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Abstract  1 

Oncolytic viruses (OV) have been shown to activate the anti-tumor functions of specific 2 

immune cells like T cells. Here, we show OV can also reprogram TAMs to a less 3 

immunosuppressive phenotype. Syngeneic, immunocompetent mouse models of primary 4 

breast cancer were established using PyMT-TS1, 4T1 and E0771 cell lines and a metastatic 5 

model of breast cancer was established using the 4T1 cell line. Tumor growth and overall 6 

survival was assessed following intravenous administration of the OV, HSV1716 (a modified 7 

herpes simplex virus). Infiltration and function of various immune effector cells was assessed 8 

by NanoString, flow cytometry of dispersed tumors and immunofluorescence analysis of 9 

tumor sections. HSV1716 administration led to marked tumor shrinkage in primary mammary 10 

tumors and a decrease in metastases. This was associated with a significant increase in the 11 

recruitment/activation of cytotoxic T cells, a reduction in the presence of regulatory T cells 12 

and the reprograming of TAMs towards a pro-inflammatory, less immunosuppressive 13 

phenotype. These findings were supported by in vitro data demonstrating that human 14 

monocyte-derived macrophages (MDMs) host HSV1716 replication, and that this led to 15 

immunogenic macrophage lysis. These events were dependent on macrophage expression 16 

of proliferating cell nuclear antigen (PCNA). Finally, the anti-tumor effect of OV was 17 

markedly diminished when TAMs were depleted using clodronate liposomes. Together, our 18 

results show that TAMs play an essential role in support of the tumoricidal effect of the OV, 19 

HSV1716 – they both host viral replication via a novel, PCNA-dependent mechanism and 20 

are reprogramed to express a less immunosuppressive phenotype.  21 

22 
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Introduction 1 

Although modulating the immune system to target cancer has been a successful treatment 2 

for some solid malignancies, various forms of breast cancer are immunogenically cold [1] in 3 

that they exhibit a decreased mutational load and neoantigen expression.  This leads to a 4 

lower infiltration by activated cytotoxic T cells and is often accompanied by a highly 5 

immunosuppressive tumor microenvironment (TME) resulting in an intrinsic resistance to 6 

immunotherapies. The TME consists of cancer cells, tumor vasculature, fibroblasts, 7 

mesenchymal stem cells, adipocytes, extracellular matrix and immune system elements 8 

such as lymphocytes and tumor-associated macrophages (TAMs). TAMs are a key 9 

component of the TME that contribute to immune evasion, suppress lymphocyte activity and 10 

support tumor growth [2, 3].  In particular, the accumulation of perivascular M2-skewed 11 

TAMs on the abluminal surface of tumor blood vessels has been shown to drive tumor 12 

relapse following radiotherapy [4] and chemotherapy [5], perhaps contributing to the 13 

eventual resistance of these standards of care [5, 6]. A shift in the composition of the TME, 14 

together, with a burst in the release of tumor antigens, may turn a ‘cold’ tumor into a ‘hot’ 15 

one and therefore allow the host’s immune system to recognise and halt tumor growth and 16 

metastasis [7].  17 

 18 

Oncolytic viruses (OV) are a promising class of anti-cancer therapeutics which replicate in 19 

malignant cells and stimulate anti-tumor responses by initiating immunogenic cancer cell 20 

death (ICD), activating T cells and inducing protective anti-tumor immunity. Preclinical and 21 

early phase clinical studies, in a number of solid tumor types including breast cancer have 22 

shown OV to have therapeutic efficacy with minimal toxicity [8-10]. 23 

 24 

HSV1716 is an OV derived from the Herpes Simplex Virus HSV-1 strain 17. It possesses a 25 

deletion in the RL1 genes encoding ICP34.5. Mutants lacking ICP34.5 are selectively 26 

replication competent in cancer cells. The subsequent lysis of these cells induces anti-tumor 27 

immune responses both directly, through cell lysis, and indirectly, via the induction of 28 
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immunogenic cell death and stimulation of adaptive immunity [11]. As HSV1716 maintains 1 

expression of thymidine kinase, its toxicity is reversible by administering the anti-viral 2 

acyclovir, thereby providing a "therapeutic safety net” to clinical toxicity. Phase I/II trials in 3 

over 100 paediatric and adult patients with solid malignancies have demonstrated minimal 4 

systemic toxicity when HSV1716 is administered intratumorally (IT), intravenously (IV) or 5 

loco-regionally [12, 13]. 6 

 7 

Here, we show that HSV1716 effectively reduces primary and metastatic mouse breast 8 

tumors in vivo, in part, by replicating within and reprograming macrophages in the TME. 9 

 10 

Materials and Methods 11 

Cell lines and culture 12 

Murine PyMT-TS1 [14] (a kind gift from Prof Johanna Joyce, Memorial Sloan Kettering 13 

Cancer Center (MSKCC), USA), E0771 (obtained from Dr Jessalyin Ubellacker (Harvard 14 

University, USA) and LUC-4T1-BR [15] (obtained from Prof Sanjay Srivastava, University of 15 

Texas, USA) mammary cancer cells were used in vivo. Human MCF-7, MDA-MB-231, 16 

MCF10DCIS and SKBR3 cells, murine 4T1, EO771 and PyMT-TS1 cells and African Green 17 

Monkey Vero cell lines were used in vitro. Unless specified, all cell lines were purchased 18 

from the ATCC between 2015-2018 and used within 30 passages. Murine E0771 and human 19 

MDA-MB-231 cells were maintained in RPMI supplemented with 10% v/v fetal bovine serum 20 

(FBS) and 1% L-glutamine. Murine Luc-4T1-BR cells (4T1 cells transfected to express 21 

luciferase) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 22 

with 10% v/v FBS. All cells were used within 20 passages and were cultured at 37°C in 5% 23 

v/v CO2. The identities of all cell lines were regularly confirmed using microsatellite analysis 24 

and were tested to be mycoplasma free. All culture reagents were purchased from Lonzo 25 

BioWhittaker Ltd. 26 

 27 

 28 
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Preparation of monocyte-derived macrophages (MDMs) 1 

Human monocytes were isolated from mononuclear cells derived from human buffy coats 2 

obtained from the NHS Blood and Transplant Unit, Sheffield, as previously described [16]. 3 

Briefly, the peripheral blood mononuclear cell (PBMC) layer was collected following 4 

centrifugation over Ficoll (Sigma-Aldrich, UK) and seeded overnight in Iscove's Modified 5 

