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SUMMARY
Immunotherapy has emerged as a powerful new chapter in the fight against cancer. However, it has yet to
reach its full potential due in part to the complexity of the cancer immune response. We demonstrate that tu-
mor-targeting EDV nanocells function as an immunotherapeutic by delivering a cytotoxin in conjunction with
activation of the immune system. These nanocells polarize M1 macrophages and activate NK cells concur-
rently producing a Th1 cytokine response resulting in potent antitumor function. Dendritic cell maturation and
antigen presentation follows, which generates tumor-specific CD8+ T cells, conferring prolonged tumor
remission. The combination of cytotoxin delivery and activation of innate and adaptive antitumor immune re-
sponses results in a potent cyto-immunotherapeutic with potential in clinical oncology.
INTRODUCTION

Despite recent advances in cancer immunotherapies (IMTs), their

success rates across a variety of tumor types has been limited. A

significant proportion of patients who initially demonstrate

encouraging tumor regression relapse over time, while other pa-

tients lack tumor immunogenicity, and therefore exhibit no initial

response (Emens et al., 2017; Oiseth and Aziz, 2017; Sharma

et al., 2017). Thus, identification of robust and durable IMT ap-

proaches may result in significantly improved clinical outcomes.

To mount an effective antitumor immune response, certain

steps must be achieved either spontaneously or therapeutically.

First, tumor cell antigens derived in situ via tumor cell death, or

delivered exogenously, must be taken up by dendritic cells

(DCs) (Anguille et al., 2015; Emens et al., 2017; Jung et al.,

2018; Mellman et al., 2011). In conjunction with antigen uptake,
Significance
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DCs need to receive proper maturation signals prompting differ-

entiation and enhanced presentation of antigens such that anti-

tumor function, as opposed to tolerance, is promoted (Anguille

et al., 2015; Emens et al., 2017; Jung et al., 2018; Mellman

et al., 2011; Simmons et al., 2012).Mature, tumor antigen-loaded

DCs must then generate antitumor T cell responses, which can

occur via the production of tumor-specific cytotoxic T cells, trig-

gering of natural killer (NK), and/or NKT cell responses, and

enhancing T helper type 1 (Th1) responses (Emens et al., 2017;

Fang et al., 2017; Mellman et al., 2011; Sharma et al., 2017; Zit-

vogel et al., 2015). Antitumor T cells must finally enter the tumor

microenvironment (TME), where immune suppressive signals

may be present, and effectively perform their antitumor function

(Emens et al., 2017; Mellman et al., 2011). Failure in any of these

stepswill impede the efficacy of an IMT (Emens et al., 2017;Mell-

man et al., 2011; Sharma et al., 2017).
rable clinical responses in specific cancers; however, current
rates. Herein, we report on themechanismof the cyto-immu-
dual assault on the tumor occurs via delivery of a cytotoxin
tem. This approach circumvents some of the current pitfalls
croenvironment while also generating immune cell subsets
nd/or adaptive resistances that may arise in patients.
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Figure 1. Direct and Indirect EDV Activation of MFs and DCs

(A–C) CD86 expression analysis by flow cytometry in RAW cells incubated with LPS, Ep-EDV, Ep-EDV-682, or 682 (n = 3) (A); co-cultured with 4T1 (n = 4) or

CT26Ep12.1 (n = 3) cells treated with Ep-EDV, Ep-EDV-Dox, Ep-EDV-682, Dox, or 682 (B); or cultured in supernatants from 4T1 (n = 4) or CT26Ep12.1 (n = 3) cells

treated with Ep-EDV, Ep-EDV-Dox, Ep-EDV-682, Dox, or 682 (C).

(D and E) PCR quantitation of IFN-a and IFN-b expression in BMDC/4T1 co-cultures (n = 4) (D) or BMDC/CT26Ep12.1 co-cultures (n = 5) (E).

(legend continued on next page)
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Currently, the most promising IMT strategies include chimeric

antigen receptor T cell (CAR-T) therapy and immunological

checkpoint inhibitors (Emens et al., 2017; Mellman et al., 2011;

Oiseth and Aziz, 2017; Sharma et al., 2017; Ventola, 2017).

CAR-T therapy has produced robust clinical outcomes in

‘‘liquid’’ hematologic cancers, but to date has not produced

comparable responses in solid malignancies (D’Aloia et al.,

2018). Checkpoint inhibitors, such as CTLA-4 and PD-1/PDL-

1, have also shown dramatic clinical results in specific cancers,

but overall response rates across different cancers remains low

and immune-related toxicities can be high (Jenkins et al., 2018;

Sharpe, 2017).

We have developed the EnGeneIC Dream Vector (EDV), a

bacterially derived delivery system consisting of nonviable nano-

cells 400 ± 20 nm in diameter that can be packaged with a cyto-

toxic drug, small interfering RNA, or microRNA and targeted to

tumor cell surface receptors via attachment of bispecific anti-

bodies on their surface (MacDiarmid et al., 2007a, 2009). After

intravenous administration, they are retained in the vascular sys-

tem due to their size, but then rapidly extravasate into the tumor

via the tumor-associated leaky vasculature (MacDiarmid et al.,

2007b). Tumor cell receptor engagement via the associated bis-

pecific antibody results in macropinocytosis into endosomes

and release of the payload via intracellular degradation in the ly-

sosomes (MacDiarmid et al., 2007b; Sagnella et al., 2018). The

safety of these nanocells has been demonstrated in three phase

I clinical trials with over 1,000 doses administered in various end-

stage cancer patients (Kao et al., 2015; Solomon et al., 2015; van

Zandwijk et al., 2017; Whittle et al., 2015). EDVs loaded with the

super cytotoxic drug PNU-159682 (682) are currently being eval-

uated in end-stage cancer patients in a phase I trial and have

shown promising safety. Given the bacterial nature of the EDV,

the current study aimed to investigate the cyto-immunothera-

peutic function of EDV nanocells.

RESULTS

Antitumor Macrophage Polarization, DC Activation, and
Maturation Occur in Response to EDV Treatment of
Tumor Cells
Because the EDV is derived from Salmonella typhimurium bacte-

ria, its outer membrane contains a substantial lipopolysaccha-

ride (LPS) content (MacDiarmid et al., 2007b). The interaction

of LPS with macrophages (MF) is known to result in activation

and M1 polarization. To determine if the EDV elicits a similar

phenotypic response, RAW264.7 (RAW) cells were incubated

with mouse EpCAM-targeted EDVs containing 682 (Ep-EDV-

682) or empty (Ep-EDV) and examined for changes inMF pheno-

type and cytokine production. Direct incubation of Ep-EDV-682

and Ep-EDV with RAW cells elicited significant increases in

CD86 expression (a hallmark of antitumor M1 tumor-associated

MFs [TAMs]), likely in response to the presence of LPS on the
(F) ELISA analysis of supernatants of BMDC/tumor cell co-cultures TNF-a (a), IL-

(G–I) Flow cytometric analysis of BMDC/tumor cell co-cultures with 4T1 or CT2

Quantitation of CD86hi and MHC class IIhi (n = 3) (G). Representative density plots

cells and 4T1 cells treated with 682, Ep-EDV, and Ep-EDV-682 (H). Quantitation of

way ANOVA and Tukey’s multiple comparison test. *p % 0.05, **p % 0.01, ***p %

See Figure S1.
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EDV surface, whereas 682 alone did not induce the same

response (Figure 1A) (Dong et al., 2016). A minimum ratio of

500 EDVs:1 cell was required for M1 MF activation (Figure S1A).

RAW cells also displayed a significant increase in tumor necrosis

factor alpha (TNF-a) and interleukin-6 (IL-6) (Figure S1B), pro-in-

flammatory cytokines responsible for Th1 MF polarization (Yuan

et al., 2015). More interestingly, mouse tumor cells (4T1 and

CT26Ep12.1) treated with Ep-EDV-682 and co-culture with

RAW cells also generated a significant increase in CD86 expres-

sion (Figure 1B) and IL-6 and TNF-a production (Figures S1C and

S1D). Tumor cells treated with Ep-EDVs carrying doxorubicin

(Ep-EDV-Dox) but not Ep-EDV, 682, or Dox, were also capable

of eliciting an increase in CD86 expression indicating that MF

activation was not drug specific (Figure 1B). RAW cell viability re-

mained >80% in all treatment groups (Figure S1E). Supernatants

of Ep-EDV-drug-treated tumor cells were likewise able to induce

M1 MF polarization (Figure 1C). To ensure activation in tumor/

RAW cell co-cultures was not due to a direct EDV interaction, tu-

mor cells were washed before incubation with RAW cells and

washed supernatants were examined for EDV content. Only

�1,000 EDVs/sample were detected in the supernatants, well

below the number necessary for direct MF stimulation (Fig-

ure S1F), while minimal EDV staining on the outer cell membrane

was observed after incubation of tumor cells with EDVs for 4 h at

37�C. Effective uptake was confirmed by detection of a substan-

tial amount of EDVs in permeabilized cells (Figure S1G). The

above results in combination with the fact that Ep-EDV treatment

of tumor cells could not elicit MF activation indicate that tumor

cell death in response to drug-loaded EDV treatment in addition

to direct interaction between EDVs and MFs, elicits M1

polarization.

Direct incubation of EDV with bone marrow-derived DCs

(BMDC) resulted in upregulation of DC maturation molecules

CD86 and major histocompatibility complex (MHC) class II,

again likely as a result of LPS stimulation (Figures S1H and

S1I). BMDC co-incubated with treated tumor cells (4T1 and

CT26Ep12.1) were assessed for type 1 interferon production, a

well-established mechanism of DC maturation and enhanced

antigen presentation vital for their interaction with NK cells and

T cells (Simmons et al., 2012) (Figures 1D and 1E). BMDC co-

cultured with Ep-EDV-682 but not Ep-EDV- or 682-treated

CT26Ep12.1 or 4T1 showed significant increases in interferon

a (IFN-a) and IFN-b mRNAs, while treatment of CT26Ep12.1

with Ep-EDV-Dox resulted in a significant increase in IFN-b

mRNA. Dox-treated CT26Ep12.1 showed a small, significant in-

crease in IFN-b mRNA (Figure 1D). Tumor cell co-cultures with

BMDC also exhibited profound increases in the production of

TNF-a, IL-12p40, and IL-6, inflammatory and immunostimulatory

cytokines produced by functionally stimulated DCs, in response

to Dox- and 682-loaded EDVs (Dudek et al., 2013; Jung et al.,

2018) (Figure 1F). Upregulation of MHC class II and the costimu-

latory molecules CD86 and CD80 indicated that co-incubation of
12p40 (b), and IL-6 (c).

