for these neo-antigens to drive a productive
anti-tumor immune response, these mutated proteins must also
be proteolytically processed, bind efficiently to the patient’s
MHC class I and class II molecules and then be presented in the
context of appropriate positive co-stimulation. Tumors deploy
multiple mechanisms to derail this process, including suppression
of immunoproteosomal components of APM (Antigen Presenta-
tion and Processing Machinery), down-regulation of MHC mol-
ecules, recruitment of immunosuppressive APC (e.g., myeloid
derived suppressor cells (MDSC) and tumor associated macro-
phages, (TAMs) as well as up-regulation of negative co-stimula-
tory molecules like PD-L1.

In situ vaccination therapies encompass local treatments that
endeavor to release tumor antigens, including neo-antigens
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derived from idiosyncratic mutations, usually through inducing
tumor cell death while providing pro-inflammatory signals to
the the
tumor.'>'¥ Recent data from clinical trials and pre-clinical mod-
els illustrate that intralesional injection of cytokines, inhibitors of
immune checkpoints and radiation can result in the generation

reverse immune-tolerizing microenvironment of

of systemic anti-tumor adaptive immune responses while limiting

. . . . . 15,16
the risk of systemic exposure and associated toxicity."”

The history and promise of Coley’s Toxins

In 1891 based on anecdotal reports of spontaneous regression
of malignancies in patients with associated erysipelas, Dr. Wil-
liam Coley began injecting tumors with bacterial cultures. Later,
in order to avoid the potential for life-threatening infections, he
began to experiment with injecting a cocktail of heat-killed bacte-
ria (Streptococcus pyogenes and Serratia marcescens) directly into
accessible tumors. During the course of his practice, Dr. Coley
treated hundreds of patients with “Coley’s toxin” with durable
response rates (10-20%), often with complete responses.'””'®
Coley’s successes animated generations of physicians and scien-
tists, who felt that the immune system held the key to successful
oncologic treatments. In the intervening century — particularly
with recent advances in understanding the role of Pathogen-Asso-
ciated Molecular Patterns (PAMPs) in activating innate immune
responses — we have come to understand that Coley’s Toxins
may have represented the first successful 772-sizu cancer vaccines.

Tumors & Th1/cell-mediated immunity

Tumors deploy multiple parallel mechanisms to inhibit the gen-
eration of anti-tumor immune responses.w’20 Anti-cancer immune
responses appear largely to capitalize on immune mechanisms,
which evolved to enable the detection and clearance of intracellular
microbial pathogens like viruses. It may be helpful, therefore, to
reframe our understanding of effective anti-tumor immune mecha-
nisms as “repurposed” anti-pathogen immunity, where the
mutated tumor cell is recognized by the immune system as “foreign
or non-self” in the context of immunostimulatory “danger” signals.
The stereotypical anti-viral immune response is characterized by
production of interleukin (IL)-12, interferons (IFN), and tumor
necrosis factor (TNF), ultimately resulting in the differentiation
and activation of Thl-polarized CD4 cells, natural killer (NK),
cytotoxic CD8™ T cells (CTL) and is associated with polarization
of macrophages to an M1 phenotype' > (Fig. 1).

Cytotoxic T-lymphocyte (CTL)-mediated killing of tumor cells
depends upon specific T cell receptor (TCR) recognition of anti-
gen-MHC class I complexes on the target cell (i.e., mutated tumor
cell), which is referred to as Signal 1.%1In general for T-cell activa-
tion a second co-stimulatory signal is usually required to initiate its
cytotoxic functions, which includes release of multiple molecular
mediators of cell death, including granzymes, perforins and cyto-
kines.”>?® Although innate immune cells such as NK cells and
macrophages can mount antigen-independent ant-tumor
responses and may be critical for driving an effective adaptive
immune response, the generation of tumor-specific CTL is thought
to be essential for effective and durable anti-tumor immunity.
Although the generation of functional tumor antigen-specific CTL
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from naive CD8+ T cells is a complex process, which is incom-
pletely understood, many key steps have been elucidated.