Dulbecco's Medium (IMDM, Sigma-Aldrich, UK) and 2% v/v human AB serum (Sigma 6 

Aldrich, UK). Non-adherent cells were removed, and macrophages allowed to fully 7 

differentiate. 8 

 9 

Virus production and handling 10 

HSV1716 (unlabelled) and HSV1716-GFP (in which GFP is driven by a CMV promoter) were 11 

obtained from Virttu Biologics (Glasgow, UK) in stocks of 1x108 Particle Forming Units (PFU) 12 

in compound sodium lactate (Hartmann’s solution) with 10% v/v glycerol. All vials were 13 

stored at -80°C and freshly thawed on ice immediately before each experiment. 14 

 15 

HSV1716 infection of MDMs in vitro 16 

MDMs were washed in phosphate buffered saline (PBS), suspended in 500μL serum-free 17 

RPMI medium and then incubated with HSV1716 virus (MOI 5) for 2 hours at 37°C in 5% v/v 18 

CO2. Non-infected virus was washed off and cells were analysed 24-72 hours post infection. 19 

For plaque assays supernatants were removed at each time point and added to Vero cells 20 

as described below.  21 

 22 

Mixed lymphocyte reaction (MLR) 23 

A Mixed Lymphocyte Reaction (MLR) was used to identify leukocyte activation and 24 

proliferation in an autologous reaction. MDMs were obtained from human buffy coats and 25 

cultured as above. Lymphocytes, from the same donor, were frozen down in 90% v/v 26 

FBS+10% v/v dimethyl sulfoxide (DMSO) until needed. Once mature, MDMs alone or MDMs 27 

infected with HSV1716 for 4 hours were co-incubated with lymphocytes at a ratio of 1:6, as 28 
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described previously [17]. MDA-MB-231 cells were also added, if needed, at a 1:1 ratio with 1 

MDMs. Lymphocytes were co-cultured with macrophages for 24 hours before analysis by 2 

flow cytometry. 3 

 4 

Flow cytometric analysis 5 

MDMs (24 hours after infection) and dissociated mammary tumors were stained with 6 

fluorescent antibodies (Supplementary Table S1) [5]. All antibody incubations were 7 

performed for 1 hour at 4°C and the samples were analysed using an BD™ LSR II flow 8 

cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and data analyzed processed using 9 

FlowJo™ Flow Cytometric Data Analysis Software (BD Biosciences).  The mouse immune 10 

cell populations analysed included: neutrophils (CD45+CD11b+Ly6G+), monocytes 11 

(CD45+CD11b+Ly6GnegLy6C+F4/80Lo), macrophages (CD45+CD11b+Ly6GnegLy6CLoF4/80Hi), 12 

THelper (CD45+CD3+CD4+) and cytotoxic T-cells (CD45+CD3+CD8+). The membrane 13 

impermeant, fixable, amine reactive dye Zombie UV™ Fixable (BioLegend Inc., San Diego, 14 

CA, USA) was used to discriminate between live and dead cells.  All data are presented as 15 

the proportion of viable leukocytes. 16 

 17 

Real-Time PCR (qPCR) 18 

Total mRNA was extracted from cultured MDMs or murine tissues using the RNeasy™ Mini 19 

Kit (Qiagen). A list of primer sequences is given in Supplementary Table S2. The Ct values 20 

generated from these samples were normalized to a housekeeping gene. Relative gene 21 

expression to untreated macrophages was estimated via normalisation of the gene of 22 

interest to the housekeeping gene followed by the comparative Ct (2-ΔΔCt) method. 23 

 24 

Western blot analysis 25 

Protein detection by SDS-PAGE was carried out on MDMs [18]. Protein samples were 26 

denatured at 70°C and loaded onto a gel with Laemmli sample buffer. The gel was 27 

transferred onto a nitrocellulose membrane (Invitrogen) using an iBlot gel transfer device.  28 
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The membrane was blocked in 5% v/v milk for an hour and incubated, at room temperature, 1 

with primary antibodies for 90 minutes and secondary antibodies for an hour. Membranes 2 

were probed with enhanced chemiluminescence (ECL) (BIO-RAD) and visualised using a 3 

Chemidoc 2011 (BIO-RAD).  4 

 5 

HSV1716-induced cell lysis  6 

To assess cell lysis induced by HSV1716, various cell lines were seeded at 1x105 cells/well 7 

in a 24 well plate and infected with HSV1716 at MOI 5 (unless otherwise stated). At 24 and 8 

48 hours, cells were stained with 2µg/ml propidium iodide (PI). Cell numbers and PI positivity 9 

were analysed on the BD™ LRSII flow cytometer (Thermo Fischer Scientific). FlowJo™ 10 

software was used to analyse cell death based on a change in fluorescence against FL3-H 11 

for PI and FL1-H for GFP expression.  12 

 13 

Viral replication 14 

qPCR: RNA was isolated from infected MDMs using the RNeasy Mini Kit (Qiagen) followed 15 

by cDNA synthesis using SuperScript™ III Reverse Transcriptase (Life Technologies, 16 

Paisley, UK). cDNA was analyzed using viral replication genes ICP0, ICP8 and gB with 17 

GAPDH as the housekeeping gene using SYBR™ Green (Primer Design, Chandler's Ford, 18 

UK) (see Supplementary Table S2).  19 

 20 

In vivo viral detection: Immunohistochemistry was carried out on fixed tissue sections 21 

stained using a polyclonal sheep HSV antibody at a dilution of 1:500 (kind gift from Virttu 22 

Biologics) for 1 hour. Staining was then visualized using a sheep VECTASTAIN™ ABC HRP 23 

(Horseradish Peroxidase) Kit (Vector Laboratories, Peterborough, UK). Slides were counter 24 

stained, mounted and sections scanned using Hamamatsu NanoZoomer XR (Hamamatsu, 25 

Hertfordshire, UK).  26 

 27 
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Plaque assays: These were performed as described previously by Baer and Kehn-Hall [19]. 1 