6Ep12.1 cells treated with Ep-EDV, Ep-EDV-Dox, Ep-EDV-682, Dox, or 682.

of MHC class II and CD86 expression in BMDC co-cultures with CT26Ep12.1

CD80hi expression (n = 3) (I). Data represent mean ± SEM and analyzed by one-

0.001, ****p % 0.0001.
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Figure 2. Safe and Effective EDV Delivery of 682 Generates Tumoricidal Innate Immune Cells
(A and B) Tumor growth in response to EDV-682 and EGFR-EDV-682 in BALB/c nudemice T84 xenografts (n = 10) (A) and A549/DoxR xenografts (n = 9) (B). Data

represent mean ± SEM and analyzed by a two-way ANOVA and Tukey’s multiple comparison test.

(legend continued on next page)
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BMDC with Ep-EDV-drug-treated tumor cells results in DC

maturation (Figures 1G–1I and S1J). Empty EDV treatment of tu-

mor cells was able to elicit some but not all the hallmarks of DC

maturation and, thus, future work is needed to examine this phe-

nomenon. Combined, these results suggest that tumor cells

treated with chemotherapy-loaded EDVs are capable of promot-

ing DC maturation into inflammatory and immunogenic DCs,

which may be able to elicit potent anticancer immunity through

effector T cell priming.

EDVs Can Safely and Effectively Deliver 682
PNU159682, the chemotherapeutic used in the in vitro studies, is

a metabolite of the anthracycline nemorubicin with half maximal

inhibitory concentrations for even drug-resistant cancer cells in

the pM range (Quintieri et al., 2005). Because of its extreme po-

tency, it is unable to be used as a free drug clinically due to se-

vere systemic toxicity (Staudacher and Brown, 2017). However,

when encapsulated in EDVs, 682 can be effectively delivered to

the tumor with few side effects. Ethics approval has been ob-

tained in Australia for the use of 682-loaded EDVs in clinical trials.

Mice treated with Ep-EDV-682 exhibited few side effects as

demonstrated by minimal weight loss, little to no fur ruffling,

and no appearance of lethargy or hunched postures, which cor-

relates with previous studies involving EDVs carrying different

therapeutic payloads (MacDiarmid et al., 2007a; Sagnella

et al., 2018) (Figures S2A–S2D).

Efficacy of 682-loaded EDVs targeted to human epidermal

growth factor receptor (EGFR), a receptor known to be highly ex-

pressed in both cell lines, was examined in athymic BALB/c nude

mice bearing T84 and doxorubicin-resistant A549/DoxR human

xenografts (Figures 2A and 2B). EGFR-EDV-682 significantly

reduced both T84 and A549/DoxR tumor growth, with significant

tumor regression achieved in large (�600 mm3) A549/DoxR tu-

mors, while EDV-682 did not have the same effect. Significant tu-

mor growth reduction and regression was also observed in

BALB/cmice bearing 4T1 and CT26Ep12.1 tumors, respectively,

in response to Ep-EDV-682 treatment (Figures 2C and 2D).

EDV Delivery of 682 Generates Tumoricidal CD11b+

Innate Immune Cells
While it is established that the EDV can effectively deliver chemo-

therapeutics to tumors (MacDiarmid et al., 2007a; Sagnella et al.,

2018), our in vitro data suggested that they can also generate

antitumor MF and DC via tumor cell death in response to

drug-loaded EDVs. This likely occurs with the release of DAMPs

capable of activating and engaging the innate arm of the immune

system; however, more in-depth studies are needed to fully

characterize the exact mechanism.

To establish if in vivo stimulation of the innate immune system

within the TME occurred in response to systemic EDV treatment,
(C and D). Tumor growth in response to Ep-EDV and Ep-EDV-682 treatment in B

represent mean ± SEM and analyzed by a two-way ANOVA and Tukey’s multiple

(E and F) xCELLigence RTCA (normalized cell index versus time) of tumor cell dea

(F) co-cultured with their corresponding tumor cells at a 5:1 (E:T) ratio.

(G) Density plots of flow cytometric analysis of CD11b and F4/80 expression in C

(H) Ratio of M1(CD86+): M2 (CD206+) MFs in CD11b+ F4/80+ cells isolated from

Data represent mean ± SEM and analyzed by one-way ANOVA and Tukey’s mult

Figure S2.
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CD11b+ immune cells were isolated from 4T1 and CT26Ep12.1

mouse tumors treated with saline, Ep-EDV, or Ep-EDV-682

and co-cultured ex vivo with their corresponding tumor cells at

a 5:1 (effector:target [E:T]) ratio. CD11b+ cells co-cultured with

4T1 cells (Figure 2E) showed an initial adhesion phase, indicated

by an increase in cell index followed by an active phase in which

cell index increased/decreased steadily if CD11b+ cells were

ineffective/effective in killing adherent tumor cells. CD11b+ cells

isolated from the tumors of Ep-EDV-682 but not Ep-EDV- or sa-

line-treated mice were effective at killing their corresponding tu-

mor cells. In the CT26Ep12.1 model (Figure 2F), cytolysis was

more pronounced in the Ep-EDV-682-treated group beginning

within 1 h and falling to 42% viability at 10 h post CD11b+ cell

addition. In contrast, it took �5 and 7 h for cytolysis to begin in

the Ep-EDV- and saline-treated groups and viability at 10 h

post CD11b+ cell addition was 76% and 86%, respectively.

CD11b+ cells encompass a heterogeneous population of

innate immune cells, including but not limited to MF, DC, neutro-

phils, and myeloid-derived suppressor cells; however, greater

than 80% of the isolated CD11b+ cells from 4T1 and

CT26Ep12.1 tumors were identified as MF (CD11b+F4/80+) (Fig-

ures 2G, S2E, and S2F). A small percentage (<10% in

CT26Ep12.1 and <3% in 4T1) of the CD11b+ cells were identified

asmyeloid DC (CD11b+CD11c+F4/80–), while the remaining cells

(�5% in CT26Ep12.1 and �15% in 4T1) were not further pheno-

typed (Figures S2E and S2F).

Isolated CD11b+F4/80+ cells were further characterized for the

ratio of the M1 marker CD86 to M2 marker CD206. MF isolated

from 4T1 and CT26Ep12.1 tumors treated with Ep-EDV-682

showed a significant increase in the CD86:CD206 ratio (Fig-

ure 2H), which correlated to the increase in cytolytic activity

observed in CD11b+/tumor cell co-cultures.

A significant increase in M1/M2 ratio also occurred in both the

T84 and A549/DoxR xenografts which correlated to superior tu-

mor cell cytolysis byCD11b+ cells isolated fromEGFR-EDV-682-

treated A549/DoxR tumors (Figures S2G and S2H).

NK Cells Adopt an Antitumor Phenotype In Vivo after
EDV Treatment
NK cells are one of the primary effector cells of the innate im-

mune system (Fang et al., 2017; Morvan and Lanier, 2016).

Thus, to examine NK cell function, NK cells were isolated from

spleens of 4T1 or CT26Ep12.1 tumor-bearing BALB/c mice after

treatment with Ep-EDV-682, Ep-EDV, or saline, and co-cultured

with their corresponding tumor cells at an E:T of 20:1 (Figures 3A,

3B, and S3A). NK cells of Ep-EDV-682- but not Ep-EDV- or sa-

line-treated mice demonstrated significant and potent cytolysis

of target tumor cells. Cytolysis of CT26Ep12.1 cells by NK cells

from Ep-EDV-682-treated mice occurred within the first

few hours with only 18% target cell viability after 50 h, while
ALB/c mice bearing 4T1 (n = 12) (C) or CT26Ep12.1 tumors (n = 12) (D). Data

comparison test.

th in response to CD11b+ isolated from 4T1 tumors (E) and CT26Ep12.1 tumors

D11b+ cells isolated from 4T1 and CT26Ep12.1 tumors.

4T1 and CT26Ep12.1 tumors of CD11b and F4/80 expression (n = 4).

iple comparison test. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001. See
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Figure 3. EDV Delivery of 682 Generates

Cytolytic NK Cells

(A and B) RTCA (percent viability versus time) of NK

cells isolated from spleens of mice bearing 4T1 tu-

mors co-cultured with 4T1 cells (A) and CT26Ep12.1

tumors co-cultured with CT26Ep12.1 cells (B) at a

20:1 (E:T) ratio. Plots represent cell viability over

time.

(C) Expression of NKG2D in NK cells within 4T1 tu-

mors determined by flow cytometry (n = 4). Data

represent mean ± SEM and analyzed by a one-way

ANOVA and Tukey’s multiple comparison test.

(D and E) RTCA (percent viability versus time) of NK

cells isolated from spleens of Ep-EDV-682-treated

4T1 tumor-bearing mice co-cultured with 4T1 cells

at a 20:1 (E:T) ratio in the presence of RAE-1 and/or

H60a-inhibiting antibodies (D) and mice bearing

CT26Ep12.1 tumors co-cultured with 4T1 cells at a

20:1 (E:T) ratio (E). *p % 0.05.

See Figure S3.
Ep-EDV and saline treatment resulted in low level of cytolysis

(70%–80% cell viability) in the same time period. In the 4T1

model, NK cells from Ep-EDV-682-treated mice decreased

target cell viability to �36% after 70 h, while those from saline-

or Ep-EDV-treated mice maintained R90% target cell viability.

NK cells isolated from the A549/DoxR and T84 tumor models

demonstrated similar cytolytic profiles to the immunocompetent

models (Figures S3B and S3C).

NK cells require two distinct stages, priming via release of

activating cytokines or expression of activating receptors by

the target cell and triggering via the co-engagement of an addi-

tional NK-activating receptor specific to stressed cells followed

by release of the contents of their cytolytic granules, thus killing

target tumor cells (Fang et al., 2017; Sabry and Lowdell, 2013).