A critical realization was that effective adaptive immune
responses depend upon innate immune recognition of “danger
signals” through binding of PAMPs.””*® These are invariant,
germ line-encoded receptors, such as the Toll-like receptor family
(TLRs). Triggering TLRs and other “danger” receptors on anti-
gen presenting cells (APC) leads, in general, to a stereotyped pat-
tern of activation, leading to a Thl, Th2 or Th17 pattern of
differentiation® (Fig. 1). Differentiation toward a Type 1
immune response appears to be critically dependent on expres-
sion of IL-12, which both drives and is augmented by IFNvy in a

3931 The interferon-mediated immune

feed-forward manner.
response is critical for effective clearance of intracellular patho-
gens and tumors. Integration of signals from multiple pathogen/
danger sensing mechanisms, including cell surface cytokine
receptors, TLRs, and intracellular pattern recognition receptors,
such as nuclear oligomerization domain (NOD)-like receptors
and RIG-I like receptors, leads to a nuanced response. These
responses include the coordinated induction of anti-inflamma-
tory molecules such as PD-LI, indoleamine 2,3-dioxygenase
(IDO) and IL-10.*? Induction of these negative feedback pro-
cesses is thought to have evolved to limit immunopathology due
to an over-exuberant inflammatory response.>*** Tumors appear
to hijack these homeostatic mechanisms (e.g., [IFNy induction of
PD-L1) to suppress effective CTL responses.

Anti-PD1 responders have the “right “ TILs in the “right”
place

Anti-PD-1 and anti-PD-L1 monoclonal antibody (mAb) ther-
apeutics have recently demonstrated remarkable response rates
and durability of responses in patients with a variety of solid

. . 136 .
tumors, including melanoma,>>?® renal cell carcinoma,®”
38,39

non-

. 40,41
small cell lung carcinoma,

triple negative breast cancer
squamous cell carcinoma of the head and neck (reviewed
in 42’43), gastric carcinoma, Hodgkin’s lymphoma45 and transi-
tional cell carcinoma of the bladder.®® To date, melanoma
patients have demonstrated the highest response rates among
solid tumors to anti-PD-1 monotherapy, in the range of 20—
40%. However, even in this immune-responsive tumor type, the
majority of patients fail to respond to therapy and their disease
progresses. With pembrolizumab, the NSCLC and SCCHN
populations have lower response rates than in melanoma and the
reported NSCLC and SCCHN response rates are in a pre-
selected (PD-L1+) patient population, which enriches for res-
ponders.>*** Recently, it was shown that patients who respond
to pembrolizumab, an anti-PD-1 mAb, also have increased num-
bers of CD8"PD-1" T cells at the invasive margin of the tumor.
Furthermore in responders, these areas at the tumor/stroma inter-
face are enriched in phospho-STAT-1 staining, indicating local
interferon signaling in tumor and myeloid cells.’® A related
immunohistologic feature is the presence of increased numbers
of PD-1*CD8" TILs in close physical proximity to PD-L1"
-expressing tumor and myeloid cells* (Fig. 2). Thus it appears
that PD-1"CD8™ T cells infiltrate the tumor and secrete IFNvy
upon recognition of tumor antigens. IFNvy signaling in tumor
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and myeloid cells leads to compensa-
tory upregulation of PD-L1, which
triggers PD1-mediated deactivation or
‘exhaustion’ of TILs, resulting in
immunologic stalemate, a process that
has been termed ‘adaptive
resistance’.>>*’ Blockade of this inhibi-
tory PD-L1/PD-1 axis, re-animates
these antigen-specific CD8" T cells,
resulting in  potent CTL-mediated
responses.>®