Briefly, confluent monolayers of Vero cells were inoculated with serial dilutions of 2 

supernatants derived from infected macrophages as described above. After 2 hours, 3 

supernatants were removed and monolayers were overlaid with 4% w/v agarose:culture 4 

medium (1:10) which was allowed to solidify for 15 minutes at room temperature before 5 

incubation in a humidified incubator for 72 hours at 37°C. Paraformaldehyde (4% w/v) was 6 

applied to agarose plugs for 1 hour to fix the cell monolayers before their removal. Cells 7 

were washed with PBS, stained with 1ml crystal violet for 5 minutes and rinsed with tap 8 

water. Once dried, plaques were counted per well and viral titre determined.  9 

 10 

Analysis of MDM death 11 

To understand how HSV1716 mediated the oncolysis of MDMs in vitro, the expression of a 12 

panel of cell death markers was determined using qPCR. cDNA was analyzed using a pre-13 

designed apoptosis and survival array (tier 1) (BIO-RAD, Hertfordshire, UK) and then 14 

validated by qPCR using a panel of apoptotic genes (FASL and BCL2), autophagy genes 15 

(ATG5 and LC3B) and ICD genes (HMGB1 and CalR), with GAPDH as the housekeeping 16 

gene (see Supplementary Table S2). Analysis using a HMGB1 ELISA Kit II (Shino-Test, 17 

Kanagawa, Japan) and an ENLITEN ATP assay (Promega, Madison, WI, USA) confirmed 18 

the presence of immunogenic cell death (ICD).   19 

 20 

Knockdown of PCNA expression in MDMs 21 

MDMs were transfected with PCNA or nonspecific siRNAs (Accell Human PCNA siRNA 22 

SMARTpool, 10nmol, Thermo Scientific/Dharmacon). For this, MDMs were aliquoted into a 23 

6-well plate (0.5 × 105 macrophages/well) and incubated with 1.5ml of Accell delivery 24 

medium containing 1μM siRNA, after which they were incubated at 37°C for 72 hours. 25 

Protein or mRNA knockdowns were confirmed by Western blot and qPCR and viability 26 

determined using the MTS CellTiter 96™ AQueous One Solution Cell Proliferation Assay 27 

(Promega). 28 
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In vivo studies 1 

Animal procedures were carried out in accordance with the UK Animals (Scientific 2 

Procedures) Act 1986 with approval from the UK Home Office approval (PPL70/8670), the 3 

ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and the University 4 

of Sheffield Animal Welfare Ethical Review Body (AWERB). All female mice were obtained 5 

from Charles River Laboratory at 6-8 weeks and acclimatised in the Biological Services 6 

Laboratory for 7 days prior to experimentation. Animals were anesthetised using 3-4% 7 

isofluorane in 70:30% N2O:O2. 8 

 9 

Orthotopic mammary tumor model: Mammary cancer cells (1x106 PyMT TS1 cells in 50μl of 10 

1:1 Matrigel™), were implanted into the 4th mammary fat pads of 6-7 week old syngeneic 11 

FVB mice (n=10/group). E0771 and 4T1 cells were implanted via intraductal injection to the 12 

mammary fat pads of syngeneic C57BL/6 and BALB/c mice respectively. Mammary tumor 13 

growth was assessed by digital calliper measurement every 2-3 days and when tumors 14 

reached 150mm3, mice were randomly divided into groups and received a single 100µl 15 

injection of PBS or HSV1716 (1x106 PFU) intravenously via tail vein injection. Of note, a 16 

similar treatment schedule, was performed to compare intravenous (IV) and intratumoral (IT) 17 

injections in the PyMT TS1 model. Of note, mice in the PBS groups became unwell at day 9 18 

and therefore some mice, in both groups, were culled early for post-mortem comparison of 19 

tissues. Excised tissues (tumors, brain, liver, lungs, kidney and spleen) were embedded in 20 

OCT freezing media or paraffin wax for immunocytochemical and histological labeling 21 

studies. Tumors were dispersed by enzymatic digestion after first dicing into approximately 22 

1mm3 pieces. These pieces were incubated for 40 minutes at 37°C in serum-free IMDM 23 

(VWR International, PA, USA) supplemented with 2mg/mL dispase, 0.2mg/mL collagenase 24 

IV (Sigma Aldrich, St. Louis, MO, USA) and 100U/mL DNase (Merck Millipore, Burlington, 25 

MA, USA). Dispersed tumors were passed through 70µm nylon filters (Becton Dickinson, 26 

Franklin Lakes, NJ, USA) and maintained on ice in PBS or cryo-preserved in 90% v/v FBS 27 

and 10% v/v DMSO for flow cytometric analysis.  28 
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Experimental metastasis model:  To model the metastatic seeding  seen  in breast cancer 1 

patients, we used a metastatic 4T1 cell line which metastasises to brain, lung, liver and 2 

bones when administered via intracardiac route[15]. For this model, 1x105 LUC-4T1-BR cells 3 

were filtered and injected into the left ventricle of 6-7-week-old female BALB/c mice. Tumors 4 

were allowed to grow for 5 days following which animals were randomly allocated (n=6 per 5 

group) and received either PBS, 1 dose of HSV1716 (1x107) or 3 doses of HSV1716 (1x107 6 

given on day 1, 3 and 5). Animals were imaged 2-3 times a week using a luminescence in 7 

vivo imaging system (IVIS Lumina II imaging, Caliper Life Sciences) following intra-8 

peritoneal injection of luciferin (150mg/kg). Mice were sacrificed if they reached a humane 9 

end point (weight loss over 20%, signs of distress (e.g. breathlessness or pain) or the 10 

experimental end point of 50 days following tumour inoculation. Weight loss was the most 11 

common cause of premature sacrifice.  12 

 13 

Macrophage depletion model: Macrophages were depleted using a single dose of clodronate 14 

liposomes (CL) (Liposoma B.V.) 48 hours prior to viral administration in the primary 15 

mammary model. When mammary tumors reached 150mm3, animals were divided into 4 16 

groups, n=5/group. Control groups received either 1 dose of PBS (100µl) or 1 dose of 17 

clodronate liposomes (100µl). Treatment groups received an intravenous injection of 18 

HSV1716 (1 dose, 1x106 PFU) or intravenous injection of CL followed by intravenous 19 

HSV1716 (1 dose, 1x106 PFU). Animals were monitored and primary tumors measured 20 

every 2-3 days using callipers. All animals were culled as soon as one animal had a tumor of 21 

800mm3. 22 

 23 

Tissue Analysis 24 

Frozen tumor sections were blocked with 1% w/v BSA and 5% v/v goat serum for 30 minutes 25 

and incubated, at room temperature, with the relevant primary antibodies (Supplementary 26 

Table S1), for an hour. Alexa Fluor™–conjugated anti-rabbit or anti-rat secondary antibodies 27 

