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As cancer immunotherapy continues to benefit from novel approaches which cut immune

‘brake pedals’ (e.g. anti-PD1 and anti-CTLA4 antibodies) and push immune cell gas pedals

(e.g. IL2, and IFNa) there will be increasing need to develop immune ‘steering wheels’ such

as vaccines to guide the immune system specifically toward tumor associated antigens.

Two primary hurdles in cancer vaccines have been: identification of universal antigens

to be used in ‘off-the-shelf’ vaccines for common cancers, and 2) logistical hurdles of

ex vivo production of individualized whole tumor cell vaccines. Here we summarize ap-

proaches using ‘in situ vaccination’ in which intratumoral administration of off-the-shelf

immunomodulators have been developed to specifically induce (or amplify) T cell re-

sponses to each patient’s individual tumor. Clinical studies have confirmed the induction

of systemic immune and clinical responses to such approaches and preclinical models

have suggested ways to further potentiate the translation of in situ vaccine trials for our

patients.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction adding an extra layer of protection against the host immune
Prophylactic vaccinations have been one of the greatest ad-

vances in modern medicine, both eradicating disease and

reducing mortality. The translation of this advance into can-

cer therapy has been challenging and dates back to the turn

of the 20th century (Currie, 1972). Cancer cells, derived from

an aberrant clone, bear predominantly self-antigens and

thus avoid alerting the immune system. In addition, the tumor

microenvironment can be severely immunosuppressive;
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response. Tumor cells can actively suppress immune re-

sponses through the downregulation of antigen presentation

and the production of membrane-bound and secreted

immune-regulatory molecules (Upadhyay et al., 2015). To

overcome such obstacles, a successful cancer vaccine must

be able to induce a powerful immune response against

tumor-associated antigens (TAAs) while avoiding normal

host cells. This strategy has proven difficult because TAAs

are highly variable in their immunogenicity and undergo
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immune-editing to escape recognition. In addition, they can

differ between tumor types andmore importantly between in-

dividuals (Escors, 2014). The presence of antigen-presenting

cells (APC) is generally low in the tumor microenvironment.

Some efficacy in the treatment of cancer has been demon-

strated by the use of autologous dendritic cells (DC) pulsed

with tumor cell lysates containing a whole array of antigens

as well as single TAAs (Reichardt et al., 2004). DC can be differ-

entiated and expanded from peripheral blood ex vivo, and a

resected tumor mass can be used to subsequently load the

DC with TAAs. These strategies, while successful in devel-

oping a patient specific vaccine, are labor and time intensive

limiting the ability to experiment with numerous iterations

to optimize the approach.

“In situ vaccination” represents an alternative approach in

which the cancer vaccine is generated in vivowithout the need

to previously identify and isolate the TAA. Herein, in situ vacci-

nation refers to any approach which exploits TAA available at

a tumor site to induce a TAA-specific adaptive immune

response. TAAs are commonly released upon tumor cell death

and may be subsequently processed and presented by APCs.

This can be augmented by stimulating tumor cell death lead-

ing to release of TAAs and subsequent presentation by APCs

while at the same time administering immunomodulators to

enhance particular steps of the process. Such an approach al-

lows for the development of vaccines in patients themselves,

thereby minimizing the resource allocation required in ex vivo

processing. Furthermore, this strategy can take advantage of

the complete antigenic repertoire of a tumor and not be

limited to a single TAA. In order to elicit a strong memory

anti-tumor immune response, an in situ vaccine should ideally

be able to induce immunogenic cancer cell death, facilitate the

release of TAAs, as well as enhance antigen uptake by, and

activation of, antigen-presenting cells to induce anti-tumor

T cell responses that will result in systemic anti-tumor immu-

nity. The generation of potent anti-tumor T cells at one tumor

site should allow them to also attack distant tumor lesions

since fully activated effector T cells do not need a costimula-

tory signal to kill their target cells and are less susceptible to

inhibitory signals (Suresh et al., 2001; London et al., 2000;

Gudmundsdottir et al., 1999). Therefore, effective develop-

ment of an in situ vaccination will result in a systemic

response in the setting of localized treatment similar to the

abscopal effect that is described in radiation therapy and felt

to be driven by a T cell response (Formenti and Demaria, 2009).

One tool which can be part of in situ vaccination, oncolytic

virusese viruses that preferentially infect and kill cancer cells

e are being explored for the treatment of various malig-

nancies (Nemunaitis, 1999). They display either a natural or

engineered tumor tropism and are able to kill tumor cells via

direct and indirect mechanisms (Elsedawy and Russell, 2013;

Bartlett et al., 2013). The host immune system directly kills

viral protein-expressing tumor cells, leading to regression in

infected tumors. Uninfected cells are indirectly killed through

cross-priming of cytotoxic T-lymphocytes (CTL) and disrup-

tion of the tumor vasculature. However, the antitumor effi-

cacy of naturally occurring viruses has been limited,

suggesting that the degree of the induced immune response

depends on several factors, including the particular virus

used, the tumor burden, and the immunogenicity (Elsedawy
and Russell, 2013). An advantage of killing tumor cells with vi-

rus is their abundance of innately immunostimulatory com-

ponents e.g. viral proteins and nucleic acid which have been

shown to activate Toll-like receptors (TLRs) expressed on

APC (Zhu et al., 2007a,b; Appledorn et al., 2008; Banchereau

et al., 2014). Another advantage of oncolytic viruses is that

they can be engineered to express transgenes which can influ-

ence the anti-tumoral immune responses. This includes (i)

enhancing the cross-presentation of tumor antigens, (ii)

increasing the maturation of antigen-presenting cells, espe-

cially DC, and (iii) reducing immune suppression in the tumor

microenvironment.

Herein, we examine pre-clinical and clinical data of in situ

vaccination strategies and their emerging role in the treat-

ment of cancer as well as new developments in tumor immu-

nology that will lead to ongoing translational research.
1.1. Manipulation of intratumoral myeloid cells

1.1.1. Increasing the number of APC at the tumor site
1.1.1.1. Autologous DC. Increasing the number of effective

APC within the tumor microenvironment yields greater ca-

pacity for cross presentation of TAA to CD8þ T cells, poten-

tially augmenting the immune response against malignant

cells. As a result, several studies have recently focused on

strategies to increase the number of DC at the tumor site

through administration of DC growth/differentiation factors

or local administration of DC themselves. In mice with subcu-

taneous colon cancer or lymphoma, systemic chemotherapy

followed by intratumoral injection of immature DC resulted

in complete regression of treated and distant tumors and pro-

tectedmice from rechallenge with the same tumor cells (Tong

et al., 2001; Song and Levy, 2005). This effect was also observed

when mice with the same colon cancer were treated with

photodynamic therapy and injection of na€ıve DC (Saji et al.,

2006). In patients with advanced melanoma, treatment with

local hyperthermia and injection of autologousDC reduced tu-

mor growth and increased infiltration of CD8þ T cells, but

overall survival was not improved (Guo et al., 2007). However,

in patients with stage III/IV treatment na€ıve or relapsed follic-

ular lymphoma local radiotherapy followed by intranodal in-

jection of autologous DC, low-dose rituximab and GM-CSF

caused durable remission in a subset of patients. Clinical

response correlated closely with evidence of an immune

response to autologous tumor (Kolstad et al., 2015). A phase

I/II clinical trial is currently investigating the intratumoral in-

jection of autologous DC for the treatment of solid tumors

(NCT01882946). Similar studies are combining intratumoral

administration of autologous DC combined with chemo-

therapy for patients with breast cancer (NCT02018458) and

combined with local cryotherapy for patients with prostate

cancer (NCT02423928).