In contrast, the major phenotype of
anti-PD1 non-response in melanoma
appears to be a lack of TILs>**® And,
if the presence of tumor antigen-spe-
cific TILs is the key to unlocking the
response to PD-1 blockade, then a crit-
ical question is: how do we convert
tumor’s with a low-TIL into a high-
TIL phenotype? Of course, low-TIL
tumors may represent a heterogeneous
population in terms of the molecular
and cellular mechanisms leading to this
low TIL state. Interestingly, in the
B16F10 melanoma mouse model, the
low TIL state appears to be a primary
defect in immunogenicity of these
tumors, which has been linked to a def-
icit in antigen processing and presenta-
“ In this and other poorly-
immunogenic melanoma models, the
local delivery of cytokines (e.g., IL-12,
IFNy, IFNa) or radiation may over-

tion.

come this defect and lead to enhanced
anti-tumor

TIL  production and

1'esponses.49’52

Radiation as in situ vaccination

Examples of radiation-induced
abscopal effects have been well-docu-
mented, but until recently, the mecha-
nisms underlying the induction of
these systemic anti-tumor responses
remained unexplored. Although a
detailed description of the immunolog-
ical effects of ionizing radiation is
beyond the scope of this discussion, we
will mention several that are relevant to
In Situ vaccination and the induction

of abscopal effects.

Immunologically, all modes of tumor cell death are not cre-
ated equal. Some dying cells elicit very little inflammation,
whereas others trigger extensive immune responses. lonizing radi-
ation, as well as select chemotherapeutic agents, can result in
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Figure 1. In situ vaccination enhances immunogenicity and drives effective cell-mediated anti-tumor
immune responses. The activation of APCs through triggering ‘danger receptors’ like Toll-like receptors
TLRs while concomitantly exposing APCs to tumor antigens leads to production of proximal immune
activating cytokines, in particular, the IL-1 cytokine. ThO cells are CD4 ™" cells, which are not yet commit-
ted to a distinct differentiation path and are influenced by the dominant local cytokine milieu to
express distinct nuclear transcription factors, leading to differentiation into either Th1 (Tbet), Th2
(GATA-3), Th17 (RORyT) or Treg (FOXP3). Upstream production of IL-1 together with IL-12 leads to
expression of IFNy, which in turn leads to further increases in IL-12 and IFNy production and sensitivity,
driving a feed-forward loop that locks-in a Th1-associated immune response, characterized by NK cells
and cytotoxic CD8" generation and activation. Exposure of ThO cells to cytokines like IL-4, TGF or IL-
23 can drive the differentiation of CD4 T cells to a Th2, Treg or Th17 phenotype. Although there is lim-
ited data on whether Th17 skewing leads to effective anti-tumor immunity, the generation of Tregs
and a strong Th2 bias appear to suppress effective anti-tumor responses. By driving IL-12/IFNy produc-
tion, In Situ vaccination leads to a strongly biased Type 1-associated cell-mediated immune response
required for effective anti-tumor immunity. A potential benefit of intratumoral vaccination is that anti-
gens are presented to the immune system through the induction of immunogenic tumor cell death,
obviating the need to choose a priori the potentially therapeutic antigen or set of antigens for a partic-
ular patient.

tumor cell death, which is particularly potent in delivering tumor
antigen to the immune system and driving a strong anti-tumor
adaptive immune response, which is referred to as ‘immunogenic