NK cells (CD45+CD3�DX5+) in Ep-EDV-682-treated 4T1 tumors

had a significant increase in NKG2D expression, an NK-acti-

vating receptor important in tumor immunosurveillance (Fig-

ure 3C). Upregulation of NKG2D ligands on the tumor cell sur-

face can override NK inhibitory signals triggering tumor cell

cytolysis (Morvan and Lanier, 2016). Screening of mouse tumor
Ca
cell lines for the NKG2D binding ligands

RAE-1, H60a, and MULT-1 showed that

4T1 and CT26Ep12.1 had high levels of

H60a expression, while 4T1 cells also ex-

pressed RAE-1 and MULT-1 (Figure S3D).

Antibodies to RAE-1 and H60a were

effective in inhibiting NK cytolysis of 4T1

cells, with �13%, 21%, and 25% inhibi-

tion by RAE-1, H60a, or a combination

of the two antibodies, respectively (Fig-

ures 3D and S3E).

Because both 4T1 and CT26Ep12.1 cell

lines contain NKG2D-binding ligands, NK

cells primed by Ep-EDV-682 treatment

should be able to target both cell types

regardless of their source. In fact, NK

cells from Ep-EDV-682-treated

CT26Ep12.1 tumor showed cross-reac-
tivity against 4T1 cells (Figure 3E). The potent cytotoxicity

observed in the two mouse models indicates that Ep-EDV-

682 treatment results in changes within the TME, which can

induce NK cell priming. The reduction in cytolysis observed

with NKG2D ligand blocking indicates that the NKG2D receptor

binding to tumor cells is one but likely not the only mechanism

by which tumor cell cytolysis is triggered. Further studies are

needed to fully elucidate mechanisms of NK triggering in

drug-loaded EDV-treated tumors.

EDV Treatment Leads to the Production of Tumor-
Specific CD8+ T Cells
We next aimed to determine if DCmaturation in response to EDV

treatment observed in vitro translated to the production of tu-

mor-specific CD8+ cytotoxic T cells in vivo. CD8+ T cells isolated

from spleens of 4T1 or CT26Ep12.1 mice treated with saline, Ep-

EDV, or Ep-EDV-682, were co-cultured with their corresponding

tumor cells (Figures 4A and 4B). CD8+ T cells isolated from mice

bearing 4T1 and treated with Ep-EDV-682 but not saline or

Ep-EDV, exhibited 50% 4T1 cell cytolysis after 30 h (Figures
ncer Cell 37, 354–370, March 16, 2020 359
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Figure 4. EDV Delivery of 682 Generates Tumor-Specific CD8+

T Cells

(A–C) RTCA (percentage viability versus time) of CD8+ T cells isolated from the

spleens of mice bearing 4T1 tumors co-cultured with 4T1 cells (A),

CT26Ep12.1 tumors co-cultured with CT26Ep12.1 cells (B), and CT26Ep12.1

tumors co-culturedwith 4T1 cells (C) at a 30:1 (E:T) ratio. All plots represent cell

viability over time. See Figure S3.
4A and S3F). Similarly, CD8+ T cells isolated from Ep-EDV-682-

treated mice bearing CT26Ep12.1 were highly effective in killing

CT26Ep12.1 cells, with 81% death after 20 h (Figures 4B and

S3G). Ep-EDV but not saline treatment also produced tumor-

specific CD8+ T cells in the CT26Ep12.1 model, albeit to a lesser

degree, with 40% death after 20 h. To confirm specificity, CD8+

T cells isolated from CT26Ep12.1 tumor-bearing mice were co-

cultured with 4T1 cells, with no target cell cytolysis occurring in

either saline or Ep-EDV-682-treated samples (Figure 4C).
360 Cancer Cell 37, 354–370, March 16, 2020
Activation of Innate and Adaptive Immune Cell Subsets
Contribute to EDV Efficacy
682 is highly effective in killing tumor cells, and it was unknown if

the action of the drug itself would override any contribution from

the antitumor immune cells activated as a result of Ep-EDV-682

treatment.

To examine the role of innate immune cells on efficacy, anti-

CD11b and anti-Asialo-GM1 antibodies were used to deplete

CD11b+ and NK cells, respectively, in vivo followed by Ep-

EDV-682 treatment. CD11b is present on all myeloid-derived

cells and depletion of CD11b+ cells would include MF, DC,

MDSC, and some populations of NK cells, while anti-Asialo-

GM1 is used for specific NK cell depletion. Clodronate liposomes

were administered to specifically deplete MFs; however, mice

were unable to tolerate MF depletion combined with EDV treat-

ment, and thus the efficacy of Ep-EDV-682 treatment in MF-

depleted mice was unable to be examined. CD11b+-depleted

mice also exhibited some adverse side effects after EDV treat-

ment (weight loss and ruffled fur). These results suggest a vital

role for phagocytic cells in tolerance of systemic EDV administra-

tion, which will require further studies.

Anti-Asialo-GM1 or anti-CD11b treatment resulted in R98%

and �70% reduction in NK and CD11b+ cells in the tumors,

respectively. Depletion of both CD11b+ and NK cells significantly

reduced Ep-EDV-682 efficacy (Figure 5A). CD11b+ cell depletion

did not affect tumor growth rate, and no significant difference

occurred between CD11b+-depleted mice treated with Ep-EDV-

682 and those treated with saline + anti-CD11b+ or saline alone.

In contrast, depletion of NK cells resulted in a significant increase

in tumor growth rate, and NK cell-depleted mice treated with Ep-

EDV-682 showed a significant reduction in tumor size as

compared with mice treated with saline + anti-Asialo-GM1. To ac-

count for the differences in tumor growth rates, a ratio of Ep-EDV-

682:saline tumor volume was calculated (Figure S4A). Following

the first Ep-EDV-682 treatment, tumor sizes in mice receiving no

antibodywere�70%smaller than those receiving saline, whereas

tumor sizes in CD11b+- and NK cell-depleted mice were only

30%–35% smaller than their saline-treated counterparts. Ep-

EDV-682 treatment was least effective in CD11b+-depleted

mice, with final tumor sizes being <30% smaller, while final tumor

sizes were �45% smaller in NK cell-depleted mice as compared

with saline. In comparison, in non-depleted mice, Ep-EDV-682

treatment resulted in �90% reduction in final tumor size.

The role of T cells in Ep-EDV-682 efficacy were also explored

(Figure 5B). T cell depletion in tumors was R97% and resulted

in a reduction in Ep-EDV-682 efficacy, with CD8 and CD4 deple-

tion having differing effects. No significant difference in tumor size

was observed between non-depleted and CD4+ T cell-depleted

Ep-EDV-682-treatedmice; however, CD4+ T cell depletion slowed

tumor growth rate. In contrast, CD8+ T cell depletion resulted in a

significant reduction in Ep-EDV-682 efficacy. In the first week of

treatment, tumor growth in Ep-EDV-682 T cell-depleted tumors

remained relatively stable, with only a slight increase in tumor vol-

ume in the Ep-EDV-682-treatedCD8+ T cell-depleted group,while

non-depleted Ep-EDV-682 tumors continued to decrease signifi-

cantly in size. By day 16, tumor growth had accelerated consider-

ably in the CD8+ T cell-depleted Ep-EDV-682-treated tumors,

while non-depleted Ep-EDV-682 tumor size remained stable. In

contrast to CD4+ T cell depletion, CD8+ T cell depletion resulted
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Figure 5. Integrally Connected Roles of Innate and Adaptive Immune Cells in EDV Antitumor Immune Response to EDV Treatment

(A andB) Tumor growth in CD11b+ andNKcell-depletedmice in response to saline and Ep-EDV-682 treatment in BALB/cmice bearing CT26Ep12.1 tumors (n = 8)

(A) and CD4+ and CD8+ T cell-depleted mice in response to saline and Ep-EDV-682 treatment in BALB/c mice bearing CT26Ep12.1 tumors (n = 8) (B). Data

represent mean ± SEM and analyzed by a two-way ANOVA and Tukey’s multiple comparison test.

(C) Flow cytometric density plots of CD45+ cells in saline-treated (�) and Ep-EDV-682-treated (+) CT26Ep12.1 tumors depleted of immune cells using antibodies

as indicated.

(legend continued on next page)
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in accelerated tumor growth. Thus, the ratio of Ep-EDV-682: saline

tumor volume was again examined (Figure S4B). Ep-EDV-682

treatment with CD4 depletion resulted in �61%–68% reduction

in tumor size as compared with saline + anti-CD4. CD8 depletion

achieved a maximum reduction in tumor size of�62% at the end

of week 1, with final tumor sizes �50% smaller than their saline

counterparts.

Innate and Adaptive Immune Cell Subsets Have
Integrally Connected Roles in the Antitumor Immune
Response to EDV
Compared with saline, Ep-EDV-682 treatment was responsible

for a significant increase in %CD45+ immune cells infiltrating tu-

mors (Figures 5C and S4C). Following depletion of CD11b+, NK,

and CD8+, but not CD4+ T cells, overall immune cell infiltration

decreased. CD4+ andNK, but not CD11b+- or CD8+-depleted tu-

mors exhibited an increase in the %CD45 cells in tumors in

response to Ep-EDV-682 treatment; however, %CD45 was still

significantly less than in non-depleted tumors.

The composition of tumor-infiltrating immune cells demon-

strated that Ep-EDV-682 treatment had no effect on %MF

(CD11b+F4/80+), while it resulted in a significant increase in

CD4+ T cells, CD8+ T cells, and NK cells (CD3�DX5+) (Figure 5D).

A similar result was seen in the 4T1 tumor model (Figure S4D).

As expected, %MF decreased after CD11b+ depletion; how-

ever, a decrease in the proportion of CD4+, CD8+, and NK cells

in the tumor-infiltrating immune cell population was also

observed (Figure 5Da). MF, CD4+, CD8+, and NK cell propor-

tions were significantly lower in Ep-EDV-682-treated CD11b-

depleted tumors as compared with non-depleted tumors. Ep-

EDV-682 treatment could not elicit an increase in immune cell

populations as seen in non-depleted tumors and even exhibited

a significant decrease in %CD8+ T cells, indicating that CD11b+

cells play an important role not only in efficacy but in recruitment

of other immune cells after EDV activation.