(as appropriate) were used to detect primary antibody binding. Nuclei in all tumor sections 28 
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were counterstained with DAPI. Slides were visualised using a Nikon DualCam system 1 

microscope, a Nikon A1 Confocal Laser Microscope and an EVOS™ Cell Imaging System 2 

(ThermoFisher). Formalin-fixed, paraffin-embedded tissues were rehydrated, peroxidase 3 

blocked, antigen retrieved, serum blocked, and then incubated with primary antibodies for 1-4 

2 hours. Primary antibodies were detected with ABC or Polymer detection kits followed by 5 

chromogen staining with 3'-Diaminobenzidine (DAB). Following Haematoxylin and Eosin 6 

staining, slides were visualized using the Hamamatsu NanoZoomer XR scanner 7 

(Hamamatsu, Hertfordshire, UK) and staining in 5 randomly selected fields of view per tumor 8 

quantified using ImageScope (Leica Biosystems). 9 

NanoString nCounter™ gene expression analysis 10 

Amplification-free gene expression profiling of tumor tissue using a NanoString nCounter™ 11 

FLEX platform and the murine PanCancer Immune Profiling Panel, which consist of 750 12 

immune related genes and 20 housekeeping genes (NanoString Technologies Inc) was 13 

undertaken in the John van Geest Cancer Research Centre (Nottingham Trent University). 14 

Total mRNA was extracted from cultured MDMs or murine tissues using the RNeasy™ Mini 15 

Kit (Qiagen) and quality controlled using a NanoDrop™ 8000 Spectrophotometer. For gene 16 

expression profiling, 150ng of total RNA from each sample was used for NanoString probe 17 

hybridisation which was undertaken overnight (20 hours) at 65°C in a PCR machine with 18 

heated lid (each reaction mixture contains 5µl of RNA solution (150ng), 8µl of reporter probe 19 

and 2µl of capture probe). After overnight hybridization, excess probes were removed using 20 

the NanoString nCounter™ Prep Station and magnetic beads, hybridized mRNA/probe were 21 

immobilised on a streptavidin-coated cartridge. The processed cartridge was subsequently 22 

scanned, and raw data generated at high-resolution (555 fields of view, fov) using a 23 

NanoString nCounter™ digital analyser platform and processed using nSolver™ Data 24 

Analysis Software (V.4.0). Imaging quality control (QC), mRNA positive control QC and 25 

normalisation QC were checked, and all the samples were with the quality parameters of 26 

NanoString gene expression assays. Differential expression, pathway and cell type scoring 27 
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was performed using the nSolver™ Advanced Analysis Module v.2.0.115. Data 1 

normalization was performed using the geNorm algorithm for the selection of the best 2 

housekeeping genes. Genes which showed ≥ 2, fold change in their expression with a BY 3 

(Benjamini-Yekutieli procedure) P value ≤ 0.05 were considered significantly different 4 

between the groups. 5 

 6 

Apoptosis and pro-survival array 7 

The Apoptosis and Pro-Survival Tier 1 array (BIO-RAD) was used to assess cell death. For 8 

this, cDNA was synthesised from control or infected MDMs using the Precision nanoScript2 9 

Reverse Transcription Kit (PrimerDesign). cDNA was plated into the 386 well qPCR plate 10 

and processed using an Applied Biosystems 7900 Real-Time PCR System. 11 

 12 

Statistics 13 

All statistical analyses were performed using GraphPad Prism 8 and the tests are described 14 

in the Figure legends. Data are means ± SEM (as indicated) and P values of < 0.05 were 15 

considered statistically significant. 16 

 17 

Results 18 

HSV1716 has anti-tumor activity in breast cancer models 19 

The susceptibility of breast cancer cells to HSV1716 infection (Supplementary Fig. S1A) and 20 

virus-mediated death (Supplementary Fig. S1B) was demonstrated in vitro using a panel of 21 

human and murine breast cancer cells lines (MCF7, MDA-MB-231, SKBR3, 22 

MCF10DCIS.com, 4T1, EO771, and PyMT-TS1).  23 

 24 

The cytotoxic potential of HSV1716 was then assessed in three in vivo models of primary 25 

breast cancer. First, we investigated the best route of HSV1716 delivery in the PyMT-TS1 26 

model. For this, animals were randomly assigned into one of 3 treatment groups; control 27 

(PBS), intratumoral (IT) HSV1716 and intravenous (IV) HSV1716, with a reduction in primary 28 
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mammary tumor growth being observed in both the IT and IV groups (Supplementary Fig. 1 

S2A). IT and IV administration of HSV1716 also reduced pulmonary metastasis and 2 

increased tumor necrosis (Supplementary Fig. S2B and S2C). Given the positive response 3 

to IV HSV1716, and that the IV route is currently the preferred modality to deliver breast 4 

cancer chemotherapies, the remainder of the study focused on IV delivery of HSV1716.  5 

 6 

In three models of primary breast cancer (PyMT-TS1, E0771 and 4T1) we demonstrated IV 7 

HSV1716 to significantly slow the growth of orthotopically implanted tumors (Figure 1A). The 8 

number of subsequent spontaneous lung metastases in these animals was also significantly 9 

reduced in the IV treated groups (Figure 1B).  Furthermore, we observed that early 10 

introduction of HSV1716 prevented the formation of breast cancer metastases and thereby 11 

increased overall survival in the metastatic 4T1 model. In this model, luciferase labelled 4T1 12 

cells were injected into the left ventricle of the heart. Five days later, mice were treated with 13 

PBS, HSV1716 (1 dose) or HSV1716 (3 doses). Doses were repeated every 48 hours 14 

(Figure 2A). Tumor growth and spread were monitored using bioluminescent in vivo imaging 15 

2-3 times weekly (Figure 2B). A survival advantage was seen in the HSV1716 treated 16 

groups over the PBS control, and a significant number of animals showed no sign of disease 17 

by day 50 (Figure 2C). As shown, this was more marked with repeated doses of the virus, in 18 

which instance, all mice survived to the experimental endpoint (50 days) compared to an 19 

average survival of 31 days for one dose and 24.5 days for PBS mice (p=0.0002, CI 15.49-20 

35.18). This may be because the immunomodulatory effects of the virus takes time to 21 

develop and repeated dosing allows for this to occur, or that repeat dosing does not allow 22 

circulating tumor cells or micro-metastases to develop. The presence of brain, liver and lung 23 

metastasis was assessed and a significant reduction in the number of lung metastases in the 24 

groups treated with HSV1716 observed, with a trend to less metastases in the brain and liver 25 