cell death’ (ICD)(Reviewed in>>>%). Although immunogenic cell
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Figure 2. Close spatial association of PD-1" and PD-L1" cells suggests induction of ‘adaptive resis-
tance’. Immunohistochemical (IHC) staining was performed to detect either PD-1 (A), (C, green) or PD-
L1 (B), (D, red) on adjacent 5 micron sections of formalin-fixed paraffin-embedded tumor samples
from a patient with HPV* squamous cell carcinoma of tonsil. E and F are composite images of C &D.
The close physical proximity of PD-1+ small mononuclear cells and larger PD-L1" cells is ‘adaptive
resistance’ — the inductive up-regulation of PD-L1 in response to the influx of tumor-reactive CD8" T
cells. Although initially described in the context of metastatic melanoma, ‘adaptive resistance’ may be
a common pattern of immune subversion in many types of tumors, indicating the “activation” of the
PD-L/PD-1 axis and likelihood of response to agents that block this pathway. IHC was performed with
anti-PD-L1 (mouse anti-human mAb5H1 clone) followed by a secondary anti-mouse IgG (DAKO, USA)
or anti-PD-1 (goat anti-human polyclonal antibody, R&D Systems) followed by a secondary biotiny-
lated anti-goat IgG (Jackson ImmunoResearch, USA). For amplification, horse radish-peroxidase (HRP)
was used and the reaction visualized with the DAB chromogen enzyme. Dual immunofluorescent IHC
was performed by sequential staining with anti-PD-L1 (detected by red-fluorescent Alexa Fluor 647 tyr-
amide, followed by anti-PD-1 detected by green-fluorescent Alexa Fluor 488 tyramide).
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death is a complex process, 2 character-
istic features appear to be required: (1)
“ectopic” plasma membrane expression
of proteins not normally found there
(e.g., calreticulin), which serve as a
potent “eat me” signals for dendritic
cells” and (2) extracellular release of
Danger-Associated Molecular Patterns
(DAMPs) such as high mobility group
protein B1 (HMGB1), which activates
DCs through binding and activating
TLR4.°*>” In addition to these and
other immune activating features of
ICD, radiation has been shown to up-
regulate MHC class I°® and other com-
ponents of APM,> as well as the
expression of pro-inflammatory cyto-
kines®®®' and chemokines,®> and NK
activating ligands.63 Despite the varied
and multitudinous pro-inflammatory
sequelae of radiation, the induction of
effective abscopal anti-tumor responses
by radiation alone is relatively rare.
However, given our increasing under-
standing of the mechanisms underlying
radiation-induced
rational

abscopal  effects,
with  other
therapies  are

combinations
immune-augmenting
beginning to bear synergistic fruit.

In situ anti-tumor vaccination with
low-dose radiation and intratumoral
CpG

Intratumoral delivery of TLR ago-
nists has resulted in potent immunosti-
mulatory activity without —excessive
systemic toxicities in mouse tumor
models and in several recent Phase 1/11
clinical trials including a study in
Non-Hodgkin’s lymphoma (NHL) in
combination with low-dose radiation'?
(NCT00185965). Fifteen patients with
NHL were ‘primed” with low-dose sin-
gle-beam radiation (2 x 2 Gy) applied
to recurrent low-grade lymphomas to
induce cell-death and local release of
tumor antigens while receiving con-
comitant approximately weekly intra-
tumoral injections (up to 10 doses) of
a synthetic CpG-enriched TLRY ago-
nist. Overall, the combination of low-
dose radiation and intratumoral CpG
injections was safe and well tolerated.
Clinical assessment at 12 weeks dem-
onstrated objective responses at distant

non-treated sites in 4 out of 15
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patients. Flow cytometric analysis of
peripheral blood in responders indi-
cated expansion of recently activated
memory T cells (e, CDs8™,
CD45RO™, CD137%) in all patients
evaluated, likely representing an anti-
gen-specific CTL population. Addi-
tionally, it was observed that some
patients’ tumor cells could induce a
regulatory T cell (Treg) phenotype in
autologous CD4 T cells and that
patients  with
tumors had superior clinical outcomes
(Fig. 3).

Given the observed efficacy of this
approach in low grade NHL, clinical
efficacy  was

‘non-Treg-inducing’

investigated ~ among
patients with Mycosis fungoides, the
most common subtype of cutaneous T-
cell lymphoma (CTCL), which forms
pleomorphic skin lesions including
patches, plaques, tumor lesions, and
erythroderma. Fifteen patients with the
similar dosing and schedule of both
CpG and radiation as in the NHL trial
were treated. Five clinically meaningful
responses were observed, and adverse
effects consisted mostly of mild and
transient injection site or flu-like symp-
toms. The immunized sites showed a
significant  reduction of CD257,
Foxp3™ T cells that could be either
MF cells or tissue regulatory T cells
and a similar reduction in S100T,
CDIla" dendritic cells (DC). There
was a trend toward greater reduction of
CD25% T cells and skin DC in clinical
responders versus non-responders, per-
haps similar to the improved clinical
outcomes  in  non-Treg-inducing
patients observed in the first trial®*
(Fig. 3).

