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Material and Methods
Cell lines. Human embryonic kidney cell line 293T, murine melanoma B16-F10, murine colon
carcinoma CT26, murine B cell lymphoma A20, murine mammary EMT6 and the murine Lewis lung
carcinoma cell line (LL/2) were purchased from the American Type Culture Collection (ATCC) and
cells stably transfected with human CTLA-4 (293T-CTLA-4) from Crown Bio. Cells were cultured in
RPMI+ glutamax (CT26) or DMEM+ glutamax (MC38, B16-F10, LL/2) supplemented with 10% FCS, 10
mM HEPES and 1 mM sodium pyruvate. EMT6 cells were maintained in Waymouth medium
supplemented with 15% FCS, 10 mM HEPES and 1 mM sodium pyruvate. The NK-92 cell line
expressing hFcγRIIIA-158V together with GFP (purchased from ATCC) was cultured in supplemented
a-MEM medium.1 Primary cells were cultured in R10 medium (RPMI 1640 containing 2 mM
glutamine, 1 mM pyruvate, 100 IU/ml penicillin and streptomycin and 10% FBS; GIBCO by Life
Technologies). The human colorectal adenocarcinoma cell line LoVo (ATCC), pancreatic tumor cell
line MIA PaCa-2 (ATCC) and human gastric carcinoma cell line Hs-746 T (ATCC) were grown in DMEM
(Gibco) supplemented with 10 % FBS and containing gentamicin at 40 mg/L. The human ovarian
tumor cell line SK-OV-3 (ATCC) and human colorectal carcinoma cell line HCT 116 (ATCC) were grown
in Mc Coy’s 5A medium (ATCC) supplemented with 10 % FBS and containing gentamicin at 40 mg/L.
The human erythroblast cell line TF-1 (ATCC) was grown in RPMI 1640 (Sigma) supplemented with 10
% FBS and containing gentamicin at 40 mg/L + GM-CSF at 2 ng/mL.

Antibodies. Monoclonal antibodies for flow cytometry: Anti-human CD4-VioGreen (M-T466)
Miltenyi Biotec Cat# 130-113-259, Anti-human CD25-BV421 (clone M-A251) BD Biosciences Cat#
562442, Anti-human CD127-FITC (clone HIL-7R-M21) BD Biosciences Cat# 561697 , Anti-human CD8APC (clone RPA-T8) BD Biosciences Cat# 555369, Anti-human CTLA-4-PE (clone BNI3) BD Biosciences
Cat# 555853, mouse IgG2a, k isotype control -PE BD Biosciences Cat# 555574, Anti-mouse CD45.2PerCP-Cy5.5 (clone 104) BD Biosciences Cat# 552950, Anti-mouse CD45.2-BUV737 (clone 104) BD
Biosciences Cat# 612779, Anti-mouse CD25-BV421 (clone 7D4) BD Biosciences Cat# 564571, Anti-

Semmrich M, et al. J Immunother Cancer 2022; 10:e003488. doi: 10.1136/jitc-2021-003488