(Figure 2D). Together, these exciting results support the possible use of HSV1716 to treat 26 

breast cancer. 27 

 28 
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HSV1716 stimulates leukocyte infiltration into tumors 1 

The influence of HSV1716 treatment on the immune content of the TME, including immune 2 

infiltrates was examined using the NanoString nCounter™ Mouse PanCancer Immune 3 

Profiling Panel. This large targeted gene panel comprised of specific gene sets to 4 

understand different immune cell types and their functions in the TME. As shown in Figure 5 

3A treatment with HSV1716 induced the differential regulation of 282 genes (where p=0.05). 6 

The top 20 genes and their biological functions are highlighted in Supplementary Table 3, 7 

and these include genes involved in innate and adaptive immune responses (e.g. CD55, IL-8 

21, TXk, Thbs1), immune cell function (CD22, CD37, Blnk, Sell, CD247, IL7R, Dpp4, Btla, 9 

CD247, Thbs1) and the TNF pathway (TNFrsf13b, Ltb). Supplementary Fig. 3A shows 10 

genes related to upregulated pathways including innate and adaptive immunity, 11 

inflammation, cytokines and receptors, apoptosis and cell type scores (dendritic cell, natural 12 

killer, macrophages and T cells) that were significantly upregulated following intravenous 13 

HSV1716 (Supplementary Fig. 3B). 14 

To confirm the presence of these immune cells in the TME, flow cytometric analysis of 15 

dispersed PyMT primary tumors demonstrated a significant increase in CD11b+Ly6C+ 16 

monocytes, CD11b+, LY6G+ neutrophils, CD3+ T cells, and CD8+ cytotoxic T cells following 17 

HSV1716 treatment (Figure 3B). This is consistent with other published studies using 18 

oncolytic viruses [20]. Triple immunofluorescence analysis of tumor sections revealed an 19 

increase in activated CD8+ cytotoxic T cells (i.e. IFNg+ or PD-1+ CD3+CD8+ cells) in this 20 

mouse model after HSV1716 treatment (Figure 3C). Furthermore, HSV1716 treatment led to 21 

a reduction in the number of CD4+FOXP3+ T regulatory (Treg) cells (Figure 3D).  22 

 23 

HSV1716 reprograms TAMs to a more pro-inflammatory and perivascular phenotype 24 

NanoString nCounter™ gene profiling revealed an upregulation in the macrophage function 25 

scores (Supplementary Fig. 3B). Despite this, we observed the average number of TAMs 26 
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within tumor samples (% of CD45+F4/80+ per 100,000 events of viable cells) was not 1 

significantly altered following HSV1716 treatment (Figure 3B), but that there was a marked 2 

change in their phenotype. First, HSV1716 treatment significantly decreased the prevalence 3 

of “tumour promoting” perivascular macrophages (i.e. F4/80+ TAMs directly in contact with 4 

CD31+ endothelial cells) in PyMT mammary tumors (Figure 4A). Second, HSV1716 5 

treatment significantly increased the number of F4/80+ TAMs expressing pro-inflammatory, 6 

M1-like markers, IL-12 and iNOS, relative to matched controls (no virus). Furthermore, 7 

HSV1716 treatment significantly reduced (P < 0.05) the number of F4/80+ TAMs expressing 8 

the M2-like marker ‘MRC1’ (Figure 4B).  This reprogramming of TAMs has the potential to 9 

change the balance in the TME, in that M2-like TAMs become M1-like, thereby promoting 10 

the recruitment of adaptive immune cells and cytotoxic potential. 11 

 12 

Our in vitro experiments also demonstrated that human MDMs infected with HSV1716 13 

undergo a transformation to a more inflammatory phenotype, specifically a greater 14 

expression of M1-like markers (CD80hi, CD86hi, PD-L1hi) and lower expression of M2-like 15 

markers (CD64lo, CD163lo and CD206/MRC1lo) (Supplementary Fig. S4A) and increases in 16 

the expression of pro-inflammatory vs. anti-inflammatory markers at the mRNA level 17 

(Supplementary Fig. S4B). Infected macrophages also secreted pro-inflammatory cytokines 18 

including IL-6, IL-12 and TNF (Supplementary Fig. S4C) and increased levels of nitric oxide 19 

(Supplementary Fig. S4D).  20 

 21 

Macrophages support HSV1716 replication and undergo immunogenic cell death  22 

The observation that HSV1716 treatment led to a co-localisation of F4/80+ TAMs and 23 

HSV1716 in the TME (Figure 5A), prompted the question as to whether macrophages are 24 

permissive to HSV1716 infection and, if so, what is the nature of this relationship? To 25 

investigate this, MDMs derived from human buffy coats were infected with the HSV1716 for 26 

2 hours, following which excess virus was washed off, cells incubated for a further 24 hours 27 

and infection confirmed on the basis of GFP expression using the reporter virus 28 
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(HSV1716:GFP) (Figure 5B). Plaque assays determined viral titres within the supernatants 1 

of these virally infected MDMs. An increase in viral titres at 24, 48 and 72 hours was seen 2 

following infection of the HSV permissive Vero cell line (Figure 5C). Furthermore, expression 3 

of genes required for early (ICP0), mid (ICP8) and late (gB) viral replication was quantified 4 

using qPCR (Figure 5D). These studies confirmed that HSV1716 went through all stages of 5 

viral replication within MDMs in vitro and suggest that MDMs infected with HSV1716 6 

supported active viral replication. 7 

 8 

As we saw a significant drop in macrophage numbers 24 hours after treatment in vivo 9 

(Supplementary Fig. S5A), we next assessed the impact of HSV1716 on macrophage 10 

viability and sought to identify the cause of this in human MDMs in vitro. First, we noted that 11 

human MDMs infected with HSV1716 undergo enhanced levels of cell death compared to 12 

non-infected cells in vitro (Supplementary Fig. 5B). To ascertain the mechanism of this, a 13 

cell death array was performed (Supplementary Table 4). The mechanism of macrophage 14 

cell death and signalling pathways were largely apoptotic and immunogenic, with an 15 

increase in Fas ligand and HMGB1 expression, and a down regulation of HSP genes 16 

(validated by qPCR) (Supplementary Fig. S5C). These data were supported by Western 17 

blots showing an increased production of apoptotic proteins, FADD, FASL and caspase 3, 18 