To improve the potency of the
immune and clinical responses in a sub-
sequent trial, the dose of CpG was
increased 3-fold and enrollment broad-
ened to treatment-naive and relapsed/
refractory low-grade lymphoma. Fifteen
treatment-naive  patients and 15
relapsed/refractory patients with follicu-
lar lymphoma were enrolled and
received low-dose radiotherapy to a sin-
gle tumor site and—at that same site—

injected 18 mg of the CpG enriched, synthetic CpG TLR9 ago-
nist PF-3512676, with injections repeated 10 times weekly. /n
situ vaccination with escalated-dose of CpG in treatment-naive
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Figure 3. Induction of Tregs correlates with decreased progression-free survival in patients treated
with low-grade B cell lymphoma. Fifteen patients were treated with intratumoral injection with a TLR9
agonist (PF-3512676, 6 mgs per injection) into a single tumor followed by low-dose radiation. The
TLR9 agonist was injected immediately prior to radiotherapy, after a second dose of radiotherapy,
then weekly for up to 8 weeks. Clinical responses were evaluated based on assessment of non-
injected/non-irradiated lesions. (A) The ability of CpG-activated tumor B cells to stimulate induction of
Tregs (CD25TFOXP37CD4™) cells was assessed by incubating peripheral lymphocytes isolated from
the blood of pre-vaccinated patients either with media alone or tumor cells isolated from tumor sites
treated with CpG and low-dose radiation. Flow cytometric analysis revealed a dichotomous Treg-
induction phenotype with one group showing minimal increases in Tregs upon co-incubation with
malignant, treated B cells (“Treg-Non-Inducer”) and the other group demonstrating enhanced Treg
induction (“Treg-Inducer”). (B) Progression-free survival of these two groups revealed a significant cor-
relation of Treg induction with decreased PFS (P = 0.0058), suggesting that induction of a Treg
response may limit the effectiveness of in situ vaccination therapies. Adapted from Brody-JD, JCO V28
N28, 2010."® Used by permission.

and relapsed/refractory patients was well tolerated with 16 cases
of grade 1 to 2 local or systemic reactions including 2 cases of
autoimmune disease, and no treatment-limiting adverse events.
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Among treatment-naive and relapsed/refractory patients, 4 and 3
patients, respectively, had partial responses at distant non-treated
lesions with median duration of response of 29 and 12 weeks,
respectively. Two and 4 patients, respectively, had stable disease
of duration greater than one year with median time to best clini-
cal benefit among patients with a response or stable disease of 31
and 12 weeks, respectively. Median overall survival has not been
reached in either cohort with median follow-up of 2.6 and 3.5 y
In response to 77 situ vaccination, all patients made tumor-spe-
cific immune responses within 2 to 4 weeks post-vaccination
with the most informative markers being the activation marker
CD278 (ICOS) for CD4 T cell response among the CD45RO™
memory subset, and the combination of perforin and granzyme
B for CD8" T cell responses.®® Two additional dose-escalation
trials of a second-generation TLRY agonist and radiation therapy
in relapsed/refractory low-grade NHL and relapsed NHL post-
allogeneic transplant have been initiated. To address the paucity
of DC at the tumor site another ongoing study is using intratu-
moral administration of fms-like tyrosine kinase-3 ligand (FIt3L)
and poly-ICLC combined with low dose radiation therapy and
has reported preliminary results demonstrating partial and com-
plete clinical responses®® (NCT01976585).

Thus, the strategy of “intratumoral vaccination” - combining
radiation to release antigen coupled with CpG as an intratu-
moral adjuvant in indolent and/or cutaneous NHL - appears to
be successful. The obvious advantage of this approach is to
obviate the need to correctly choose a particular tumor antigen
(s) a priori. By killing tumor cells while simultaneously stimulat-
ing antigen processing and presentation through TLR activa-
tion, in-situ vaccination affords each individual patient the
opportunity to respond to a broad-spectrum of tumor antigens.
Thus ‘intratumoral vaccination’ leverages a patient’s unique
constellation of TAAs and HLA expression.