NK cell depletion resulted in decreases in MF and CD8+

T cell proportions (Figure 5Da and b) and failed to provoke

any increase in immune cell populations in response to Ep-

EDV-682 treatment. CD4 and CD8 depletion resulted in a

decrease in NK cell populations, which further decreased after

Ep-EDV-682 treatment (Figure 5Dc). Although CD8 depletion

eliminated the effect of Ep-EDV-682 on CD4+ T cell increase,

CD8+ T cell numbers still increased after Ep-EDV-682 treat-

ment in CD4+-depleted tumors (Figure 5Db and d). Anti-CD4

treatment caused a significant decrease in the MF population

in Ep-EDV-682-treated tumors. These results suggest that

in vivo immune cell activation resulting from EDV treatment in-

volves the coordinated effort of multiple arms of the immune

system.

EDV Treatment Increases Chemokine Production and a
Predominantly Th1 Cytokine Response within the TME
Cytokine and chemokine production within the TME allows im-

mune cells to effectively communicate with each other to
(D) Quantitation of immune cell populations in saline-treated (�) and Ep-EDV-682-

CD8+ T cells (CD3+CD8+) (b); NK cells (CD3�CD49b+) (c); and CD4+ T cells (CD3+

0.001, ****p % 0.0001.

See Figure S4.
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generate a coordinated response that can either be tumor pro-

moting or suppressing (Lee and Margolin, 2011).

The production of the inflammatory chemokines CCL2, CCL3,

and CCL5 within the TME is a major determinant of infiltration by

immune cells, such as MFs, antigen-presenting cells (APC), NK

cells, and T cells (Allen et al., 2018; Brown et al., 2007; Lanca

et al., 2013). Significant increases in the level of all three chemo-

kines were detected after Ep-EDV-682 treatment in CT26Ep12.1

tumors (Figure 6A). CCL3 and CCL5 levels were similarly

increased in Ep-EDV-682-treated 4T1 tumors (Figure S5A). Like-

wise, ex vivoCD11b+/4T1 co-cultures with CD11b+ cells isolated

from Ep-EDV-682-treated 4T1 tumors exhibited a significant in-

crease in the production of CCL3 as compared with those from

saline- or Ep-EDV-treated mice (Figure S5B).

Depletion of CD11b+, NK, and CD8+ T cells resulted in a signif-

icant decrease in the levels of all three chemokines in Ep-EDV-

682-treated tumors, whereas CD4+ T cell depletion resulted in

a significant decrease only in CCL2. Given the overall lower

numbers of CD45+ cells in the depleted tumors, lower chemo-

kine and cytokine levels were expected. However, Ep-EDV-682

treatment could not elicit a significant increase in chemokine

levels in immune cell-depleted tumors as compared with saline

treatment, bar a few exceptions. CD11b-depleted tumors ex-

hibited a decrease in CCL3 and CCL5 levels after following Ep-

EDV-682 treatment.

NK cell depletion showed a >95% decrease in CCL3 and

CCL5, while CCL2 decreased by �75%, indicating an important

role for EDV-activated NK cells in attracting additional immune

cells to the TME. This was supported by the fact that ex vivo

NK/4T1 co-cultures with NK cells from Ep-EDV-682-treated

4T1 tumor-bearing mice exhibited a significant increase in the

production of CCL5 (Figure S5C). Combined, these results point

to an important role for innate immune cells, particularly NK cells,

in the upregulation of CCL3 and CCL5 in response to EDV treat-

ment in vivo, while T cells appear to play a larger role in CCL2 up-

regulation, possibly through the ability of CD4+ T cells to attract

additional MF to the microenvironment.

To understand the mechanism by which EDV-triggered im-

mune cell activation occurs in vivo, interstitial tumor cytokine

levels were examined. In general, Ep-EDV treatment resulted in

similar interstitial tumor cytokine and chemokine levels to saline

treatment (Figure S5D).

Ep-EDV-682 treatment resulted in a significant increase in

IFNa concentration in both tumor models (Figures 6B and

S5E), and CD11b+ and NK cell depletion led to a reduction in

IFN-a after Ep-EDV-682 treatment. IL-12p40 levels significantly

increased in Ep-EDV-682-treated CT26Ep12.1 tumors, and

CD11b+, NK, and CD8+ T cell depletion led to little change in

IL-12p40 production after Ep-EDV-682 treatment (Figure 6B).

Both tumor models exhibited a significant increase in TNF-a

within the TME in response to Ep-EDV-682 treatment (Figures

S5E and S5F). Depletion of innate and T cells both resulted in

TNF-a levels decreasing to that of non-depleted saline tumors

(Figure S5F). The most prominent change in cytokine level with
treated (+) immune cell-depleted CT26Ep12.1 tumors. MF (CD11b+F4/80+) (a);

CD4+) (d), represented as %CD45+ cells (n = 4). *p% 0.05, **p % 0.01, ***p%
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Figure 6. EDV Treatment Results in the Production of Predominantly Th1 Cytokines and Long-Term Survival

(A) Interstitial tumor chemokine concentration of CCL5 (a), CCL3 (b), CCL2 (c) in non-depleted and immune cell-depleted CT26Ep12.1 tumors treated with saline

(�) and Ep-EDV-682 (+) (n = 4). Data represent mean ± SEM and analyzed by a two-way ANOVA and Tukey’s multiple comparison test.

(legend continued on next page)
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Ep-EDV-682 treatment was seen in the CT26Ep12.1 tumors, in

which a 500-fold increase in IFN-g levels occurred (Figure 6B),

while a small but significant increase in IFN-g occurred in the

4T1 tumors (Figure S5E). Again, depletion of innate cells and

T cells resulted in a significant decrease in IFN-g, with NK cell

depletion resulting in near zero levels after Ep-EDV-682 treat-

ment (Figure 6B). In Ep-EDV-682-treated CT26Ep12.1 tumors,

IL-2 and IL-6 but not IL-4 levels significantly increased (Fig-

ure 6C), while significant increases in IL-2 and IL-4 but not IL-6

occurred in 4T1 tumors after Ep-EDV-682 treatment (Fig-

ure S5G). IL-1b levels significantly decreased in 4T1 tumors

but showed no significant change in the CT26Ep12.1 tumors in

response to Ep-EDV-682 (Figure S5H).

EDV Treatment Confers Increased Long-Term Survival,
Prolonged Tumor Remission, and Resistance to Tumor
Re-challenge
4T1 and CT26Ep12.1models treated with Ep-EDV-682 exhibited

a significant increase in long-term survival, with complete

regression in 40% of CT26Ep12.1 and 35% of 4T1 mice and

no relapse up to 50 days after initial tumor inoculation (Figures

6D and 6E). Upon re-challenge, 100% of naive control mice

formed tumors in both models within 3 days (4T1) and 5 days

(CT26Ep12.1) after re-challenge. One hundred percent of sa-

line-treated CT26Ep12.1 mice that survived 5 days after re-chal-

lenge formed tumors on the opposite flank, while 0% of the Ep-

EDV-682-treated mice, including those that had not completely

resolved their initial tumor, formed tumors on the opposing flank.

Similarly, 100% of saline- and only 25% of Ep-EDV-682-treated

4T1 mice formed tumors after re-challenge.

T cell population in the spleens of surviving Ep-EDV-682-

treated CT26Ep12.1 mice examined on day 50 exhibited signifi-

cant increases in total T cell numbers, including CD4+ and CD8+

populations (Figure S5I), while no change was observed in 4T1

mice (Figure S5J). In the 4T1 model, no change in naive

(CD44�CD62L�) CD4+ and CD8+ T cells was observed, while

there was a significant increase in CD8+ central memory (TCM:

CD44+CD62L+) T cells, CD4+ TCM, and CD4+ effector/effector

memory T cells (TEFF/TEM: CD44
+CD62L�) (Figure 6F). In the

CT26Ep12.1 model, a significant decrease in naive CD4+ and

CD8+ T cells was observed in Ep-EDV-682-treated mice concur-

rent with a significant increase in CD4+ TCM and both CD4+ and

CD8+ TEFF/TEM populations (Figure 6G).

Patient Response to EGFR-EDV-682 in a Case of Stage
IV Pancreatic Ductal Adenocarcinoma and EGFR-EDV-
Dox in a Case of Recurrent Glioblastoma
Finally, we report on the clinical observation of two different pa-

tients undergoing treatment with EGFR-targeted EDVs loaded

with a chemotherapeutic demonstrating translation of the pre-
(B) Interstitial cytokine concentration of IFN-a (a) IL-12p40 (b), and IFN-g (c) in no

(C) Interstitial IL-2, IL-4, and IL-6 in CT26Ep12.1 tumors treated with saline (�) and

ANOVA and Tukey’s multiple comparison test.

(D and E) Long-term survival of mice bearing 4T1 tumors (D) and CT26Ep12.1 tumo

20 Ep-EDV-682). Red arrow, tumor re-challenge; green arrows, treatment. Kapla

(F and G) CD8+ and CD4+ memory T cell populations in 4T1 (F) and CT26Ep12.1 (

analyzed by two-way ANOVA and Tukey’s multiple comparison test. *p % 0.05,

See Figure S5.

364 Cancer Cell 37, 354–370, March 16, 2020
clinical immune activation results to humans. The first is a

compassionate case usage of EGFR-EDV-682 treatment in a pa-

tient (P1) with stage IV pancreatic ductal adenocarcinoma

(PDAC). Even after gemcitabine and FOLFIRINOX, P1 presented

with a CA19-9 level of >120,000 kU/L, 3,000 times higher than

normal, and an increased C-reactive protein (CRP) level of

64 mg/L.

PDAC cells obtained from resected tumor tissuewere found to

overexpress EGFR with >200,000 copies per cell (Figures S6A

and S6B) in both the head and tail of the tumor. PDAC cells ex-

hibited extreme sensitivity to 682, while having partial to no

response to first- and second-line drugs (Figure S6C), making

EGFR-EDV-682 an ideal formulation for treatment.

P1 tolerated EGFR-EDV-682 well and reported a dramatic

increase in well-being throughout treatment. The Eastern Coop-

erativeOncologyGroupperformance status fell from2 to 0during

that time. A transient rise in TNF-a and IL-6 at 3 h post dose, high-

est post dose 1 and lower in subsequent doses, was observed

(Figure S6D). There were no changes in hematological and

biochemistry parameters, and white cell count remained normal

throughout the treatment. CA19-9 levels fell to 5,310 kU/L, and

CRP levels fell to 7 mg/L at dose 12 (Figures 7A and S6E).