(Supplementary Fig. S5D) and ELISA assays showing an increased secretion of 19 

immunogenic proteins, HMGB1 (Supplementary Fig. S5E) and extracellular ATP 20 

(Supplementary Fig. S5F).  21 

  22 

Proliferating cell nuclear antigen (PNCA) mediates HSV1716 replication in TAMs  23 

Oncolytic virus replication is known to occur within dividing tumor cells and therefore we 24 

were keen to determine why HSV1716 was replicating within macrophages (i.e. terminally 25 

differentiated cells). Wild type HSV has been shown to initiate proliferation in non-26 

proliferative cells such as neurones by interacting with the cellular protein, PCNA [21], 27 

although this has not previously been demonstrated in macrophages. Interestingly, we found 28 
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that HSV1716-infected PyMT-TS1 tumors contained significantly more PCNA+ TAMs 1 

(Figure. 6A). 2 

 3 

PCNA expression in HSV1716 infected and non-infected MDMs was measured in vitro at 4 

both the gene and protein level. MDMs infected with HSV1716 exhibited significant relative 5 

increases in PCNA mRNA (11-fold increase, p=0.0137) and protein expression (p=0.0173) 6 

compared with untreated MDMs (Supplementary Fig. S6A). This increased expression was 7 

more marked when MDMs were infected with HSV1716 in the presence of tumor-8 

conditioned medium (TCM) (Figure. 6B). Given the increase in PCNA following infection we 9 

wanted to ascertain whether HSV1716 replication was possible in the absence of PCNA. 10 

PCNA knockdown (PCNAKD) was carried out using Accell siRNA (Supplementary Fig. S6B). 11 

This had no effect on viral infectivity and the viability of macrophages compared to the non-12 

targeting control (Supplementary Fig. S6C and S6D). Indeed, in the absence of PCNA, 13 

HSV1716 was unable to undergo viral replication within infected macrophages. This is 14 

evidenced by the lack of cell death in MDA-MB-231 cells following incubation with 15 

supernatants taken from infected macrophage cultures following PCNAKD (Figure 6C) and a 16 

reduction in viral replication genes (Figure 6D). We therefore speculate that the presence of 17 

PCNA is likely the cause of viral replication and macrophage cell death after infection. 18 

 19 

Given the interactions between HSV1716 and macrophages, we then investigated the role of 20 

macrophages in the anti-tumor responses seen with this oncolytic virus in our in vivo model. 21 

To explore this, circulating monocytes and macrophages were eliminated in vivo using 22 

clodronate liposomes [22] (Figure 7A). Clodronate liposomes induce the apoptosis of 23 

macrophages and others have shown that this to trigger anti-tumor activity by inducing 24 

changes in the TME [23]. We administered a single dose of clodronate at 48 hours prior to 25 

treatment with HSV1716 and noticed a modest reduction in macrophage number (control 26 

(PBS) 69.4 +/- 11.4, clodronate alone 33.9 +/-11.6, p=0.0001. As expected, IV HSV1716 27 

decreased tumor growth in comparison to PBS controls. However, this effect was lost when 28 
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monocytes/macrophages were depleted, in that there was an increase in primary tumor 1 

growth (Figure 7B) and a development of lung metastases when data for HSV1716 2 

treatment are compared in the presence (OV+CL) or absence (OV) of clodronate liposomes 3 

for simplicity (Figure 7C). Of note, a greater number of lung metastases were seen in this 4 

experiment compared to the data presented in Figure 1B. This is likely due to the endpoint in 5 

this experiment being later (day 14) as opposed to day 9 in Figure 1B. T cell subsets in 6 

these two groups were examined using immunofluorescence post-mortem. An increase in 7 

the number of CD4+ T cells and a decrease in CD8+ T cells were seen in animals in which 8 

macrophages had been eliminated (Figure 7D). These data suggest that TAMs are key to 9 

the cytotoxicity of HSV1716 infection in vivo and may mediate this through their regulation of 10 

T cell subsets in the TME. The interaction between macrophages and T cells was also 11 

confirmed in a human mixed lymphocyte population whereby the introduction of HSV1716, in 12 

the presence of MDMs, resulted in a shift to activated CD4+ and CD8+ T cells with an 13 

increase in the expression of the co-stimulatory receptor 4-1BB, OX40 (TNF superfamily 14 

members) and PD-1 (Supplementary Fig. S7 A&B). No T cell activation was noted in 15 

cultures with uninfected macrophages.  16 

 17 

Discussion 18 

Previous studies have investigated the effect of OV on the survival of malignant cells and the 19 

number and activation status of lymphocyte subsets in tumors [24-26]. Although the effect of 20 

OVs on TAMs has not been fully ascertained, primary brain tumors of patients that received 21 

intravenous oncolytic reovirus had an unexpected increase in TAMs, suggesting that the role 22 

of TAMs in OV therapy should be investigated further [9]. Here we show that TAMs play an 23 

important role in mediating the anti-tumor effects of HSV1716. The virus had pronounced 24 

effects on the phenotype of these cells and their depletion within the TME reversed the 25 

tumoricidal effect of the OV. 26 

TAMs are abundant in most breast tumors [27] and high numbers correlate with reduced 27 

patient survival [28-31]. This accords with various studies in mice showing that these cells 28 
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stimulate angiogenesis and metastasis in mammary tumors [32, 33]. Macrophages show 1 

high plasticity and can move along a continuum between two polarised activation states; 2 

‘classically activated’, anti-tumor, ‘M1-like’ TAMs, and ‘alternatively activated’, tumor-3 

promoting immunosuppressive, ‘M2-like TAMs [34]. The latter have been shown to limit 4 

tumor responses to various treatments. In our work, we show that although macrophage 5 

numbers are stable, there is a marked reduction in the MRC1+ and perivascular 6 

macrophages within our tumors after treatment with HSV1716.  7 

 8 

In contrast, M1-like TAMs can stimulate cytotoxic T cells by presenting cancer cell antigens 9 

to them [3]. This creates a pro-inflammatory tumor microenvironment through the release of 10 

cytokines (IL-1, IL-2, IL-6, and IL-12), superoxide anions and nitrogen free radicals. 11 

Generally, studies have shown TAMs to be associated with poor patient prognosis and may 12 

help facilitate cancer growth [2, 35, 36]. In our study, it is unclear whether the TAM variation 13 

is causally linked to the size of the tumours. However like others, we see the re-education of 14 