In situ anti-tumor vaccination with IL-12

Activated antigen presenting cells (APCs) produce IL-12,
which leads to the secretion of both IFN+vy and additional IL-
12 in a feed-forward loop that drives Type 1 immune
responses, including activation and expansion of NK cells,
Th1 differentiation and enhanced CTL responses.”’*® In
addition, IL-12 has been shown to inhibit the generation of
Tregs, Th2 immune responses and myeloid-derived suppres-
sor activity.®”®” Given this ability to activate and link innate
and adaptive immunity, and to drive an anti-tumor Type 1
immune response, recombinant IL-12 was evaluated in a
number of oncology clinical trials. Systemic administration in
a variety of tumor types resulted in clinical responses, but its
utility was severely limited by drug-related toxicity.”””" Intra-
tumoral delivery of IL-12 has demonstrated anti-tumor activ-
ity in a variety of models’>”? led to multiple clinical trials
using a variety of different intratumoral approaches.”*”°
These include intralesional injection of recombinant IL-12
protein,77’78 recombinant viral vectors encoding IL-127° as
well as electroporation-mediated delivery of an IL-12 encod-
ing plasmid to achieve sustained IL-12 expression within the
tumor microenvironment.'> A Phase 1 study in 24 metastatic

1906

Human Vaccines & Immunotherapeutics

melanoma patients demonstrated that intracumoral electropo-
ration mediated delivery of IL-12 plasmid was safe and well-
tolerated, without any evidence of the systemic toxicities asso-
ciated with parenteral cytokine administration.'” Post-treat-
ment biopsies indicated significant tumor necrosis and a brisk
CD8 infiltrate. Although only a single cycle of therapy was
objective  responses,
responses, were reported. A Phase 2 study to evaluate the effi-

administered, including  complete
cacy and safety of multiple treatment cycles in this patient
population is on-going. Interim analysis of 28 patients dem-
onstrated an overall response rate (ORR) of 32%, including
3 patients with complete responses (NCT01502293). Objec-
tive regression of an evaluable, non-electroporated tumor in
the majority of patients (13/22) demonstrates IL-12s ability
to drive a systemic anti-tumor (i.e., abscopal) response

Although IL-12 is able to augment tumor immunogenicity
and induce systemic anti-tumor immune responses in both
mouse models and patients, these responses result in complete
tumor clearance in only a minority of subjects. Analysis of tumor
samples administered IL-12 by electroporation in the Phase 2
melanoma trial exhibited a mRNA transcriptional profile consis-
tent with an enhanced TIL infiltrate and IFNvy production. Addi-
tionally the expression of PD-LI, IDO and FOXP3 (a Treg-
selective nuclear transcription factor) was elevated indicating the
evolution of adaptive resistance.° Although speculative, these
data suggest that the immune system’s inherent negative feedback
control mechanisms may ultimately limit the effectiveness of
therapeutic interventions aimed to enhance the immunogenicity
and augment TILs (e.g., intratumoral TLR agonists and IL-12).
Thus, the rationale is clear for combining ‘intracumoral vacci-
nation’ strategies, which drive TIL production with therapies like
anti-PD1/PDL1, which liberate TILs from homeostatic inhibi-
tory mechanisms that dampen their anti-tumor effects.

CTLA-4 is a T cell receptor, which serves as a negative regula-
8182 Tnitial activation of the T cell
through its TCR/CD28 complex causes increased surface expres-
sion of CTLA-4, which has a high affinity for CD80/CD86, the
primary co-stimulatory ligands on APCs. Sequestration of these
co-stimulatory ligands by CTLA-4, therefore, prevents CD80/
CD86 from activating CD28 on T cells, leading to downregula-
tion of TCR complex signaling and T cell activation.®" Inhibi-
tion of this negative feedback loop by mAbs, which block the
interaction of CTLA-4 with CD80/CD86 leads to augmented
TCR signaling and T cell activation.*” Ipilimumab, an anti-
CTLA-4 mAb therapeutic, was the first approved immune check-
point therapeutic, based on durable responses in approximately
11% of metastastic melanoma patients.**** Inhibition of CTLA-

tor of T cell activation.