The second case is the use of EGFR-EDV-Dox in a patient with

recurrent glioblastoma (P2). After one cycle, MRI showed

marked shrinkage of primary tumor and stabilization in other

sites. In addition, the patient reported improvement in quality

of life specifically noting the ability to walk independently without

a walking aid.

Immunophenotyping of major immune cell subsets from pe-

ripheral blood mononuclear cells revealed changes within multi-

ple cell types that may support a favorable antitumor response.

For P1, total CD14+ monocytes, precursors for MFs and DCs,

increased by 105% at D12 as compared with the screen dose

(D1) (Figure 7B), including the intermediate (CD14+CD16++)

monocyte subset (69% increase; Figure 7C). Intermediate

monocytes demonstrate the highest capacity to present antigen

to T cells, with superior antigen-specific induction of IL-12 and

IFN-g (Ziegler-Heitbrock and Hofer, 2013). For P2, a CD56dim

cytotoxic sub pool of NK cells exhibited a 55% increase at D7

compared with D1 (Figure 7D). Furthermore, cytotoxic natural

killer T (NKT) cells increased (39%; Figure 7E), as did the rare

invariant NKT sub pool which doubled (Figure 7F).

A 28% increase in myeloid DC (mDC) and a 60% decrease in

plasmacytoid DC (pDC) were also observed in P1 (Figure 7G). A

similar result for pDC was observed in P2, while the mDC re-

mained unchanged (Figure S6F). In both patients, the antigen-

presenting Clec9A+ mDC, which are responsible for driving a

CD8+ effector T cell response, increased in circulation (P1,

98%; P2, 48%; Figure 7H). This increase was in concordance

with increases in the total cytotoxic CD8+ T cells (P1, 60%; P2,
n-depleted and immune cell-depleted CT26Ep12.1 tumors (n = 4).

Ep-EDV-682 (+) (n = 4). Data represent mean ± SEM and analyzed by two-way

rs (E) treated with saline, Ep-EDV, and Ep-EDV-682 (n = 10 saline, Ep-EDV, n =

n-Meier test used for analysis.

G) tumors treated with saline or Ep-EDV-682. Data represent mean ± SEM and

**p % 0.01, ***p % 0.001, ****p % 0.0001.
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27%), including effector CD8+ T cells (P1, 50%; P2, 15%) at D12

and D7, respectively (Figure 7I). Cytotoxic CD8+ T cells express-

ing exhausted programmed death-1 (PD-1+), indicative of pro-

longed cell activation and susceptibility to PD-1 ligation by tumor

cells expressing PD-L1, decreased by 17% in P1 and 13% in P2

at D12 and D7, respectively. A similar decrease in exhausted

CD4+ T cells was observed in P2 (Figure S6G). Subtypes of

CD8+ cytotoxic T cells and CD4+ T helper cells that contain the

greatest amounts of cytolytic enzymes (Perforin, Granzyme A

and B) increased in P2 (Figure 7J), with the greatest increase in

the CD8+ central memory pool (Figure 7K). In addition to data re-

ported above, we have also seen favorable immune profiles in

three patients after treatment with EGFR-targeted EDVs carrying

mitoxantrone with increases in relevant DC, NK, and T cell pop-

ulations after treatment (unpublished data). The results observed

in these case studies follow a similar trend to those observed in

the preclinical mouse models.

DISCUSSION

We have demonstrated the ability of targeted EDVs loaded with

super-cytotoxin 682 to not only effectively deliver this drug to the

tumor cells, but also elicit an immunotherapeutic antitumor im-

mune response. Ep-EDV-682 treatment can activate immune

cell subsets, including DCs, MF, NK, and CD8+ T cells toward

an antitumor phenotype capable of effectively eliminating tumor

cells. When combined with the effectiveness of the drug, this re-

sults in a dual assault on the tumor which can confer not only

long-term survival, but also resistance to tumor relapse.

The EDV represents a cyto-IMT which creates an immuno-

genic TME via the delivery of cytotoxic agents directly to the tu-

mor, where it first stimulates the innate immune system toward

an antitumor phenotype. An adaptive response in then triggered

with tumor-specific cytotoxic T cells arising (Figure 8). Following

intravenous administration, EDVs extravasate to the tumor

where R30% of the administered dose is delivered directly

into the TME within 2 h (MacDiarmid et al., 2007b). They then

bind to surface receptors delivering their payload directly to

the tumor cells. 682 delivery to tumor cells results in rapid

apoptosis (Figure 8A). DAMP signals produced by apoptotic

cells then interact with TAMs and stimulate upregulation of

CD86 and production of Th1 pro-inflammatory cytokines, such

as TNF-a and IL-6 (Figure 8B). These changes are typical in anti-

tumor M1 MFs, which are capable of killing tumor cells and

releasing cytokines as activation signals for other immune cells

(Sawa-Wejksza and Kandefer-Szerszen, 2018). The EDV itself

can also directly polarize M1 TAMs via the LPS/TLR4 mecha-

nism, thus further contributing to the initiation of an inflammatory

antitumor environment, although the contribution from this inter-

action would be small (Zhou et al., 2018).
Figure 7. Patient Response to Drug-Loaded EGFR-Targeted EDVs

(A) CA19-9 serum levels in patient P1 on a clinical trial at different time points aft

(B–K) Duraclone immunophenotyping of PBMC frompatients on clinical trials being

number: P1monocytes (CD14+) (B); P1 antigen-presenting monocytes (CD14+CD

as a percentage of total NK cells (D); P2 NKT cell sub pool, as a percentage of tota

DC subtypes as a percentage of leukocytes (G); P1 and P2 myeloid dendritic cells

CD4+ and CD8+ cytolytic T cell subtypes (J); P2 central memory populations (K).
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TAMs are generally the most abundant immune cells in the

TME. Following Ep-EDV-682 treatment, TAMs made up 55%

of infiltrating immune cells in CT26Ep12.1 tumors. The loss of

Ep-EDV-682 efficacy with CD11b+ depletion combined with a

complete intolerance to EDV treatment after specific MF deple-

tion points toward the importance of myeloid-derived cells,

particularly MF, in facilitating the follow-on effects of an EDV-

induced antitumor immune response.

Innate immune cells are some of the first to interact with

EDVs either directly or through EDV-induced tumor cell

apoptosis. Post-EDV interaction, TAMs secrete chemokines,

which attract additional immune cells, such as NK cells,

T cells, MFs, and DCs (Allen et al., 2018), to the TME (Fig-

ure 8C). DCs are also capable of producing chemokines, with

mDC shown to produce CCL2 in response to LPS stimulation

and pDC shown to produce CCL3 in response to CpG stimula-

tion (Penna et al., 2002). Ep-EDV-682 treatment significantly

increased the local concentration of CCL2, CCL3, and CCL5

within the TME, while in vivo depletion of CD11b+ cells resulted

in a decrease in all three chemokines with a further decrease in

CCL3 and CCL5 after Ep-EDV-682 treatment. The decrease in

chemokine production translated to a decrease in infiltrating

immune cell numbers in the TME, with a decrease in the pro-

portion of NK and T cells.

DCs have been explored as a potential target in cancer immu-

notherapies as they are known to be the most effective APC and

constitute the bridge between the innate and adaptive immune

system (Anguille et al., 2015; Farkona et al., 2016). Current stra-

tegies for DC-based IMT involve ex vivo manipulation and prim-

ing of DC/DC precursors; however, success from this strategy

has been limited (Anguille et al., 2015; Jung et al., 2018). EDV

treatment allows for in vivo priming and maturation of DCs within

the TME in response to dying tumor cells (Figure 8D). Immature

DCs are capable of engulfing DAMPs and/or apoptotic tumor cell

bodies within the TME. The engulfed molecules are then pro-

cessed for antigen presentation on the DC surface viaMHCclass

I and II molecules with concomitant DC maturation as indicated

by upregulation of the costimulatory molecules CD86, CD80,

and MHC class II. DC then migrate to draining lymph nodes for

antigen presentation to T cells thereby increasing production

of CD4+ T helper cells and tumor-specific CD8+ CTL and initi-

ating an adaptive immune response to the tumor (Figure 8E).

An increase in the production of Th1 cytokines, including type

1 IFNs, by DC co-cultured with Ep-EDV-682-treated tumor cells

and within the TME after Ep-EDV-682 treatment was observed

and is known to be associated with favorable disease outcomes

(Cauwels et al., 2018; Fitzgerald-Bocarsly and Feng, 2007; Zitvo-

gel et al., 2015). CD11b+ cell depletion experiments showed a

significant decrease in the local tumor IFN-a concentration

with a further decrease after Ep-EDV-682 treatment. A similar
er treatment with EGFR-EDV-682.

treatedwith EGFR-EDV-682 (P1) or EGFR-EDV-Dox (P2) at the indicated dose

16++) as a percentage of leukocytes (C); P2 CD56dim cytotoxic NK cell sub pool,

l PBMC (E); P2 invariant NKT sub pool, as a percentage of total NKT cells (F); P1

(Clec9A+) as a percentage of mDC (H); P1 and P2 CD8+ T cell subtypes (I); P2
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Figure 8. Schematic of the Proposed Mechanism of EDV-Induced Activation of the Immune System

(A) Ep-EDV-682 enters the TME via the leaky vasculature resulting in tumor cell apoptosis and the release of immune-activating DAMPs.

(B and C) MFs within the TME engulf apoptotic cells or interact directly with EDVs resulting in M1 MF polarization and release of inflammatory cytokines (B); M1

MFs lyse tumor cells and release chemokines (C).

(D) Immature DCs engulf apoptotic cell bodies and tumor antigens released in response to Ep-EDV-682 treatment andmature releasing type 1 interferons, TNF-a,

IL-12p40, and IL-6.

(E) Mature DCs migrate to lymph nodes for antigen presentation to T cells.

(F) NK cell activation occurs in the TME resulting in release of IFN-g, IL-2, and TNF-a as well as chemokines. Activated NK cells also effectively lyse tumor cells.

(G and H) Release of chemokines recruits additional T cells, NK cells, and MFs into the TME (G). Tumor-specific CD8+ T cells then contribute the response via

tumor cell lysis (H).

(I) All of these steps combine to create an effective antitumor immune response.
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trendwas observedwith IL-12p40, which promotes Th1 differen-

tiation of T cells and is primarily produced by MFs, DC, and NK

cells, indicating that myeloid-derived cells aremajor contributors

of IFN-a and IL-12p40 production after Ep-EDV-682 treatment

in vivo.