1.1.1.2. Allogeneic DC. Pre-clinically, it has been shown that

allogeneic leukocyte co-cultures generate immature DC-

recruiting chemokines and pro-inflammatory cytokines which

induce CD40 upregulation, increase TLRa induced IL-12 produc-

tion, and deviated T-cell responses towards Th1 {16179010}.

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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Additionally, allogeneic DC-based vaccines demonstrated in-

duction of melanoma-protective immunity in multiple animal

models {20443871}.

In an early phase clinical trial, allogeneic DC activatedwith

a formulation including TLRa and IFNg (COMBIG) were admin-

istered intratumorally (INTUVAK) in 12 patients withmetasta-

tic renal cell cancer (RCC) prior to nephrectomy. At the time of

nephrectomy, a marked infiltration of CD8þ T cells was

demonstrated and amajority of patients exhibited an increase

in circulating tumor-specific T cells after vaccination. Median

overall survival in patients with poor prognosis compared

favorably with historical controls. {http://meetinglibrary.as-

co.org/content/126079-144} The approach has progressed to

an ongoing randomized trial of post-nephrectomy sunitinib

with or without pre-nephrectomy INTUVAK (NCT02432846)

as well as an ongoing phase I study in patients with hepatoma

(NCT01974661)

1.1.1.3. GM-CSF. Granulocyte-macrophage colony-

stimulation factor (GM-CSF), a hematopoietic growth factor

that increases DC differentiation, maturation and function

has been administered intratumorally to promote the number

of DC and stimulating DC activation at the tumor site. A semi-

nal study compared anti-tumor immunity of melanoma cells

transduced with a panel of immunostimulatory genes

including IL-2, IL-4, IL-5, IL-6, GM-CSF, IFNg, IL1-RA, ICAM,

CD2, and TNFa. GM-CSF-expressing tumors showed the great-

est effects and induced systemic tumor rejection. Treatment

also protected mice from rechallenge with non-transduced

melanoma cells (Dranoff et al., 1993). Using a related approach,

mice with colon cancer received macrophages engineered to

express GM-CSF intratumorally, and developed antitumor im-

munity (Yizhi et al., 1998). Vaccination of melanoma patients

with irradiated autologous tumor cells engineered to express

GM-CSF also resulted in tumor destruction. Those with tumor

response were found to have profound infiltration of activated

T cells. The number of CD11cþ in GM-CSF-expressing tumor le-

sions was significantly increased in both mice and patients

(Mach et al., 2000). In patients with melanoma, intratumoral

or peritumoral injection of recombinant GM-CSF has been

investigated with mixed results. While some demonstrated tu-

mor regression in a majority of patients, including some com-

plete responses, others reported only partial responses in a

minority of patients (Si et al., 1996; Nasi et al., 1999; Hoeller

et al., 2001). Regardless of response rate or degree of response,

all three studies observed an increase of DC in tumor lesions.

As described earlier, GM-CSF also has promising results when

combined with autologous DC and a monoclonal antibody in

the treatment of low-grade follicular lymphoma (Kolstad

et al., 2015). As described GM-CSF has therapeutic potential in

both monotherapy and combination with other immune

modulating agents stimulating DC activation, immune

response and systemic tumor regressions.

1.1.1.4. Flt3L. Fms-like tyrosine kinase 3 ligand (Flt3L) is a

crucial growth factor in DC development (Shortman and Naik,

2007) and particularly important in the development of the

DC2 subset eremarkably capable CD8 T cell stimulators

whose intratumoral proportion correlateswith patient clinical

outcomes (Broz et al., 2014) {Salmon et al., in press}.
Subcutaneous injection of Flt3L stimulates mobilization of

DC to the peripheral blood of patientswithmelanoma or colon

cancer (Marroquin et al., 2002; Morse et al., 2000). Expansion of

DC is observed in mice treated with adenovirally expressed or

recombinant Flt3L in colon cancer or leukemia, respectively

(Pawlowska et al., 2001; Riediger et al., 2013). However, while

vaccination with Flt3L prior to tumor challenge is able to pre-

vent tumor development in both models, therapeutic applica-

tion of Flt3L could not eliminate established tumors. In

contrast, the combination of intratumoral adeno-Flt3L with

systemic chemotherapy inhibits the growth and induces com-

plete remissions of murine hepatoma and colon cancer (Hou

et al., 2007). Similarly, systemic administration of Flt3L fol-

lowed by intranodal injection of antigen-encoding naked

RNA e thereby delivering an antigen as well as TLR stimula-

tion e resulted in significantly enhanced tumor clearance

and survival in mice with melanoma (Kreiter et al., 2011).

When combined with cytotoxic therapies or DC activation,

Flt3L-induced DC expansion leads to clinical response as

opposed to the administration of Flt3L alone. Several clinical

trials combining Flt3L with cytotoxic and/or other concomi-

tant treatments are currently underway (NCT02129075,

NCT01811992, NCT01976585). The latter study combining

intratumoral injection of recombinant Flt3L and poly-ICLC in

combination with low-dose radiotherapy has reported

increased DC numbers, partial and complete remissions of

treated and untreated tumor sites in patients with

advanced-stage follicular lymphoma (Bhardwaj et al., 2014).

In this study, cell killing appeared to be tumor-specific since

concomitant with malignant B cell clearing from peripheral

blood, non-malignant B cells actually increased with time.

This is in contrast to standard lymphoma therapies such

anti-CD20 antibodies which induce B cell aplasia (Maloney

et al., 1994) and prompts inquiry into what TAA might be tar-

geted by T cells which spare non-malignant B cells. Prelimi-

nary results report only mild adverse effects from such

therapy suggesting that Flt3L-primed in situ vaccination is

safe as well as immunologically and clinically active.

1.1.1.5. Oncolytic viruses that increase the number of APC at
the tumor site. The most extensively studied cytokine for this

purpose is GM-CSF. A vaccinia virus engineered to express

GM-CSF, JX-594, selectively replicates in tumor cells as

compared to normal cells (Parato et al., 2012) and has demon-

strated anti-tumor efficacy in pre-clinical models and several

early phase clinical trials. Rabbits and rats with liver cancer

have improved survival and decreased metastatic burden

when treated with JX-594 systemically or intratumorally.