4, however, is accompanied by a significant risk of serious
immune-related adverse events, including enteritis, hepatitis and
hypophysitis.®® Recent investigations have revealed that CTLA-4
serves not only in dampening TCR signaling but plays a critical
role in the development of peripheral tissue “induced” Tregs
(iTreg).”” In addition, CTLA-4 is strongly expressed on Tregs
and ipilimumab, which is an IgGl mAb with antibody-depen-
dent cell-mediated cytotoxic (ADCC) activity, may act, in part,
by killing Tregs through ADCC.*
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Tregs, particularly in the gut, appear to be critical in inhibit-
ing the development of pathologic inflammation.® It has been
proposed, therefore that ipilimumab toxicity stems from this
ability to inhibit the genesis of anti-inflammatory Tregs.”
Although progress has been made in terms of the clinical man-
agement of these side effects through rigorous patient monitoring
and early administration of systemic steroids, these immune-
related adverse events (irAEs) have influenced the clinical utility
of systemic anti-CTLA4 inhibition.

Given the potential of anti-CTLA-4 mAbs as a Treg-depleting
therapy and its untoward systemic toxicity profile, experiments
were performed to investigate the efficacy and safety of intratu-
moral administration of anti-CTLA-4 antibodies. In a number of
mouse models, intratumoral injection of an anti-CTLA-4 anti-
body, in combination with an anti-OX40 mAb and CpG admin-
istration, led to eradication of widely disseminated tumors,
including CNS lesions.'® These systemic anti-tumor responses
were achieved with a local dose amounting to 1/100 of the sys-
temic dose. Interestingly, although intratumoral injection led to
depletion of Tregs in the injected tumors, the percentage of Tregs
in the non-injected lesions were unchanged. Based on these data,
a Phase 1 clinical trial has begun to evaluate the safety of intratu-
moral ipilimumab in combination with local irradiation to test
the hypothesis that intralesional CTLA-4 will lead to systemic
anti-tumor immune responses without the attendant systemic

toxicity (NCT01769222).

The merits and future of intratumoral
immunotherapy

Intratumoral therapy with molecules that initiate Type 1 anti-
tumor immune responses are showing promise in oncology.

Many of these approaches like intratumoral IL-12 delivery or the
combination of low-dose radiation and CpG adjuvants represent
“In Situ vaccination” protocols that combine a ‘danger signal’,
which activates APCs, together with the concomitant release of
TAAs through tumor cell death. By employing the tumor cells
themselves as the antigenic source, i situ vaccination avoids the
hurdle of @ priori selection of TAAs and allows for each patient’s
immune system to select for the most immunogenic antigenic
peptides. When effective, these intratumoral therapies can lead to
enhanced immunogenicity and the development of a systemic
CD8™" TIL response. Given that the presence of PD-17CD8™"
TILs predicts response to anti-PD1/PDL1 mAb therapies, a
strong rationale is emerging for the use of in-situ vaccination to
convert low TIL non-responder patients to a high TIL phenotype
to increase the likelihood of response to anti-PD1/PDL1 thera-
peutics. An additional important feature of intratumoral therapy
is the intrinsic safety due to the low systemic exposures. Paren-
teral delivery of recombinant IL-12 protein, for example, demon-
strated anti-tumor efficacy, but development was limited by
toxicity. In contrast, electroporation-mediated delivery of DNA-
encoded IL-12 intratumorally appears to induce clinical activity,
but without systemic exposure and associated toxicity. Similarly,
preliminary Phase 1 data suggests that intratumoral injection of
ipilimumab at 1/100th of the systemic dose is active, safe and
well-tolerated. The relative safety of intratumoral therapies will
be advantageous as we move toward a future that includes combi-
nation immunotherapies.
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