EDV treatment is also capable of eliciting NK cell activation

leading to increased cytotoxicity (Figure 8F). NK cells possess

the inherent ability to lyse malignant cells in an antigen-indepen-

dent manner. IL-2, IFN-g, and IFN-a, which are significantly

increased in the TME of Ep-EDV-682-treated tumors, are known

to activate NK cells toward both increased cytokine production

and enhanced cytolytic function (Fang et al., 2017; Lee and Mar-

golin, 2011; Morvan and Lanier, 2016). Immature, intermediate,

and mature mouse NK cells express CCR1, CCR2, and CCR5

chemokine receptors that can bind the chemokines

CCL2, CCL3, and CCL5, all of which are upregulated in Ep-

EDV-682-treated tumors as well as by MFs and NK cells from

Ep-EDV-682-treated mice. These results highlight the important

contribution of NK cells to enhanced cytolytic efficacy, as well as

the production of chemokines and cytokines vital for recruitment

and activation of additional immune cells after Ep-EDV-682

treatment.

EDV treatment subsequently induces an adaptive immune

response in which tumor-specific CTLs and T helper cells are pro-

duced and then recruited to the tumor site (Figure 8G). As with

innate cells, CCL2, CCL3, and CCL5 play a large role in recruit-

ment of T cells to the TME, while IFN-g, IL-12, and TNF-a are vital

for generating Th1 effector cells (Allen et al., 2018; Brown et al.,

2007). Following recruitment, tumor-specific CTLs target and

lyse tumor cells (Figure 8H). Nude mice, which lack T cells, re-

sponded effectively to Ep-EDV-682 treatment, suggesting a min-

imal role for the adaptive response in overall efficacy. However,

this was far from the case in immunocompetent animals. Differ-

ences observed between human xenografts in nude mice as

compared with syngeneic models in immunocompetent mice

are difficult to draw comparisons from as tumor growth and

response to treatment is distinct for each model. Specific deple-

tion of T cells from the immunocompetent CT26Ep12.1 model al-

lowed for a more direct comparison, as well as observation of the

specific roles of CD4+ and CD8+ T cells in Ep-EDV-682 efficacy.

Despite slowing tumor growth, CD4+ T cell depletion did not

enhance Ep-EDV-682 efficacy. Furthermore, CD4+ T cell

response to EDV treatment was vital in promoting MF infiltration.

In contrast, CD8+ T cell depletion resulted in reduced Ep-EDV-682

efficacy, notable after 1 week, which corresponds to the time

required for mounting an adaptive immune response. Increases

in NK cell infiltration in response to Ep-EDV-682 treatment was

reliant on CD8+ T cells, while MF and CD4+ T cell infiltration as

well as cytokine/chemokine production were not.

Combined, the results support differential roles for a variety of

immune cell subsets in their contribution to the efficacy of tar-

geted, drug-loaded EDVs in solid tumors. Furthermore, targeted,

drug-loaded EDV treatment elicits a predominantly Th1

response as demonstrated by the increase of Th1 cytokines

(TNF-a, IFN-a, IFN-g, IL-2, and IL-6) within the TME. Although

an increase in IL-4, a cytokine generally identified as Th2, was

also observed in the 4T1 model, it is important to note the pleio-

tropic nature ofmost cytokines (Carvalho et al., 2002). Therefore,

future studies will be necessary to fully deduce the role of individ-
368 Cancer Cell 37, 354–370, March 16, 2020
ual cytokines as it pertains to EDV-induced immune cell

activation.

As with innate cells, T cells are also capable of producing cy-

tokines, which in addition to promoting cytolytic function are

responsible for driving the production of Th1 CD4+ T cells (Belar-

delli and Ferrantini, 2002; Lee and Margolin, 2011). Release of

Th1 cytokines by either innate immune cells or T cells are respon-

sible for co-stimulation, activation, growth, and increased anti-

gen presentation, creating a feedback loop which further en-

hances the antitumor activity of the immune system (Figure 8I).

It is important to note that data obtained here is a snapshot of

the TME after repeated EDV administration, and only provides

a basic mechanistic understanding of EDV-induced antitumor

immunity. Furthermore, the focus herein has been only on major

immune cell subsets; however, small, specific subpopulations

can have large overall effects. These considerations are beyond

the scope of the current study; however, future studies will begin

to deconvolute EDV-induced antitumor immunity by addressing

these issues more specifically.

EDVs possess advantages over current IMT strategies in that

immune cell activation occurs both in vivo and primarily at the tu-

mor site, which is a rapidly changing, dynamic environment. It

creates an immunogenic tumor environment and elicits effects

on multiple arms of the immune system, thereby avoiding prob-

lems associated with patients who show little to no immune

response to their tumors or adaptations to therapies which

only target single immune cell populations. The current study

highlights the potential of the EDV as a cancer IMT, and future

EDV formulations could exploit its inherent immunogenic nature

given the versatility of this technology with respect to both

payload and targeting ability.
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Super Script VILO cDNA Synthesis Kit Invitrogen 11754250

TaqMan� Fast Advanced Master Mix Applied Biosystems� 4444557

Mouse IL-1beta DuoSet ELISA R&D Systems DY401

Mouse TNFalpha DuoSet ELISA R&D Systems DY410

Mouse IL-2 DuoSet ELISA R&D Systems DY402

Mouse IL-4 DuoSet ELISA R&D Systems DY404

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse IL-6 DuoSet ELISA R&D Systems DY406

Mouse IL-12p40 DuoSet ELISA R&D Systems DY2398

Mouse IFNgamma DuoSet ELISA R&D Systems DY485

Mouse CCL2 DuoSet ELISA R&D Systems DY479

Mouse CCL3 DuoSet ELISA R&D Systems DY450

Mouse CCL5 DuoSet ELISA R&D Systems DY478

VeriKine Mouse IFN Alpha ELISA PBL Assay Science 42120

Human IL-6 DuoSet ELISA R&D Systems DY206

Human TNFalpha DuoSet ELISA R&D Systems DY210

Quantum� Simply Cellular� anti-Rat Bangs Laboratories 817

PNU-159682 Levena Biopharma (Suzhou, China) LN-T-5175

Gemcitabine Sigma G6423

Abraxane Celgene 6200324

5-flouro-uracil Sigma F6256

Folinic Acid Sigma F7878

Oxaliplatin Sigma O9512

Irinotecan Sigma I1406

Experimental Models: Cell Lines

4T1; murine breast cancer cell line ATCC ATCC CRL-2539; RRID: CVCL_0125

A549; human non-small cell lung cancer cell line ECACC 86012804; RRID: CVCL_0023

A549DoxR; human non-small cell lung cancer cell line,

multi-drug resistant

Made in house from

parental A549 (ECACC)

N/A

CT26.WT; murine colon carcinoma cell line ATCC ATCC CRL-2638; RRID: CVCL_7256

CT26Ep12.1; murine colon carcinoma cell line, clone

expressing EpCAM receptor

This paper N/A

JAWSII; murine dendritic cell line ATCC ATCC CRL-11904; RRID: CVCL_3727

Patient Pancreatic Cells; cells derived from a human

patient pancreatic tumour

This paper N/A

RAW264.7; murine macrophage cell line ATCC ATCC T1B-71; RRID: CVCL_0493

T84; human colorectal carcinoma cell line ECACC 88021101; RRID: CVCL_0555

Experimental Models: Organisms/Strains

BALB/c Animal Resource Centre BALB/cArc

BALB/c Nude Animal Resource Centre BALB/c Fox1nu/ARC

Oligonucleotides

Taqman Gene Expression Assay-IFNa Applied Biosystems IFNa Mm03030145_gH

Taqman Gene Expression Assay-IFNb Applied Biosystems IFNb1 Mm00439552_s1

Taqman Gene Expression Assay-GAPDH Applied Biosystems GAPDH Mm99999915_g1

Recombinant DNA

pcDNA3.1+/C-(K)DYK with mouse EpCAM ORF

clone (NM_008532.2)

GenScript Clone ID: OMu21996 https://www.

genscript.com/gene/mus-musculus/

17075/epcam.html

Software and Algorithms

KC Junior version 1.4 BioTek Instruments www.biotek.com

Kaluza Analysis version 2.1 Beckman Coulter www.beckman.com

GraphPad Prism Ver 6.0 Prism www.graphpad.com
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr Hi-

manshu Brahmbhatt. (hbrahmbhatt@engeneic.com). All unique/stable reagents generated in this study are available from the

Lead Contact with a completed Materials Transfer Agreement.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All participants in clinical trials signed a patient informed consent form prior to commencement of treatment.

Clinical Trial ACTRN12617000037303
Clinical Trial ACTRN12617000037303 is A Phase 1 Study of Anti-Human EGFR (Vectibix Sequence) Targeted EDVs Carrying the

Cytotoxic Drug PNU-159682 (EGFR(V)-EDV-PNU) with Concurrent Non-Targeted EDVs Carrying an Immunomodulatory Adjuvant

(EDV-40mer) in Subjects with Advanced Solid Tumours who have No Curative Treatment Options. A 67-year old Caucasian female,

P1, whose primary symptom was jaundice, had previously undergone a complete Whipple procedure for pancreatic ductal adeno-

carcinoma (PDAC), to remove the pancreas, the gallbladder, the duodenum, the spleen and a portion of the stomach and surrounding

lymph nodes. She had tumors in both the head and tail of the pancreas and her disease was diagnosed as Stage IV. Diagnostic eval-

uation of P1 included computerized axial tomography (CT) of the abdomen (May 2017) which revealed multiple low-density liver le-

sions. The tumors were not avid on positron emission tomography (PET). Serum levels of CA19-9, a carbohydrate antigen that is ex-

pressed on some gastrointestinal malignancies, particularly pancreatic cancers, and shown to be a prognostic indicator of overall

survival and response to therapy, were assessed. Similarly, C-reactive protein (CRP) levels were also examined as elevated CRP

levels is associated with poor clinical outcomes (Szkandera et al., 2014). She was treated with gemcitabine followed by FOLFIRINOX

at another institution but had developed extensive metastatic disease in the liver on treatment. At the conclusion of her chemo-

therapy, sixteen months after her Whipple procedure, she had exhausted all treatment options, her weight was down from 62 kg

to 45 kg, and she sought experimental EDV treatment which could be administered under the Australian Therapeutic Goods Admin-

istration (TGA) compassionate use scheme (ACTRN12617000037303; NHMRCClinical Trials Centre, University of Sydney Australian

New Zealand Clinical Trials Registry), which had been previously tested in a Phase I trial for mesothelioma (van Zandwijk et al., 2017)

and recurrent glioblastoma (Whittle et al., 2015). P1 was dosed twice weekly for 7 weeks in her first cycle in the oncology ward at

Royal North Shore Hospital, Sydney. However, because of her weakened state, and to potentially build tolerance to the lipopolysac-

charide inherent in the EDV, doses were slowly escalated within the cycle. The dose were administered over 20 min via a 20 ml niki

pump and premedication was given prior to dosing as before (van Zandwijk et al., 2017). Serum biochemistry, hematology and cyto-

kine expression was evaluated pre and 3 hr post each dose. CA19-9 and C-reactive protein levels were monitored at least bi-weekly.