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

J Immunother Cancer

mouse CD8-BV786 (clone 53-6.7 ) BD Biosciences Cat# 563332, Anti-mouse CD4 -BV510 (clone RM45) BD Biosciences Cat# 563106, Anti-mouse TCRb-Alexa Fluor 488 (clone H57-597) BioLegend Cat#
109215, Anti-mouse PD-1-BB700 (clone RMP1-30) BD Biosciences Cat# 748242, Anti-mouse CTLA-4PECF594 (clone UC10-4F10-11) BD Biosciences Cat# 564332, Anti-mouse CTLA-4-APC (clone UC104B9) BioLegend Cat# 106310, Anti-mouse Klrg1-APC (clone 2F1) BD Biosciences Cat# 561620, Antimouse CD62L-BUV395 (clone MEL-14 ) BD Biosciences Cat# 740218, Anti-mouse TIM3-PE (clone
5D12) BD Biosciences Cat# 566346, Anti-mouse ICOS-BV605 (clone 7E.17G9) BD Biosciences Cat#
745254, Anti-mouse CD44-APC-Cy7 (clone IM7) BD Biosciences Cat# 560568, Anti-mouse Ly6C Alexa
Fluor 488 (clone HK1.4) BioLegend Cat# 128022, Anti-mouse CD24 PerCP-Cy™5.5 (clone M1/69) BD
Biosciences Cat# 562360, Anti-mouse MHC-II BV421 (clone M5/114.15.2) BD Biosciences Cat#
562564, Anti-mouse CD172a (SIRPα) BV510 (clone P84) ) BioLegend Cat# 144032, Anti-mouse CD64
(FcγRI) BV605 (clone X54-5/7.1) ) BioLegend Cat# 139323, Anti-Mouse CD8a BV650 (clone 53-6.7)
BioLegend Cat# 563234, Anti-mouse F4/80 BV785 (clone BM8) BioLegend Cat# 123141, Anti-Mouse
CD45 BUV395 (clone 30-F11) BD Biosciences Cat# 564279, Anti-mouse/rat XCR1 Alexa Fluor 647
(clone ZET) BioLegend Cat# 148214, Anti-mouse CD103 Alexa Fluor 700 (clone 2E7) BioLegend Cat#
121442, Anti-mouse CD19 PE (clone 1D3) BD Biosciences Cat# 553786, Anti-mouse CD170 (Siglec-F)
PE (clone S17007L) BioLegend Cat# 155506, Anti-mouse NK-1.1 PE (clone PK136) BioLegend Cat#
108708, Anti-mouse TCR-β chain PE (clone H57-597) BioLegend Cat# 109208, Anti-mouse CD11c
PE/Dazzle™ 594 (clone N418) BioLegend Cat# 117348, Anti-mouse CD11b PE-Cy7 (clone M1/70) BD
Biosciences Cat# 552850, Anti-mouse Ki67-Alexa Fluor 700 (clone B56) BD Biosciences Cat# 561277,
Anti-human Granzyme B- R718 (clone GB11) BD Biosciences Cat# 566964, Anti-mouse Tbet-BV711
(clone O4-46) BD Biosciences Cat# 563320, Anti-mouse FoxP3-PeCy7 (clone FJK-16s ) Thermo Fisher
Scientific Cat# 17-5773-82, Anti-mouse IFNg-PeCy7 (clone XMG1.2) BioLegend Cat# 505826, Antimouse TNFa-Alexa Fluor 700 (clone MP6-XT22) BD Biosciences Cat# 558000, Pentamer H-2Ld –
SPGAAGYDL-R-PE (S9L8) ProImmune, Pentamer H-2Ld – TPHPARIGL-R-PE (ctrl) ProImmune,
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Dextramer H-2Ld – SPSYVYHQF-APC (AH-1) Immudex, Dextramer H-2Ld – TPHPARIGL-APC (ctrl)
Immudex.
Secondary antibodies: Goat Anti-Mouse IgG (H+L) Peroxidase Jackson ImmunoResearch Cat# 115035-003, Goat Anti-Human IgG (H+L) Peroxidase Jackson ImmunoResearch Cat# 109-035-003, Goat
Anti-Human IgG, Fc-Fragment Specific- APC Jackson ImmunoResearch Cat# 109-136-098, Goat AntiHuman IgG-APC Jackson ImmunoResearch Cat# 109-136-088, Goat Anti-Human Kappa Light Chain
HRP Bethyl Cat# A80-115P, Goat Anti-Mouse Lambda Light Chain HRP Bethyl Cat# A90-121P, Goat
Anti-Mouse IgG-APC Jackson ImmunoResearch Cat# 115-136-146, Anti-His MAb, (clone AD1.1.10)
R&D Systems Cat# MAB050, Anti-His-HRP (clone AD1.1.10) R&D Systems Cat# MAB050H.
Commercially antibodies used for in vivo experiments: Anti-mouse CD8 (clone 53.6.72) BioXCell Cat#
BP0004-1 , Anti-mouse CD4 (clone GK1.5) BioXCell Cat# BE0003-1, Anti-mouse PD1 (clone 29F.1A12)
BioXCell Cat# BE0273, Anti-trinitrophenol rIgG2a isotype control (clone 2A3) BioXCell Cat# BE0089,
Anti-mouse CTLA-4 (clone 9H10) BioXCell Cat# BE0131, Anti-mouse PD1 (clone RMP1-14) BioXCell
Cat# BE0146.
In-house generated anti-mouse and anti-human antibodies isolated from the n-CoDeR phage display
library. Anti-mouse CTLA-4 (clone 5-B07) and Anti-human CTLA-4 (clone 4-E03) are described here in
this paper.

Isolation of Treg depleting antibodies specific for tumor Treg-associated receptors. Antibodies
specific for tumor Treg cell-associated receptors were isolated by subjecting the in vitro CDR shuffled
n-CoDeR® antibody library to differential biopanning of tumor-associated Treg cells (isolated from
CT26, 4T1, B16 and Lewis lung tumor-bearing mice) versus CD4+ T cell-depleted naïve cells and
CD11b+ cells from tumor-bearing mice essentially as described previously.2