TAMs from an M2-like phenotype to more M1-like is associated with improved survival [37, 15 

38]. Additionally, current evidence suggests that depletion or modification of TAMs alone 16 

may result in increased survival in vivo [39, 40].  17 

 18 

The ability of an OV to reprogram macrophages from an immunosuppressive to an 19 

immunostimulatory phenotype opens the potential for OV to be used in conjunction with 20 

immunotherapies. Immune checkpoint inhibition involving the blockade of the PD1-PDL1 21 

pathway is currently being promoted in many tumor types. This acts to release an inhibitory 22 

break thus allowing T cells to perform their cytotoxic function. In breast cancer, checkpoint 23 

inhibitor monotherapy has a mixed response. This may be due to a failure of activation and 24 

migration of CD8+ cytotoxic T cells within the TME. Given their ability to present antigen and 25 

regulate the anti-tumor functions of T cells, macrophage modification may be key to 26 

enhancing this. Indeed, it has been shown that combining PD-1 inhibition (to take the ‘brake’ 27 

off T cells) and CSF-1 receptor blockade (to deplete TAMs within the TME) increases T cell 28 
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activation and recruitment within MMTV-PyMT derived MET-1 tumors, thereby increasing the 1 

efficacy of the immunotherapy [41].   2 

 3 

However, our data show that macrophages may also play an important role in enhancing OV 4 

cytotoxicity by supporting viral amplification. We have previously shown that macrophages 5 

can be loaded with OV ex vivo and, upon injection into the circulation of tumor-bearing mice, 6 

deliver it to tumors [16, 42]. In this, we observed an HVS1716 appeared to be amplified by 7 

macrophages. Our current work confirms that macrophages not only have the ability to take 8 

up HSV1716, enable viral replication and release more HSV1716 particles in vitro, but also 9 

re-educate macrophages in the process. Therefore we presume, the lysis of cancer cells by 10 

HSV1716 is mediated by direct effects on cancer cells, resulting in immunogenic cell death, 11 

and indirect effects on T cells, via TAMs, in the TME. 12 

  13 

The ability of HSV1716 to reduce the growth and spread of cancer in our mouse mammary 14 

models demonstrates that this may be useful for the treatment of breast cancer and warrants 15 

clinical evaluation. HSV1716 is reported to have a good safety profile in non breast cancer 16 

early phase clinical trials [12, 13] and lends well to seamlessly moving towards translating 17 

this research from the bench to the bedside of patients with breast cancer. Our findings 18 

indicate that the efficacy of treatments such as checkpoint inhibitors, which require activated 19 

T cells to be present in tumors, may be enhanced when used in conjunction with HSV1716. 20 

 21 

Previous studies have demonstrated the ability of macrophages to support the replication of 22 

highly infective viruses such as the RNA viruses, influenza [43] and simian 23 

immunodeficiency virus [44]. We believe we are the first to describe that cancer-killing OV 24 

replication occurs within macrophages and that this may enhance virotherapy. Herein, we 25 

show that PCNA expression by macrophages supports the replication of HSV1716 in a 26 

PCNA-dependent manner. PCNA is an essential component of the “replication and repair” 27 

machinery of cells but also shown to be involved in the HSV replication cycle [45, 46]. It has 28 
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been proposed that Neurovirulence Factor ICP34.5 is needed to allow PCNA mediated viral 1 

replication in non-dividing cells, with studies showing ICP34.5 deleted HSV strains are 2 

avirulent in non-dividing central nervous system neuronal lines [21, 47]. In tumor cells, PCNA 3 

is already “switched on” for cellular DNA replication and ICP34.5 is not required to initiate 4 

viral replication [45]. Studies comparing the replication of wild type and ICP34.5 deleted 5 

HSV1 in Vero (African Green Monkey kidney epithelial) cells demonstrated that viral 6 

replication was inhibited when PCNA expression had been knocked down [46]. The 7 

implications of this are that PCNA plays a role in HSV DNA replication and that this might be 8 

independent of ICP34.5. In untreated breast cancer, high  numbers of PCNA-positive TAMs 9 

correlate with an immunosuppressive TME and with poor patient prognosis [48-50]. In our in 10 

vitro work, exposure of macrophages to tumor-conditioned medium increased their 11 

intracellular expression of PCNA suggesting that cancer cells may stimulate TAMs to 12 

express a phenotype that supports viral replication. It remains to be seen whether patients 13 

with high numbers of PCNA-expressing TAMs respond better to HSV1716 than those with 14 

low numbers.  If so, this could be a new way to stratify patients for such form of OV therapy. 15 

 16 
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 2 

Figures legends: 3 

Figure 1: HSV1716 treatment inhibits primary mammary tumor growth and metastatic 4 

spread. PyMT-TS1, EO771 and 4T1 cells were implanted into the 4th mammary fat pad of 5 

immuno-competent syngeneic female mice. When tumors reached ~150mm3, mice received 6 

intravenous HSV1716 (dose 1x106 PFU) or PBS. Tumor volume was assessed by caliper 7 

measurements in vivo and pulmonary metastases were measured postmortem by H&E 8 

staining. HSV1716 (grey line) significantly reduced (A) mammary tumor growth and (B) 9 

subsequent development of lung metastases in all three models. Data shown are mean ± 10 

SEM, n= 10 mice/treatment group and statistical significance analyzed using multiple t tests 11 

where * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001 compared to control 12 

(untreated cells). 13 

 14 

Figure 2: HSV1716 treatment prevents tumor spread in a model of metastatic seeding. 15 

Luciferase labeled 4T1 cells were injected into the left ventricles of female BALB/c mice. At 16 

day 5, mice were treated with PBS, HSV1716 (1 X107 PFU, single dose) or HSV1716 (1x107 17 

on days 5,7,9). (A) Schematic representation of the treatment schedule is shown. (B) 18 

Representative images of metastatic burden in different treatment groups at day 20. Tumor 19 

burden was inhibited in the OV treated group with no disease observed in the 3-dose group 20 

at the end of experiment. (C) Overall survival was also increased in all mice that received 21 

virus. There is a statistically significant reduction in the survival between the control 22 

(phosphate-buffered saline, PBS, treated) and the group that received 3 doses of HSV1716 23 

(p=0.0002, CI 15.49-35.18) and between the OVx1 and OVx3 group (p=0.01, CI 5.401 to 24 