Peripheral Bloodmononuclear cells (PBMCs) were examined by flow cytometry (Gating strategy Figure S7) prior to dosing and at the

end of the cycle for changes in antitumor immune cell numbers. Tumor tissue was obtained from the original surgical resection and

PDAC cells were cultured and tested for drug sensitivity and surface receptors expression.

Clinical Trial
Clinical Trial NCT02766699 is a Phase 1 Study to Evaluate the Safety, Tolerability, and Immunogenicity of EGFR (Vectibix�
Sequence)-Targeted EnGeneIC Dream Vectors Containing Doxorubicin (EGFR(V)-EDV-Dox) in Subjects with Recurrent Glioblas-

toma Multiforme (GBM). A 37-year-old Caucasian male presented with a two-month history of left lower extremity weakness, numb-

ness, tingling, motor function change, difficulty walking, general weakness, fatigue, headaches and seizures andwas diagnosed with

glioblastoma (April 2017). The patient received 2 rounds of Temozolomide, right temporal lobe and right frontal lobe radiation, and

Lapatinib. The patient was diagnosed with recurrent disease (August 2017) and recruited to the Cerebral EDV trial (ENG7) at Lennox

Hill hospital in New York (NCT02766699; ClinicalTrials.gov Australian New Zealand Clinical Trials Registry). He was administered

8x109 EGFR-EDV-Dox once a week in a 20 ml/20 min infusion for a 7-week cycle. Peripheral Blood mononuclear cells (PBMCs)

were examined by flow cytometry prior to dosing and at the end of the cycle for changes in antitumor immune cell numbers.

In Vivo Tumor Models
All animal work was performed in accordance with the EnGeneIC animal ethics guidelines under AEC 1/2016, AEC 14/2016, AEC 15/

2016, AEC 11/2017, and AEC 05/2019. For the 4T1 and CT26Ep12.1 model, female BALB/c mice were obtained from Animal Re-

sources Centre at 6–8 weeks of age. For T84 and A549/DoxR models BALB/c nude mice were obtained from Animal Resources

Centre at 5–7 weeks of age. After at least 1 week of observation, mice were injected with 5x104 4T1 cells per 50 ml PBS into the

3rd mammary fat pad on the right-hand side or 2x105 CT26Ep12.1 per 100 ml PBS subcutaneously into the right flank of BALB/c

mice. For human xenografts, 5x106 A549/DoxR or 1x107 T84 per 100 ml PBS/Matrigel (Sigma) was subcutaneously injected into

the right flank. Treatment was commenced on day 7 post tumor induction for the 4T1 model, when the average tumor size was

�90 mm3, and on day 9 for the CT26Ep12.1 model when the average tumor size was �120 mm3. Mice were treated via i.v, tail

vein injection three times weekly for 2 weeks with one of the following treatments: Saline, 1x109 EpCAM targeted EDVs (Ep-EDV),

or 1x109 EpCAM targeted EDVs loaded with PNU-159682 (Ep-EDV-682). Tumors were measured 3 times/week and tumor volume

was calculated as p/6(Length x Width x Height). At the end of the 2 week period, mice were humanely euthanized, and tumors and

spleens collected for ex vivo analysis. Treatment of A549/DoxR and T84 tumors was commenced when tumors reached 100-

120 mm3 and 120-150 mm3 respectively. Mice were treated with Saline, 1x109 EGFR targeted EDVs loaded with Doxorubicin

(EGFR-EDV-Dox), 1x109 EGFR targeted EDVs loaded with PNU-159682 (EGFR-EDV-682), or 1x109 non-targeted EDVs loaded

with PNU-159682 (EDV-682). For the survival and re-challenge study, treatment was commenced on day 7 in mice bearing

CT26Ep12.1 tumor when tumors size was �85 mm3, and on day 3 in mice bearing 4T1 tumors when tumor sizes reached

30 mm3. Mice received 4 doses of saline, 2x109 Ep-EDV, or 2x109 Ep-EDV-682 and then were monitored for tumor growth until
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tumors reached 1000 mm3, which was set as the survival ‘‘endpoint’’. All mice were re-challenged on day 15 (CT26Ep12.1) or day 11

(4T1) with an additional tumor inoculation on the opposite flank/mammary fat pad in addition to inoculation of a naive cohort. Spleens

were collected from saline treatedmice upon sacrifice as well as from surviving Ep-EDV-682 treatedmice on day 50 post initial tumor

inoculation for flow cytometric analysis of memory T cell populations.

METHOD DETAILS

EnGeneIC Dream Vector (EDV)
EDV were produced and purified from a Salmonella enterica serovar Typhimurium (S. Typhimurium) minCDE- strain as previously

described (MacDiarmid et al., 2007b). Drug loading, antibody targeting, lyophilization, and dose preparation have been previously

described (MacDiarmid et al., 2007b; Sagnella et al., 2018). EDV preparations were subject to strict quality control in which EDV

size and number were assessed using dynamic light scattering using a Zetasizer Nano Series and NanoSight LM20 (Malvern Instru-

ment). Endotoxin levels were assessed using an Endosafe portable test system (Charles River). Drug was extracted from EDVTM

preparations and quantified via HPLC as previously described (MacDiarmid et al., 2007b).

Flow Cytometry
All flow cytometry was performed on a Beckman Coulter Gallios 6C.

Cell Culture
RAW264.7 cells (ATCC) were grown to�70% confluence in Dulbecco’s Modified Eagle Media (DMEM) (Sigma) containing 10% FCS

and passaged using a cell scraper. Mouse tumor cell lines (4T1 and CT26) were grown in monolayers in RPMI-1640 media (Sigma)

containing 10% FCS and passaged 2-3 times per week using phosphate buffered saline (PBS)/Trypsin EDTA. All cells were main-

tained in culture at 37�C in a humidified atmosphere containing 5%CO2 and routinely screened and found to be free of mycoplasma.

EpCAM expression and receptor number in the mouse cell lines was quantified using flow cytometry with APC anti-mouse CD326

(Biolegend) using Quantum Simply Cellular anti-Rat IgG microspheres (Bangs Laboratory). As CT26 were shown to be negative for

EpCAM, cells were transfected with a pcDNA3.1+C DYK vector containing the mouse EpCAM ORF clone (NM_008532.2) (Gene-

script) using Lipofectamine 2000 (Thermo Fisher). G418 selection was used to obtain pure populations of EpCAM expressing

CT26 clones, and cells were screened as described above for EpCAMexpression. Cloneswere examined for growth rate, drug sensi-

tivity and in vivo tumorgenicity, and one that possessed high EpCAM expression with the above 3 parameters being similar to the

parental CT26 cell line was selected for all subsequent studies (CT26Ep12.1).

Bone Marrow Derived DCs (BMDC)
Bone marrow was isolated from the femurs and tibias of BALB/c mice. Following red blood cell lysis and washing, cells were resus-

pended in AIMV + 5%FBS +2-mercaptoethanol +penicillin/streptomycin +20 ng/ml GM-CSF (Miltenyi Biotec) and grown for 7 days.

Treatment of RAW264.7 Cells with EDVs
RAW264.7 cells were seeded in 6-well plates at 33105 cells per well and incubated overnight. Media was then replaced with fresh

media containing one of the following: 1 mg/mL LPS (Sigma); 100 pmol PNU-159682 (Najing Levena); Ep-EDV-682 (500:1 and 1000:1

EDV: cells), Ep-EDV (5000:1 EDV: cells) or left untreated. Cells were harvested 6 hr and 24 hr post treatment using a cell scraper and

samples were stained with DAPI (Sigma), anti-CD45 Brilliant Violet 510 (BioLegend), anti-CD86 APC-Cy7 (BioLegend), and anti-

CD206 AF488 (R&D Systems) and assessed by flow cytometry.

Macrophage and DC/Tumor Cell Co-cultures
CT26Ep12.1 and 4T1 cells were harvested with Versene (Gibco) and cells were collected in 1 mL Eppendorf tubes. Cells were resus-

pended in 1 mL DMEM (Sigma) supplemented with 10% FBS (Bovogen) containing: Ep-EDV (1000:1 and 5000:1 - EDV: cells); Ep-

EDV-682 (500:1 and 1000:1- EDV: cell); Ep-EDV-Dox (10,000:1 – EDV: cell), 100 pmol PNU-159682, 5 mM Doxorubicin, or media

alone. Drug and EDV amounts were established via MTS and xCELLigence real time experiments such that chosen concentrations

resulted in the initiation of cell death within the first 24 hr post treatment. Cells were then washed thoroughly with PBS to remove any

non-adherent EDV or excess drug. Treated tumor cells were cultured overnight with either RAW264.7 or BMDC at a 1:1 ratio of tumor

cells: RAW264.7/BMDC. Supernatants were collected for ELISA analysis. RAW264.7/tumor cell co-cultures were collected using a

cell scraper and samples were stained with DAPI (Sigma), anti-CD45 Brilliant Violet 510 (BioLegend), anti-CD86 APC-Cy7, and anti-

CD206 AF488 and assessed by flow cytometry. BMDC/tumor cell co-cultures were collected with versene and stained with DAPI

(Sigma), CD11b AF488 (Abcam), CD11c PE (Molecular Probes), anti-CD45 Brilliant Violet 510 or PECy5 (BioLegend), anti-CD86

APC-Cy7, MHC Class II PECy5 (Thermo Fisher), MHC Class II Brilliant Violet 421 (BioLegend), 7-AAD (BioLegend), and/or CD80

PE (Thermo Fisher) and assessed by flow cytometry. RNA was extracted from BMDC/tumor cell co-cultures using an RNAeasy

Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. Briefly, cells were lysed and homogenized in RLT buffer, and passed

through a gDNA eliminator spin column. 70% ethanol was added to the flow through and samples were then passed through a

RNeasy spin column, washed and eluted in RNase-free water. RNA concentration was determined on an Eppendorf biophotometer

plus. The RNA was used to reverse transcribe cDNA using a SuperScriptTMVILOTMcDNA Synthesis Kit (Thermo Fisher) according to
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the manufacturer’s protocol. The transcribed cDNA was diluted 1:2 for qPCR. Each qPCR reaction contained 5 mL TaqMan fast

advanced master mix (Thermo Fisher), 0.5 mL 20X Taqman primer/probe mix (IFNa Mm03030145_gH, IFNb1 Mm00439552_s1,

GAPDH Mm99999915_g1; Thermo Fisher) and 2.5 mL of water. 8 mL of the mix plus 2 mL of cDNA was added into a 96 well plate.

qPCRwas performed using an Applied Biosystems Real-Time PCRSystem. Datawas exported to excel, and the relative quantitation

was calculated from the DDCt.