These models reveal increased infiltration of T cells into the

tumor microenvironment (Kim et al., 2006) and disruption of

tumor-associated vasculature in mice and humans, leading

to reduced blood flow, ischemia, and rapid necrosis of tumor

cells (Breitbach et al., 2011; Breitbach et al., 2013). Again, this

effect is tumor-specific as endothelial cells of normal blood

vessels are not affected. Clinical trials in liver cancer andmel-

anoma demonstrate that intratumoral treatment with JX-594

is well tolerated and results in encouraging survival times

and overall response of treated and untreated tumors (Heo

et al., 2013; Park et al., 2008; Hwang et al., 2011; Breitbach

et al., 2015; Cripe et al., 2015).

http://meetinglibrary.asco.org/content/126079-144
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Similarly promising results have been observed with an

oncolytic herpes simplex virus (HSV) deleted for genes that

block antigen presentation on MHC molecules or support viral

replication in normal cells. This HSV strain specifically repli-

cates in tumor cells with high oncolytic potential enhancing

anti-tumor efficacy. Immunogenicity was enhanced by insert-

ing GM-CSF into the viral genome (Liu et al., 2003). Liu et al.

have demonstrated that intratumoral administration in mu-

rine lymphoma tumors results in tumor shrinkage and anti-

tumor immunity in both treated tumors and distant, non-

injected tumors. In addition, it protects mice against rechal-

lengewith tumor cells after the primary tumor has been cured.

Clinical studies using the same HSV strain referred to as tali-

mogene laherparepvec or T-VEC- (previously OncoVEX-GM-

CSF) have showndurable response rates and increases survival

time in patients with melanoma, head and neck cancer, and

other metastatic cancers (Harrington et al., 2010; Hu et al.,

2006; Senzer et al., 2009; Kaufman et al., 2010). A recent phase

III study in patients with advanced stage melanoma, T-VEC

demonstrates superior durable response rate compared to

GM-CSF and a trend towards improvement in overall survival

(p ¼ 0.051) (Andtbacka et al., 2015a). In concordance with the

pre-clinical studies, treated patients appear to develop sys-

temic anti-tumor immunity associated with an increase in

tumor-specific T cells resulting responses at both injected tu-

mors and distant sites (Senzer et al., 2009; Kaufman et al.,

2010). Clinical investigation of combining intratumoral viro-

therapy with systemic CTLA-4 blockade for melanoma is

currently ongoing (NCT01740297) with preliminary report of

overall response rate of 41%, higher than historical results

with ipilimumab alone (Puzanov et al., 2014) and studies

combining T-VEC with systemic PD1 blockade are currently

accruing (NCT02263508).

1.1.2. Activation of APC

1.1.2.1. TLR9. TLRs are a class of pattern recognition receptors

expressed primarily by leukocytes, and especially by antigen-

presenting cells, including DC andmacrophages. They bind to

pathogen-associated molecular patterns (e.g. lipopolysaccha-

ride, CpG-enriched DNA, double stranded RNA), and their liga-

tion results in APC activation, enhanced presentation to T

cells and initiation of immune responses. In addition, they

can have a direct influence on tumor cells themselves when

expressing TLRs. B-cell lymphomas are derived from mature

B cells -a potential APC population- and therefore can express

multiple TLR, including TLR9 (Bourke et al., 2003). As a result,

hypomethylated CG-enriched oligonucleotides (CpG) resem-

bling prokaryotic DNA can activate TLR9 and increase expres-

sion of costimulatory molecules on lymphoma cells in vitro

(Jahrsd€orfer et al., 2001; Li et al., 2007), though differentially

amongst different lymphoma subtypes (Jahrsdorfer et al.,

2005). At the same time, CpG inhibited proliferation of these

cells (Li et al., 2007). Furthermore, systemic chemotherapy

combined with intratumoral vaccination with CpG induced

tumor-reactive, memory CD8 T cells and tumor regression at

both local and distant sites in a murine lymphoma model.

Both local and systemic anti-tumor response depended on

CD8þ T cells (Li et al., 2007). Interestingly, this effect was
seen in mice with TLR9 deficiency, which had TLR9-

expressing tumors. This finding suggests that antigen presen-

tation by tumor cells, not host APC,may be sufficient to induce

potent immune responses. This therapy could be further

enhanced by transferring splenocytes from vaccinated mice

into lymphodepleted mice (‘immunotransplantation’) bearing

the same tumor cell line, demonstrating that transferred CD8

T cells were both necessary and sufficient (Brody et al., 2009).

Treg cells could also be depleted locally by intratumoral injec-

tion of anti-CTLA-4 and anti-OX-40 during CpG vaccination,

generating a systemic antitumor immune response able to

cure disseminated disease (Marabelle et al., 2013). Mice were

cured in the absence of systemic chemotherapy, validating

the potency of combination treatment (Houot and Levy, 2009).

In a murine glioma model, intratumoral injection of CpG

also resulted in tumor regression. Again increased T cell infil-

tration was seen, and cured mice were protected from rechal-

lenge with tumor cells (Grauer et al., 2008). In contrast to the

lymphoma model, TLR9 expression is required in non-tumor

host cells since GL261 glioma cells are negative for TLR9.

Furthermore, beneficial effects of intratumoral CpG are also

observed in mice with mesothelioma, breast cancer, or mela-

noma tumors (Stone et al., 2009a; Sharma et al., 2008;

Furumoto et al., 2004). In breast cancer models, CpG injection

even leads to tumor regression in old mice e an effect not

observed with other TLR agonists used in the study (Sharma

et al., 2008). In the case of B16 melanoma, CpG injection alone

is not sufficient to induce tumor regression but results in anti-

tumor immunity when combined with CCL20-mediated accu-

mulation of DC within the tumor (Furumoto et al., 2004). Of

note, a different synthetic TLR9 agonist (with modified CpG

motifs) reduced tumor growth and increased survival in amu-

rine lung cancer model when combined with local tumor irra-

diation (Zhang et al., 2012). Since these modified CpG motifs

use a 30-30-attached structure and a dCp7-deaza-dG have

shown greater potency in murine and human studies, they

may be incorporated into future in situ approaches.

Type B TLR9 agonists preferentially activate B cells (versus

plasmacytoid DC). The type B TLR9 agonist Agatolimod (PF-

3512676) has been used in the greatest number of clinical tri-

als, including three trials using a combination of low-dose

irradiation and intratumoral CpG administration showing

promising results in 60 patients with low-grade B-cell lym-

phoma andmycosis fungoides including partial and complete

remissions, lasting up to>4 years (Brody et al., 2010; Kim et al.,

2012; Kohrt et al., 2014). A study of intracerebral (intratumoral)

infusion of another type B TLR9 agonist Litenimod (CpG-28) in

34 patients with recurrent glioblastoma multiforme also

showed efficacy in controlling disease burden yielding 1 and

2 year survival rates higher than historical controls

(Carpentier et al., 2010). Type C TLR9 agonists eby contraste

comparably activate B cells and plasmacytoid DC, thus

inducing higher amounts of both IFNa and IFNl. One such

molecule -SD-101- is currently being studied for the treatment

of relapsed or refractory, low-grade lymphoma in combina-

tion with radiotherapy and/or intratumoral CTLA-4 blockade

(NCT02266147, NCT01745354, NCT02254772). In the completed

clinical trials treatment was generally well-tolerated, with a

dose-related incidence of injection site reactions and the

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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approaches warrant further studies on the use of this in situ

vaccination for the treatment of human cancer.