31.93). (D) Burden of metastases was calculated as the percentage of the organ with 25 

metastatic involvement; this was calculated as an average between 4 slides in 2-4 different 26 

sections of organ, over 100µm apart. Data shown are mean ± SEM, n = 6 animals. Statistical 27 

significance was assessed by one-way ANOVA where *P<0.05.  28 
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Figure 3. HSV1716 treatment induces inflammation within the tumour 1 

microenvironment (TME). PyMT tumors were grown in syngeneic female FVB mice and 2 

randomized into 2 treatment arms, control (PBS) and intravenous HSV1716 treatment (n=5-3 

10 per arm). (A) RNA was isolated from tumors and analysed using the NanoString 4 

nCounter™ murine Pan-Cancer Immune Profiling Panel. Volcano plots show genes that 5 

were up regulated or downregulated following IV HSV1716 treatment compared to tumors in 6 

PBS-treated mice (n=3). The data were processed and analysed using nSolver™ Analysis 7 

Software, using the Advanced Analysis module. (B) Flow cytometric data from these 8 

enzymatically digested tumor specimens are shown from n=10 mice per group. Only viable 9 

cells (UV-) were used in this analysis. Each immune cell population was gated upon based 10 

on CD45 expression and the respective immune cell marker. This shows changes in the 11 

percentage of infiltrating immune cells (myeloid cells (F480+), monocytes (Ly6C+), 12 

neutrophils (Ly6G+), T cells (CD3+,CD4+,CD8+)) within the TME. (C) Immunofluorescent 13 

staining of respective tumors (5 fields per view per slide) confirmed that these T cells 14 

become activated in response to HSV1716 treatment, as illustrated by increased expression 15 

of IFNg and PD1 and (D) a decrease in the prevalence of CD4+FOXP3+ immunoregulatory T 16 

(Treg) cells. Data shown are mean ± SEM, analysed by Student t tests where p<0.05. 17 

 18 

Figure 4. HSV1716 treatment reprograms TAMs to become less perivascular and more 19 

pro-inflammatory. (A) Sections of primary tumors, derived from the PyMT-TS1 model, 20 

treated with intravenous HSV1716 (OV) or PBS show a significant decrease in the number 21 

of perivascular (CD31+) macrophages after HSV1716 treatment (n=10 animals). These were 22 

quantified by only counting the F4/80+ cells in direct contact with CD31+ cells. (B) HSV1716 23 

treatment also causes a shift in macrophage phenotype with a down regulation in 24 

F4/80+MRC1+ cells and a significant increase in presence of F4/80+IL-12+ and F4/80+iNOS+ 25 

cells. Images were taken using the Nikon A1 confocal microscope and scored using FIJI 26 

image J software. Co-localization between F4/80 and MRC1, IL-12 or iNOS was determined 27 

and quantified using the Cell Counter tool from ImageJ (Fiji) [National Institutes of Health 28 
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(NIH), Bethesda, MD, USA] and 5 randomly selected fields of view were imaged per tumor. 1 

Data shown are mean ± SEM, analysed by student t tests where p<0.05. 2 

 3 

Figure 5. Monocyte-derived macrophages (MDMs) are permissive to HSV1716 4 

infection and replication. (A) Representative sections from primary PyMT TS1 tumors in 5 

control (PBS) and HSV1716-treated mice showed co-localisation of F4/80+ macrophages 6 

(green) and HSV1716 (white). This was quantified in n=10 animals, 5 fields per view. (B) 7 

MDMs were infected with HSV1716 expressing GFP at MOI 5. In vitro infection was 8 

assessed by flow cytometry (left image) and fluorescence (right image). (C) Supernatants 9 

taken from these cultures were assessed by the plaque-forming assay on Vero cells and an 10 

increase in viral titres over time suggested active viral replication within these macrophages. 11 

(D) qPCR analysis of MDMs at 24 h post infection resulted in the mRNA expression of the 12 

viral early-ICP0 (Left), mid-ICP8 (centre) and late-gB (right) replication genes. Data shown 13 

are mean ± SEM, analysed by student t test where p<0.05, n=5 independent experiments. 14 

 15 

Figure 6. PCNA mediates HSV1716 replication in monocyte-derived macrophages 16 

(MDMs). Female FVB tumor-bearing mice (PyMT-TS1) received a single dose of 17 

intravenous HSV1716 at 106 PFU (OV) or PBS (control). (A) PCNA expression by TAMs 18 

(arrowed) is significantly upregulated in response to HSV1716 at day 9 post treatment (n=5 19 

mice per group). (B) In vitro studies confirmed that PCNA expression at both the RNA and 20 

protein level by MDMs significantly increases after infection. (C) Accell siRNA was used to 21 

knock down PCNA (PCNAKD) within MDMs. The human breast cancer cell line MDA-MB-231 22 

was treated with supernatants from MDMs infected with HSV1716 (with or without PCNAKD) 23 

at different MOIs. At 72 hours we see inhibition of viral induced cell death in cultures where 24 

PCNA is knocked down. (D) PCNA knockdown also suppressed replication of virus infected 25 

cells (MOI 5), as shown by qPCR of MDMs at 72 hours post infection with suppression of 26 

early-ICP0 (Left), mid-ICP8 (centre) and late-gB (right) viral replication genes. Key: OV = 27 
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oncolytic virus and PCNAKD+OV=PCNA knockdown and OV. Data shown are mean ± SEM 1 

and analyzed using a one-way ANOVA where p<0.05, n=5 experiment 2 

 3 

Figure 7: HSV1716 cytotoxicity is dependent on macrophages and transforms 4 

immunogenically ‘cold’ tumors to ‘hot’ tumors. Orthotopically implanted PyMT-TS1 5 

tumors were grown immunocompetent syngeneic female FVB mice. Macrophages were 6 

eliminated by intravenous administration of clodronate liposomes 48 hours before 7 

administration of HSV1716 (n=5 animals, 1 section, 5 fields per view per section). (A) 8 

Clodronate liposomes decrease TAMs within the TME (brighter cells = F480+ cells). This 9 

depletion of TAMs attenuated the influence of HSV1716 treatment on the growth of primary 10 

tumors (B) and development of pulmonary metastases (C) in vivo.  (D) An increase in helper 11 

CD4+ T cells and a reduction in cytotoxic CD8+ cells was observed after HSV1716 treatment 12 

(brighter cells). Data shown are mean ± SEM, one-way ANOVA where p<0.05, n=5 13 

experiments. 14 
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