In Vivo Immune Cell Depletion
After CT26Ep12.1 tumors reached an average size of 110-120 mm3, mice were injected with 100 mg In VivoMAb anti-mouse/human

CD11b (M1.70) (BioXCell), 300 mg InVivoPlus anti-mouse CD8a (2.43) (BioXCell), 300 mg InVivoPlus anti-mouse CD4 (GK1.5) (Bio-

XCell), 50 ml Ultra-LEAF purified anti-Asialo-GM1 (Biolegend), or 100 ml clodronate liposomes (Liposoma Research) 24 hr prior to

commencing EDV treatment. Preliminary studies indicated �75% splenic depletion of CD11b+ cells which occurred within 24 hr

of Anti-CD11b administration, �80-85% splenic depletion of NK cells within 24 hr of Anti-Asialo-GM1 administration, >99% splenic

depletion of CD4/CD8 T cells within 24 hr of Anti-CD4/CD8 1 administration, and >94%splenic depletion ofmacrophages within 24 hr

of clodronate liposome treatment. Depletion in tumors achieved similar levels. To maintain depletion levels, anti-CD11b and clodr-

onate liposomes were administered every 4 days, while anti-CD4, anti-CD8a, and anti-Asialo were administered weekly.

Isolation of CD11b+ Cells from 4T1 and CT26Ep12.1 Tumor
Tumors were dissected, weighed, and enzymatically digested using a Tissue Dissociation Kit (Miltenyi Biotec) at 37�C according to

the manufacturer’s instructions, using the gentleMACS� Dissociator. Following dissociation, red blood cells were removed using

RBC lysis buffer (Sigma). After washing, cells were passed through a 70 mm cell strainer to remove any clumps. CD11b+ cells

were purified by positive selection using CD11b MACS beads (Miltenyi Biotec) on a LS column on the MACS separator (Miltenyi Bio-

tec). The purity of the isolated CD11b+ cell population was assessed by flow-cytometry with an APC anti-mouse CD11b (Biolegend)

and shown to be �80% pure (Figure S8A).

Isolation of NK and CD8 from Spleens
Spleens were homogenized using a Dounce homogenizer and filtered through 70 mMmesh strainers to obtain single cell suspension

followed by erythrocyte lysis using RBC lysis buffer. Splenocytes were thenwashed and a cell count performed before progressing to

NK or CD8+ T cell isolation. NK cells and CD8+ T cells were isolated from dissociated spleen cells by negative selection using either

the NK Cell Isolation II kit (Miltenyi Biotec) or the CD8a+ T Cell Isolation Kit (Miltenyi Biotec), according to the manufacturer’s instruc-

tions. Cells were separated by using a LS column on theMACS separator (Miltenyi Biotec). NK cell and CD8+ T cell preparations were

assessed by flow-cytometry and NK cell purity was consistently greater that 90% (Figure S8B) while CD8+ T cell purity was consis-

tently greater than 86% (Figure S8C). NK cells were rested overnight in RPMI-1640 media supplemented with 10% FBS at 37�C prior

to the NK cell-mediated cytolysis assay. CD8+ T cells were added to tumor cells immediately following isolation to assess CD8+ T cell

cytolysis.

xCELLigence Monitored CD11b+, CD8+, and NK Cell Cytolysis of Tumor Cells
Cell growth characteristics and tumor cell death were monitored in real time by the xCELLigence DP system. To do so, circular elec-

trodes covering the base of the tissue culture wells detect changes in electrical impedance and convert the impedance values to a

Cell Index (CI). Cell Index measurements directly correspond to the strength of cell adhesion, cell speading, and cell number. Target

cells (4T1, CT26Ep12.1, A549/DoxR, or T84) were seeded into an E-Plate 16. Cells were left to attach and proliferate until they had

reached their logarithmic growth phase. The effector cells (CD11b+ cells, NK cells, or CD8+ T cells) were added to the target cells at

the following effector-to-target cell ratios: 5:1 (CD11b+: tumor cell), 20:1 (NK cell: mouse tumor cell), 10:1 (NK:human tumor cell), and

30:1 (CD8+ T cell: tumor cell). After addition of effector cells, the system took regular measurements (every 5 or 15min) for 3-4 days to

monitor immune cell-mediated killing of tumor cells.

NK Cell Mediated Cytolysis Inhibition
Mouse tumor cell lines were initially screened for NK cell ligand expression via flow cytometry with anti-Rae-1a/b/g-PE (Miltenyi Bio-

tec), anti-H60a-PE (Miltenyi Biotec), and anti-MULT-1 PE (R&D Systems). For NK cell-mediated cytolysis inhibition based on these

ligand expression levels, the effector NK cells were added to target cells in the presence of 3 mg/ml of blocking mAb to the following

NK cell ligands: anti-RAE-1abg (R&D Systems) or anti-H60 (R&D Systems) separately and as a mixture.

Tumor/Spleen Flow Cytometry
Tumors and spleens were dissociated as described above. Following red blood cell lysis, cells were incubated with Fc block 1:10 in

MACS buffer (Miltenyi Biotec) for 10 min. After the 10min incubation, cells were washed once and incubated with a primary antibody

panel in MACS buffer for 15 min on ice in the dark. Cells were washed 2 times and then resuspended in MACS buffer for flow cyto-

metric analysis. The following antibodies were used in T cell, NK cell, and macrophage staining panels: anti-CD45 PECy7

(BioLegend), anti-CD45 BV510 (Biolegend), anti-CD45 APC/Fire750 (Biolegend), anti-CD3e APC-eFluor780 (eBioscience), anti-CD3

APC (Molecular Probes), anti-CD4 PE-TR (Abcam), anti-CD4 PE-TR (RM4-5; Molecular Probes), anti-CD8a FITC (eBioscience), anti-

CD8 BV510 (BioLegend), anti-CD8b FITC (Biolegend), anti-CD25 PE (Abcam), anti-CD314 (NKG2D) PE-eFluor610 (eBioscience),
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anti-CD335 (NKp46) PECy7 (BioLegend), anti-CD27 BV421 (BioLegend), ant-CD183 (CXCR3) BV510 (BioLegend), anti-NKG2A/C/E

FITC (eBioscience), anti-CD11b APC (BD Pharmingen), anti-CD11b APC (3A33; Southern Biotech), anti-CD49b APC-eFluor780

(eBioscience), anti-Ly6C FITC (BioLegend), anti-Ly6G BV510 (BioLegend), anti-F4/80 PE Dazzle594 (BioLegend), anti-CD206

PECy7 (BioLegend), and anti-CD86 APC-Cy7 (BioLegend). For the memory T cell panel, the mouse naive/memory T cell ID panel

(Biolegend) was used in conjunction with anti-CD8 BV510 (Biolegend). Single stained controls and/or versacomp (Beckman Coulter)

beads were used for fluorescence compensation. DAPI (Sigma), propidium iodide (Sigma), DRAQ5 (Thermo Fisher), 7-AAD (Bio-

legend), or Live/Dead Yellow (Thermo Fisher) were used for live cell detection. Unstained and isotype controls were employed to

determine auto-fluorescence levels and confirm antibody specificity.

Cytokine and Chemokine Detection
To measure the interstitial cytokine and chemokine levels in the mouse tumors, tumors were carefully dissected removing all skin,

placed into serum free media, and weighed. Tumors were then gently broken up using Eppendorf micropestles (Sigma), ensuring

no large pieces were visible. The cell suspension was centrifuged, and the supernatant collected and stored at -80�C until analysis.

Tumor supernatant was analyzed for mouse IL-1b, TNF-a, IL-2, IL-4, IL-6, IL-12p40, IFNa, IFNg, CCL2, CCL3, and CCL5 according

the manufacturer’s instructions. The IFNa kit was obtained from PBL Assay Science, while IL-1b, TNF-a, IL-2, IL-4, IL-6, IL-12p40,

IFNg, RANTES (CCL5), MIP-1a (CCL3), andMCP-1 (CCL2) duoset kits were obtained fromR&D systems. Each ELISAwas developed

using the 3,3’,5,5’-tetramethylbenzidine (Sigma) substrate. Microwell plates were read in a Biotek uQuant plate reader at 450 nmwith

540 nm as the reference wavelength.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow Cytometry
All flow cytometry was analyzed using Kaluza software (Beckman Coulter).

Cytokine and Chemokine Detection
KC junior software was used to fit 4 parameter logistic curves to the standards and interpolate the samples. Theminimum detectable

concentration (MDC) of each assay was calculated bymultiplying the s.d. of the response by 10 and dividing by the slope of the stan-

dard curve at the inflection point.

Statistics
All statistical analysis was performed using theGraphPad Prism software package. Data is represented asmean ± standard deviation

(SD) or standard error of the mean (SEM). Statistical significance between 2 groups was determined by a student’s t-test. Statistical

significance between groups of 3 or more was determined by a one-way or two-way ANOVA, followed by the Tukey’s multiple com-

parison test. Significance for tumor regression studies was determined by a two-way ANOVA followed by the Tukey’s multiple com-

parison test. For all tests, p values were as follows: * p % 0.05, ** p % 0.01, *** p % 0.001, and **** p % 0.0001.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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