1.1.2.2. TLR7/8. TLR7 agonists such as imiquimod (an imida-

zoquinolinamine derivative) were first investigated in the

context of cutaneous viral infections, due to their induction

of type I interferon (IFNa/b). Imiquimod can be applied topi-

cally and is approved for the treatment of genital warts,

actinic keratoses, and basal cell carcinoma (Miller et al.,

1999). Beginning in the early 1990s, systemic treatment with

imiquimod had been assessed in the treatment of variousmu-

rine cancers, with oral treatment leading to significant inhibi-

tion of growth in colon carcinoma andmore modest effects in

lung carcinoma and sarcoma. This effect wasmediated by IFN

induction and could be further enhanced when combined

with cyclophosphamide (Sidky et al., 1992). More recently,

imiquimod has been investigated as a potential adjuvant for

in situ cancer vaccination for metastatic disease. In case re-

ports and prospective series of melanoma and superficial

breast cancer metastases, topical application of imiquimod

induces a pro-immunogenic tumor microenvironment with

histologic tumor regression (Adams et al., 2012; Henriques

et al., 2014; Smyth et al., 2011). Similarly, numerous case re-

ports and series have demonstrated anti-tumor effects of imi-

quimod in cutaneous T-cell (Calista et al., 2015; Didona et al.,

2004; Ehst et al., 2008; Ariffin and Khorshid, 2006; Dummer

et al., 2003; Suchin et al., 2002; Chong et al., 2004; Deeths

et al., 2005; Ardigo et al., 2006) and B-cell (Richmond et al.,

2008; Stavrakoglou et al., 2007; Coors et al., 2006; Spaner

et al., 2005) lymphomas. In a murine model of cutaneous

breast cancer, topical application of imiquimod combined

with local radiotherapy resulted in complete regression of

locally treated tumors and inhibited growth at untreated sites.

This response is associated with increase in T cell infiltration

into tumor lesions, and the effect depended on CD8þ T cells.

Pre-treatment with low-dose cyclophosphamide augments

the anti-tumor effect and protects the mice from tumor

rechallenge, suggesting that a long-term memory response

against the tumorwas induced (Dewan et al., 2012). Similar re-

sults have been observed with R848/resiquimod, another

imidazoquinolinamine derivative, in mouse models of lym-

phoma. Systemic delivery of R848 combined with local tumor

irradiation induces durable anti-tumor immune responses

leading to clearance of T- and B-cell lymphomas and

improved survival (Dovedi et al., 2013). Combined therapy

also increased tumor antigen-specific CD8þ T cells and pro-

tectedmice from tumor rechallenge after clearance of the pri-

mary tumor. A novel injectable imidazoquinoline, 3M-052,

formulated in a lipid-based vehicle to allow tissue retention

has been shown to suppress melanoma growth in mice,

both of injected and distant untreated sites. This anti-tumor

effect was enhanced by CTLA-4 or PD-L1 blockade, even in tu-

mor models in which systemic checkpoint blockade was inef-

fective as monotherapy (Singh et al., 2014).

1.1.2.3. TLR3. TLR3 has an important role in host defense

against viruses by recognizing dsRNA, activating IRF-3 and ul-

timately increasing the production of type I interferons. Poly-

inosinic:polycytidylic acid (poly-IC) is a synthetic TLR3 and

MDA-5 agonist due to its structural similarity to double-
stranded RNA (Gitlin et al., 2006) and can be stabilized with

poly-lysine and carboxymethylcellulose (poly-ICLC) for

in vivo use. Poly-ICLC has been shown to be a promising vac-

cine adjuvant because it promotes type 1 immune responses

(Salem et al., 2005; Salem et al., 2006). There is a significant

set of clinical and pre-clinical studies of in situ vaccination

with TLR3 agonists. Several peptide-based vaccine studies

on brain cancer (Zhu et al., 2007a,b; Zhu et al., 2010;

Rosenfeld et al., 2010) suggest that poly-ICLC might also

have positive effects in the context of in situ vaccination.

When used as an adjuvant for an intratumoral HPV peptide-

based vaccine, poly-IC is able to significantly improve thera-

peutic anti-tumor effects and increase the proportion of

tumor-specific T cells (Wu et al., 2010). Additionally, inmurine

melanoma, intratumoral injection of poly-IC markedly

reduced tumor growth and prolonged survival, leading to

complete eradication of tumors when combined with transfer

of tumor-peptide-specific T cells, CD40L-expressing plasmids,

or systemic Flt3L (Amos et al., 2011; Fujimura et al., 2006; Stone

et al., 2009b){Salmon et al., in press}. There is also pre-clinical

data to suggest that it may augment anti-EGFR antibody ther-

apy of head and neck cancer indicating potential for near-

term clinical translation (Ming Lim et al., 2013). In a case report

of a patient with an advanced facial rhabdomyosarcoma,

treatment with intratumoral injections of poly-ICLC resulted

in tumor inflammation and necrosis followed by marked tu-

mor regression (Salazar et al., 2014); such results have promp-

ted an ongoing phase II study investigating this approach in

patients with advanced, unresectable solid tumors

(NCT01984892). Additionally, the above described study

combining intratumoral FLt3L and poly-ICLC with radio-

therapy for low-grade lymphoma demonstrated that the

poly-ICLC induced order-of-magnitude increase in intratu-

moral, activated APCs while having minimal effect on sys-

temic APC activation status (Marron et al., 2014).

1.1.2.4. TLR4. Bacterial lipopolysaccharide (LPS) is the primary

ligand for TLR4 and ligation of TLR4 leads to activation of DC

with improved processing and presentation of antigens and

consequently the production of various pro-inflammatory cy-

tokines (Lu et al., 2008; Blander and Medzhitov, 2006). While

systemically administered LPS has antitumor effects in mice

and humans (Berendt et al., 1978; Goto et al., 1996; Otto et al.,

1996), it also leads to cytokine storm with clinical symptoms

of fevers, chills, hypotension, hepatic and hematologic effects

(Engelhardt et al., 1990). Intratumoral administration of LPS

maintains antitumor efficacy while avoiding significant

toxicity. Mice with subcutaneous glioblastoma or rats with

subcutaneous glioma tumors treated with intratumoral LPS

experience partial and complete tumor regression and these

responses are lessened in T cell deficient animals (Chicoine

et al., 2001; Won et al., 2003; Mariani et al., 2007). Similarly,

intratumoral injection of LPS in B16 melanoma mice results

in tumor regression in those mice with increased activation

of DC and T cells (Maito et al., 2012). By contrast, another study

on the same model reported that LPS only reduced tumor

growth when given in the context of a GMeCSFeexpressing

whole-cell vaccine (Davis et al., 2011). This treatment regimen

is, however, sufficient to induce regression of CT26 colon carci-

nomas and protected mice from tumor rechallenge. Another

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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approach using Glucopyranosyl Lipid A (GLA-SE), a small syn-

thetic TLR4 agonist, is currently being studied by intratumoral

injection in patientswithMerkel cell carcinoma (NCT02035657)

and sarcoma used in combination with radiotherapy

(NCT02180698). A different TLR4 agonist (OK-432/Picibanil) is

currently being investigated in clinical trials for treatment of

pancreatic adenocarcinoma in combination with intratumoral

DC injection (NCT00795977) and for treatment of head and

neck cancer in combination with chemotherapy and DC trans-

fer (NCT01149902).

1.1.2.5. Live bacteria. Clostridia eas gram positive bacteria-

are able to activate DC via TLR2 (and likely othermechanisms)

(Kashiwagi et al., 2015) andeas an anaerobe- arewell suited to

proliferate and disseminate in the hypoxic environment

within tumors. Clostridium novyi are endospore- forming, obli-

gate anaerobic gram-positive bacteria closely related to C. bot-

ulinum and a genetically engineered, lethal-toxin deficient

strain, has demonstrated CD8 T cell mediated anti-tumor ef-

fects in pre-clinical tumor renal, colon, and anaplastic squa-

mous cell carcinoma models (Agrawal et al., 2004). Further

studies demonstrated that intratumoral C. novyi induced tu-

mor regressions in rat glioma tumors, spontaneously occur-

ring canine sarcomas, and ein early, preliminary report

from an ongoing clinical trial (NCT01924689)e marked tumor

regression associated with fevers and local tissue necrosis,

requiring intravenous narcotic analgesics and antibiotics

(Roberts et al., 2014).

1.1.2.6. Anti-CD40 monoclonal antibody. DC signaling path-

ways downstream of CD40 include recruitment of TNF Recep-

tor Associated Factor family of proteins (TRAFs) eparticularly

TRAF6 (Kobayashi et al., 2003)e followed by p38 MAPK, JNK

(Pullen et al., 1999), and NFkB and culminate in cytokine pro-

duction, and co-stimulatory molecule (e.g. CD80/CD86) upre-

gulation (Ma and Clark, 2009). Overall, DC signaling nodes

downstream of CD40 are similar to TLRs and RANK-RANKL

pathways, but are sufficiently distinct that activation of mul-

tiple pathways can lead to synergistic DC activation

(Kerkmann et al., 2003).

In numerous small trials of systemic agonistic anti-CD40

mAb, there have been data demonstrating immune activation

but with some concerns of toxicity or pro-tumorigenic effects

(Vonderheide and Glennie, 2013) though a pre-clinical model

of local anti-CD40 mAb showed decrease in liver inflamma-

tion compared to systemic therapy (Fransen et al., 2011) A

recently developed agonistic mAb with high affinity for CD40

eADC-1013e has been tested intratumorally in human and

murine in vitro models and in vivo bladder cancer models,

inducing DC activation and IL12 secretion as well as antigen-

specific T-cell proliferation and long-term tumor-specific im-

munity (Mangsbo et al., 2015) and have led to an ongoing study

of intratumoral ADC-1013 for patients with solid tumors

(NCT02379741).

1.1.3. Oncolytic viruses that enhance the cross-presentation
of tumor antigens
Under conditions of cellular stress, heat shock proteins (HSPs)

are produced and function as molecular chaperones medi-

ating the folding and refolding of proteins. When HSP-
peptide complexes are released by dying tumor cells, they

are taken up by APC via receptor-mediated endocytosis, lead-

ing to cross-presentation of tumor peptides on MHC class I

molecules (Singh-Jasuja et al., 2000; Noessner et al., 2002).

Though HSP e autologous tumor derived peptide complexes

have shown limited success (Wood et al., 2008) recent pre-

clinical and clinical studies of oncolytic adenoviruses,

expressing HSP70 or heat shock transcription factor 1 (HSF1),

have shown encouraging results. Intratumoral injection of

these viruses eradicated primary tumors in mice, induced

tumor-specific immune responses that inhibited metastatic

tumor growth, and protected mice from tumor rechallenge

(Huang et al., 2003; Fan et al., 2012; Wang et al., 2010). A phase

I clinical study demonstrated that intratumoral administra-

tion of recombinant oncolytic adenovirus expressing HSP70

is safe and exhibited some promising clinical anti-tumor ac-

tivity, though tumor regressions observed were predomi-

nantly at the treated sites (Li et al., 2009).

One potential obstacle with these approaches is that onco-

lytic viruses can drive an anti-viral immune response which

may divert the immune system from tumor-specific antigens;

a process called “immunodominance” (Alemany, 2014).

Immunodominance occurs because the large numbers of viral

peptides introduced into the patient overwhelm the APC sys-

tem, thereby diverting APCs from TAAs. Immunodominant

viral epitopes also have the ability to induce neutralizing anti-

bodies which preclude subsequent booster vaccinations with

the same vector. A ‘prime-boost’ approach is an elegant

method to address both of these issues; this refers to a vacci-

nation using two different virus strains expressing the same

tumor antigen in sequence. Priming with VSV expressing a

melanoma-associated antigen followed by a booster immuni-

zation with adenovirus expressing the same antigen (or vice

versa) significantly increased tumor-specific T cell responses

in B16 murine melanoma (Bridle et al., 2009). Furthermore,

this combination approach shifted the immune response

from viral antigens to tumor antigens and reduced viral repli-

cation in normal tissues, thereby increasing efficacy as well as

safety (Bridle et al., 2010). A clinical trial using intratumoral

fowlpox administration has been completed (Kaufman et al.,

2014) and randomized trials of prime-boost strategies are

ongoing (NCT02285816).

Even intratumorally administered oncolytic viruses may

also be cytotoxic to healthy cells which might drive an im-

mune response to self-antigens. Increasing viral specificity

for tumor cells may be an important way to increase the pro-

portion of TAA presented on local APC. Several approaches in

viral engineering have worked towards tumor-specific infec-

tion or lysis.

An adenovirus engineered to replicate in Rb-deficient cells

and with increased binding for aVb3 and aVb5 integrins

demonstrated induction of anti-tumor immunity in pre-

clinical glioma model. In a phase 1 study, high grade glioma

patients received a single intratumoral injection of DNX-

2401 followed by tumor resection 2 weeks later (and repeat

DNX-2401 injection into the surgical site). Complete responses

were observed in 3 or 25 treated patients, all of whom are

experienced prolonged (>1.5 years) remission. Resected tumor

demonstrated abundant macrophages and CD8 T cells and

-amongst the clinical responder- serum concentrations of IL-

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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12p70 were increased 10 to 10,000-fold {Lang, 2014 #2700}.

Ongoing trials are investigating combination of DNX-2401

with temozolomide (NCT01956734) and IFNg (NCT02197169).

A modified herpesvirus, HSV-1716 ebecause of genetic

deletion of ICP34.5e is unable to maintain protein translation

in terminally differentiated cells and thus replicates selec-

tively in tumor tissue. Infection by HSV-1716 induces high

levels of viral glycoprotein B and D expression and HSP70 in

ovarian cancer cells which are efficiently phagocytosed by

DC, upregulating DC costimulatory molecules and migration

(Benencia et al., 2008). Intratumoral HSV-1716 injection in-

duces IFNg expression and increase in intratumoral activated

NK and CD8þ T cells (Benencia et al., 2005). HSV-1716 admin-

istered intratumorally in five melanoma patients yielded

microscopic evidence of tumor necrosis (MacKie et al., 2001)

and in 12 glioma patients confirmed that viral replication

can occur at the tumor site and possiblywithin distant tumors

(Papanastassiou et al., 2002). Ongoing studies in high grade gli-

oma (NCT02031965) and solid tumors (NCT00931931) will

further assess the efficacy of the approach. More recently,

additional genetic modifications of HSV-1716 have incorpo-

rated the enzyme nitroreductase (which converts the prodrug

CB1954 into an active alkylating agent) (Braidwood et al., 2009)

or selected a clone which expresses inhibitor of growth 4

(Ing4) (a tumor suppressor protein) (Conner and Braidwood,

2012) significantly augmenting its oncolytic potency.

1.1.4. Oncolytic viruses that increase the maturation of
antigen-presenting cells
As previously described, TLR agonists activate APC functions

and through this mechanism can initiate anti-tumor immune

responses hence their study as potential vaccine adjuvants

and cancer immunotherapies. Oncolytic viruses enriched for

CpGmotifs, a TLR9 agonist, have shown higher anti-tumor ac-

tivity than their parental viral strains. Raykov et al. demon-

strated that the oncolytic parvovirus H-1PV enriched for CpG

motifs is a potent anti-cancer vaccine when used in a meta-

static lung cancer rat model (Raykov et al., 2008). Compared

to the original virus, subcutaneous injection of tumor cells

with CpG enriched virus leads to increased immune responses

and decrease in metastatic disease burden. This clinical and

immune response correlates with high levels of IFNg and acti-

vated DC in the tumor-draining lymph nodes. Similar effects

were observed by Cerrullo et al. when utilizing a CpG-

enriched adenovirus in murine lung cancer and melanoma

(Cerullo et al., 2012). Intratumoral administration of the

enriched virus led to a reduction in tumor growth in both

models, with increased numbers of tumor-specific T cells in

tumors and spleen. In a related approach using the samemel-

anomamodel, Rommelfanger et al. combined intratumoral in-

jection of VSV with subsequent injection of a TLR4 agonist. As

compared to treatment with the virus alone, this approach led

to improvement in survival and increased numbers of tumor-

specific T cells in the tumors and draining lymph nodes

(Rommelfanger et al., 2013).

Engaging costimulatory molecules such as CD40 on the

surface of the APC, which provide a secondary stimulus for

activation is a different approach to increasing their capacity

to present TAA. Oncolytic adenovirus expressing CD40 ligand

(CD40L, CD154) has shown significant anti-tumor effect in
mice as well as patients with solid tumors (Diaconu et al.,

2012; Pesonen et al., 2012). Intratumoral injection of the virus

led to increases in tumor cell apoptosis and delayed tumor

growth in murine melanoma and bladder cancer. Treatment

was also associated with enhanced recruitment of APC and

CD8þ T cells to tumor lesions locally and systemically

(Diaconu et al., 2012). An early phase study of nine solid tumor

patients received intratumoral injections of CD40L-encoding

adenovirus and demonstrated the induction of IFN-g-produc-

ing survivin-specific (as well as adenovirus-specific) T in the

peripheral blood. Some patients experienced prolonged stable

disease in addition to regression of untreated tumors and

clearance of serum tumor markers (e.g. the breast cancer

marker Ca15-3) (Pesonen et al., 2012). Similar results have

been observed with oncolytic herpes simplex or adenovirus

encoding CD80, a costimulatory ligand for CD28 on T cells,

resulting in enhanced T cell activation and anti-tumor im-

mune responses (Fukuhara et al., 2005; Ino et al., 2006; Todo

et al., 2001; Lee et al., 2006; Choi et al., 2006).

Another approach has been the intratumoral administra-

tion of coxsackie virus A21 which binds intercellular adhesion

molecule (ICAM-1) and decay-accelerating factor (DAF) emol-

ecules that are frequently upregulated on malignant mela-

noma cells. This genetically unmodified, wild-type, common

cold-producing human enterovirus (CAVATAK�) has demon-

strated oncolytic activity in pre-clinical and early phase

clinical studies and induces immune cell infiltration in mela-

noma (Andtbacka et al., 2015b). A recently reported phase II

study (NCT01227551) demonstrated responses in 16 of 57

evaluable and median duration of response not reached after

17 months (Andtbacka et al., 2015c). Biomarker analyses have

shown an association of serum IL8 and IFNgwith systemic re-

sponses and pre-clinical melanoma models have demon-

strated marked synergy between intratumoral CAVATAK

and PD-1 blockade (Shafren et al., 2014).
1.2. Manipulation of intratumoral lymphocytes

1.2.1. Activation of T cells
1.2.1.1. Interleukin-12. Interleukin-12 (IL-12) is a cytokine

with an important role in the regulation of adaptive T cell re-

sponses (Colombo and Trinchieri, 2002). It is released by

various immune cells -particularly myeloid APC such as

monocytes (D’Andrea et al., 1992) upon stimulation by infec-

tion or inflammation to induce differentiation of type 1 helper

T cells; thus increasing activity of cytotoxic T lymphocytes as

well as IFNg production. For more than 2 decades, IL-12 has

been known to have potent anti-tumor activity (Brunda

et al., 1993) and has been extensively investigated for use in

cancer treatments. In murine transplantable tumors IL-12

anti-tumor activity is dependent on a variety of factors,

including tumor type, dose, and route of injection (Colombo

and Trinchieri, 2002). Clinical studies have used systemic

administration of IL-12 in patients with melanoma, RCC and

colon cancer, unfortunately this approach was associated

with considerable hepatic and hematologic toxicity with

only modest efficacy at doses tested (Atkins et al., 1997;

Leonard et al., 1997). Intratumoral administration of IL-12 is

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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associated with less toxicity and has shown to cause partial or

complete tumor regression at the locally injected tumor site,

but little to no response at distant sites (Rook et al., 1999;

Sangro et al., 2004; Mahvi et al., 2007; Zapa1a et al., 2013). By

contrast, when IL-12 is encapsulated into polymer micro-

spheres, which release their contents over an extended period

of time, regression of primary and secondary murine tumors

as well as regression of metastasic lesions has been achieved

(Egilmez et al., 2000). In glioblastomamodels, complete regres-

sion can also be achieved by combining intratumoral IL-12

administration with systemic immune checkpoint blockade

using an antibody against CTLA-4 (Vom Berg et al., 2013).

IL-12 is also under investigation with oncolytic viruses for

the development of cancer vaccines. In pre-clinical murine

cancer models including prostate, colon, liver, and brain can-

cer, viruses modified to express IL-12 induce strong anti-

tumor immune responses with reduced tumor growth and

increased survival (Toda et al., 1998; Bennett et al., 2001;

Varghese et al., 2006; Zhang et al., 2013; Cheema et al., 2013).

Early phase clinical studies are currently investigating the

use of intratumoral IL-12 plasmid electroporation for the

treatment of cutaneous lymphoma (NCT01579318) and

advanced melanoma (NCT01502293) and have demonstrated

no grade 3/4 drug-related AEs, a doubling of intratumoral

NK, activation of circulating NK cells, clinical response in 9

of 28 patients and regression of non-injected lesions in 13 of

21 evaluable patients (Daud et al., 2014). A related approach

is the use of lipopolymer to increase plasmid delivery into

cells which has been administered intra- or peri-tumorally

by intraperitoneal delivery in patients with ovarian cancer in

an early study of 13 patients, demonstrating increase IL-12

and IFNg levels in peritoneal fluid (but not serum) and a mi-

nority of patients with treatment-related decrease in serum

CA-125 levels (Anwer et al., 2010). More recently this approach

has been combined with systemic liposomal doxorubicin

resulting in partial remissions and stable disease in 2 and 4

of the 7 patients in the highest-dose cohort, warranting

further study of the combination (Thaker et al., 2015).

Adenovirally delivered IL-12 is being investigated for the

treatment of glioblastoma (NCT02026271), breast cancer

(NCT01703754, NCT02423902), and melanoma (NCT01397708).

Because of the variable persistence of adenoviral vectors and

potential toxicity of IL-12, an elegant approach has been the

development of vectors incorporating an ecdysone-inducible

expression system with a goal of titrating IL-12 levels after

administration. Preliminary report on intratumoral adminis-

tration of Ad-RTS-hIL-12 in 38 patients with breast cancer or

melanoma followed by increasing doses of veledimex (an

orally administered ecdysone analog) resulted in a veledimex

dose-dependent increases in intratumoral and serum IL-12

transcript and protein as well as serum IFNg levels. A minority

of patients experienced partial remission or sub-clinical tumor

regressions and a small number of patients had grade �3

adverse events (e.g. hepatic or hematologic), but eperhaps

the most significant proof of principlee was the rapid revers-

ibility of adverse events with the discontinuation of veledimex

(Nemunaitis et al., 2014).

1.2.1.2. Interleukin-2. Interleukin-2 (IL-2) is important in the

development of adaptive immune response as it mediates
expansion of T cells and differentiation into effector lympho-

cytes and has been amongst themost thoroughly investigated

cancer immunotherapies. Systemic administration of IL-2 is

FDA approved for the treatment of RCC and melanoma (Fyfe

et al., 1995; Atkins et al., 1999), though systemic treatment is

associated with significant toxicity, prompting the investiga-

tion of intratumoral IL-2 therapies. Intratumoral injections

of soluble IL-2 result in increased infiltration of CD8þ T cells,

reduced tumor growth and increased survival in mice bearing

transplantable tumors (Fiszer-Maliszewska et al., 1998;

Jackaman et al., 2003). The clinical and immune response

can be further accentuated by using expression vectors encod-

ing IL-2 to allow prolonged production of the cytokine (Horton

et al., 1999; Slos et al., 2001). Intratumoral injection of an

adenovirally encoded IL-2 also inhibits growth of distant, un-

treated tumors and protects mice from rechallenge with the

same tumor type (Slos et al., 2001). This effect is also observed

with a slow-release, liposomal formulation of IL-2 in mice

with a non-immunogenic B16melanoma tumor, inducing sys-

temic immune responses not observed with injections of sol-

uble IL-2 (Neville et al., 2001). In mice with lung or

hepatocellular carcinoma, using a combined treatment with

microparticles encapsulating IL-2 and microwave coagulation

to induce tumor cell death results in a systemic tumor-specific

immune response (Kuang et al., 2005). Clinical trials reveal

promising results in patients with RCC or melanoma who

received intratumoral treatment with IL-2 encoding plasmids

or recombinant IL-2, respectively. Compared to systemic

treatment, this treatment modality generally resulted in low

toxicity. While plasmid treatment of RCC led to a low number

of responses (Hoffman and Figlin, 2000; Galanis et al., 1999),

injection of recombinant IL-2 into melanoma metastases

induced high response rates asmeasured by tumor regression

(Radny et al., 2003; Weide et al., 2010; Gutwald et al., 1994).

However, although most injected lesions regressed and did

not recur, this treatment failed to cause complete regression

of untreated melanoma lesions or prevent subsequent devel-

opment of metastases (Radny et al., 2003; Weide et al., 2010).

Clinical studies investigating the combination of intratumoral

IL-2 and systemic or intratumoral treatment with anti-CTLA-4

are currently ongoing (NCT02076633, NCT01672450,

NCT01480323).

1.2.1.3. T-cell activating oncolytic viruses. Intratumorally

administered modified herpesvirus has been shown to induce

CD8-dependent tumor lysis and regression of untreated tu-

mors in pre-clinical models (Meshii et al., 2013) and early

phase clinical trials in patients with pancreatic (Nakao et al.,

2011) and breast cancer (Kimata et al., 2006; Sahin et al.,

2012) have yielded local tumor regressions. Recent pre-

clinical studies have demonstrated incremental benefit of

HF10 herpesvirus combination with agonistic monoclonal

antibody for murine glucocorticoid-induced tumor necrosis

factor receptor (Ishihara et al., 2014), the anti-VEGF mAb bev-

acizumab (Tan et al., 2015), and GM-CSF (Goshima et al., 2014).

1.2.2. Intratumoral checkpoint blockade
Immune checkpoint molecules, such as CTLA-4 or PD-1, are

receptors expressed on T cells and down regulate their activ-

ity. In normal homeostatic settings, these molecules protect

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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the host from auto-immunopathology due to unchecked im-

mune responses. However, in the tumor microenvironment,

they contribute to TAA tolerance. Toxicity associated with

systemic CTLA-4 blockade (Hodi et al., 2010; Robert et al.,

2011; Postow et al., 2015) has been avoided in pre-clinical

models of intratumoral anti-CTLA4 antibody, along an in-

crease in the CTL:Treg ratio within tumors (Tuve et al., 2007;

Simmons et al., 2008). Similarly, in a mouse model of colon

cancer, peritumoral injection of anti-CTLA-4 in a slow-

release formulation induced regression of treated as well as

untreated nodules (Fransen et al., 2013). In addition, check-

point blockade antibodies can be delivered intratumorally by

using oncolytic viruses encoding these antibodies. As

described in section iii, adenovirus or measles virus encoding

anti-CTLA-4 have shown encouraging anti-tumor efficacy in

murine models of colon cancer and melanoma (Engeland

et al., 2014; Du et al., 2014).

Finally, intratumoral injection of anti-CTLA-4 also depletes

Treg at the injected site, and combination treatment with anti-

OX40 and CpG results in eradication of disseminated CNS lym-

phoma (Marabelle et al., 2013). An ongoing phase I/II clinical

trial is investigating the combination of local irradiation and

intratumoral injection of ipilimumab for the treatment ofmel-

anoma, lymphoma, colon, and rectal cancer (NCT01769222) as

well as using combined intratumoral ipilimumab and IL-2

(NCT01672450).

1.2.3. Oncolytic viruses to reduce immune suppression in the
tumor microenvironment
As a result of the immunosuppressive nature of tumors, effec-

tive therapy requires not only the induction of immune re-

sponses, but also the downregulation of immune inhibitory

mechanisms. Therefore, oncolytic viruses are being used in

combination with agents that inhibit the induction of immu-

nosuppressive cells e i.e. regulatory T cells (Treg) e or coun-

teract the inhibition of effector T cells (Teff). Low dose

cyclophosphamide is a chemotherapeutic agent with immune

modulatory function and has been shown to specifically

inhibit Treg but not Teff cells (Motoyoshi et al., 2006). In patients

with treatment refractory solid malignancies, compared to

administration of the virus alone, administration of intratu-

moral oncolytic adenovirus and low-dose cyclophosphamide

resulted in higher disease control and overall survival

(Cerullo et al., 2011). This improved response was associated

with a reduction in Treg cells and an increase in cytotoxic T

cells. A different chemotherapeutic drug, temozolomide, has

also been shown to reduce Treg numbers at low doses

(Banissi et al., 2009). The combination of temozolomide with

an oncolytic adenovirus is currently under investigation for

the treatment of glioblastoma (NCT01956734).

In addition, monoclonal antibodies (mAb) against immune

checkpoint proteins have shown encouraging results in can-

cer immunotherapy and have been combined with oncolytic

viruses. In a murine melanoma model, intratumoral injection

of Newcastle Disease virus accompanied by systemic treat-

ment with an mAb against CTLA-4 reduced tumor growth,

improved survival, and protected mice from tumor rechal-

lenge (Zamarin et al., 2014). However, systemic treatment

with checkpoint-blocking antibodies can lead to severe

immune-related adverse effects (Hodi et al., 2010; Robert
et al., 2011; Postow et al., 2015; Voskens et al., 2013), this

driving investigators to discovermore effective local therapies

that will have systemic responses. Dias et al. demonstrates

that intratumoral treatment with an adenovirus engineered

to express a complete human mAb against CTLA-4 leads to

43-fold higher mAb concentration in tumors vs. plasma of

mice. The average plasma concentration is below what has

been reported to be tolerated in humans (Toda et al., 1998).

More recently, attenuated measles virus encoding mAb

against CTLA-4 or PD-1 was shown to delay tumor growth

and prolong survival in murine melanoma (Engeland et al.,

2014). Similarly, Du et al. reveals that in lung cancer and mel-

anoma murine models treatment with adenovirus expressing

anti-CTLA-4 significantly delays tumor growth and results in

complete regression when combined with a second virus

encoding GM-CSF (Du et al., 2014).

In addition to immunosuppressive cells in the tumor

microenvironment, components of the extracellular matrix

(ECM) such as hyaluronan contribute to tumor immune

evasion. Hyaluronan synthase 2 expressed in breast cancer

stem-like cells is critical for the interaction of tumor cells

with tumor-associated macrophages (TAM) and its deficiency

or inhibition reduced metastatic disease (Okuda et al., 2012).

VCN-01, a novel adenovirus engineered to avoid tropism for

liver and spleen and to express hyaluronidase to degrade

ECM accumulates in murine tumors after systemic adminis-

tration with only transient presence in the liver. Furthermore,

anti-tumor efficacy after systemic administration of the virus

was comparable to that observed after intratumoral delivery

(Rodr�ıguez-Garc�ıa et al., 2015). Two phase I clinical trials

with VCN-01 alone or in combination with gemcitabine in pa-

tients with pancreatic cancer and advanced solid tumors are

currently underway (NCT02045589, NCT02045602).
2. Conclusions

The primary goal of cancer immunotherapy is to induce a du-

rable anti-tumor immune response while leaving normal host

cells unharmed. Personalized vaccines have shown encour-

aging results, since they can be directed against patient-

specific TAAs (Di Nicola et al., 2008; Timmerman et al., 2002;

Schuster et al., 2011). A whole tumor cell approach obviates

the need to identify TAAs, but manufacturing an ex vivo prod-

uct is resource intensive, and time consuming limiting oppor-

tunity to optimize the vaccine in iterative clinical trials. In

contrast, “off-the-shelf” vaccines are easier to manufacture,

but mandate the identification of shared TAAs e ideally

ones in which tumors are highly dependent e to minimize

risk of escape variants. An in situ vaccine combines the best

aspects of each strategy. By inducing immunogenic tumor

cell death and antigen release at a single tumor site, in situ

vaccination is personalized, and thus patient-specific. The

approach obviates the need for patient-specific TAA-identifi-

cation. Patients can be vaccinated against the tumor’s entire

TAA repertoire, as opposed to a single TAA. Furthermore,

injectable immunomodulators such as cytokines, TLR ago-

nists or viruses can be mass-produced, is not resource inten-

sive and is therefore practical to optimize in iterative patient

cohorts.

http://dx.doi.org/10.1016/j.molonc.2015.10.016
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Figure 1 e Effective in situ vaccination uses local or intratumoral immunomodulation to produce abundant, highly activated, antigen presenting

cells such as dendritic cells (DC) able to present the full repertoire of tumor-associated antigens (TAA) to tumor-reactive T cells which, in turn,

mount a systemic anti-tumor immune response. Optimally, this approach occurs through: 1) increasing intratumoral DC populations, by

recruitment or local proliferation (e.g. with intratumoral Flt3L administration); 2) inducing immunogenic tumor cell death locally or systemically

to release TAA (e.g. with radiotherapy, chemotherapy, or oncolytic virus); 3) enhancing TAA uptake, processing and presentation or cross-

presentation by DC (e.g. with heat shock proteins or using prime-boost oncolytic viral strategies); 4) promoting antigen-loaded DC to trafficking

to secondary lymphoid tissue 5) presentation or cross-presentation to antigen-specific T cells; 6) trafficking of T cells to tumor sites systemically; 7)

inhibition of multiple levels of immunosuppression, including cells and molecules suppressing T cells both at the vaccine site as well as distant

tumor sites (e.g. with intratumoral or systemic checkpoint blockade).
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As the field of cancer therapy continues to incorporate

immunotherapy as an integral treatment strategy, the effort

to identify therapies that augment the benefit of checkpoint-

blocking agents will continue to develop. Intratumoral thera-

pies will be among themost likely to induce this desired effect

as they may increase the response rate, while minimizing

toxicity (Simmons et al., 2008). Intratumoral therapy effec-

tively, converts patients from ‘low intratumoral T cell infiltra-

tion type’ to a ‘T cell inflamed phenotype’ increasing the

likelihood of response to checkpoint blockade therapy

(Tumeh et al., 2014; Sharma and Allison, 2015). In a field of po-

tential candidates to be combined with checkpoint blockade,

in situ vaccination represents one of the promising strategies.

Ultimately, the opportunities to expand the armamentarium

of tumor-specific immunotherapies with in situ vaccination

strategies are continuing to increase with ongoing scrutiny

in the laboratory and continued success in our patients (see

Figure 1).
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