CTLA-4 mAb Generation. Antibody fragments against human/mouse CTLA-4 were isolated from the
n-CoDeR® scFv phage display library. Enrichment of specific CTLA-4 antibodies was achieved by three
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consecutive pannings using biotinylated h/mCTLA-4-His protein (Sino Biological) loaded on
Streptavidin Dynabeads or polystyrene balls. The third selection round also included suspension
adapted HEK293-EBNA cells transient transfected with cDNA (Sino Biological) encoding the
extracellular and transmembrane regions of h/mCTLA-4 or an irrelevant non-target protein. Preselection occurred prior to each selection with a biotinylated non-target protein. Binding phages
were eluted after each selection round by trypsin digestion and amplified on plates using standard
procedures.3 Phagemids from selection 3 were converted to scFv producing format and used in
subsequent screening assays where specific binding to soluble (recombinant protein) and cell bound
antigens (transient transfected cells) was assessed. Commercial antibodies were used for the
evaluation of recombinant and cell surface bound human (Yervoy, Bristol Myers Squibb; anti-human
APC, Jackson) and anti-mouse CTLA-4 (BioLegend) CTLA-4 by flow cytometry, fluorescence
microarray technology (FMAT) and ELISA. Corresponding isotype controls were included as negative
controls in all experiments. For primary screening of scFv, h/mCTLA-4 transfected cells were seeded
into FMAT plates. E. coli expressed scFv were added followed by deglycosylated mouse anti-His
antibody (R&D Systems) and anti-mouse-APC (Jackson). Stained cells were detected using the 8200
detection system (Applied Biosystems). Positive clones from the primary screening were reexpressed and re-tested for binding to transfected cells and to recombinant protein in ELISA. For
ELISA, E. coli expressed scFv were added to plates coated with h/mCTLA-4 or non-target protein.
Bound scFv were detected using anti-FLAG-AP (Sigma Aldrich) followed by substrate addition (CDPstar, Life Technologies) and luminescence reading (Tecan Ultra).
In total 42 and 31 unique clones were converted to hIgG1 and mIgG2a variants, respectively. VH and
VL were PCR amplified and inserted into expression vectors containing the heavy- and light-chain
constant regions of the antibody, respectively, and transfected into suspension adapted HEK
293EBNA cells (ATCC). Culture media was harvested 6 days post-transfection and antibodies were
purified using columns packed with MabSelect (GE Healthcare) connected to an ÄKTA Purifier
system, according to standard procedures. Antibodies were eluted with a low-pH buffer and then
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dialyzed to an appropriate formulation buffer using a Spectra/Por Dialysis Membrane 4 (Spectrum
Laboratories Inc) before a final sterile-filtration.
Antibody purity was assessed by CE-SDS (LabChip XII; Perkin Elmer, Massachusetts, USA) and SEHPLC (Ultimate 3000, Thermo Fisher Scientific). All preparations were endotoxin low (<0.1 EU/mg
protein) as determined using the Chromogenic LAL-Endochrome-K kit (Charles River) adapted to
European Pharmacopoeia 2.6.14, current version: Bacterial Endotoxins, “Method D. Chromogenic
Kinetic method”.
Purified IgG was then assessed for binding to transfected HEK cells as well as primary cells and to
recombinant protein, in both ELISA and Biacore.

Surface Plasmon Resonance. Binding to recombinant protein was also tested with the surface
plasmon resonance (SPR) technology, using Biacore 3000. Anti-human Fc (GE Healthcare) was
immobilized on a CM5 sensor chip (GE Healthcare) as a capture antibody with a concentration of 330
nM. Optimal concentrations of 4-E03 and ipilimumab together with the recombinant protein were
assessed in pre-tests to obtain good curve fitting and limit mass transfer. Antibodies (5 nM in this
particular experiment) were added at 10 µl/min for 1 min, followed by titrating concentrations (1.6
to 50 nM for 4-E03 and 1.6 to 200 nM for ipilimumab) of human CTLA-4 protein (Sino Biological) at
30 µl/min, for 3 min. The surface was regenerated with 10 mM glycine, pH 1.5, between each cycle.

Cell transfections. cDNA encoding human and mouse (Sino Biological) CTLA-4 was transfected into
suspension adapted 293FT cells (Life Technologies) using Lipofectamine 2000 (Life Technologies).
The transfected cells were cultured in FreeStyleTM 293 Expression Medium (Life Technologies) at
37ºC and 5% CO2, 120 rpm for 48h. Target expression was analysed using flow cytometry.

VV generation and purification. Recombinant viruses were generated by two successive
homologous recombination in chicken embryo fibroblast (CEF) using a starting parental Copenhagen
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vaccinia virus encoding GFP or mCherry at J2R and I4L loci and two transfer plasmids. Transfer
plasmids encoded either heavy chain of mAb under the p7.5 promoter and flanked by J2R
recombination arms, or the light chain of mAb under the p7.5 promoter in addition, or not, of the
murine or human GM-CSF under the pSE/L promoter and flanked by I4L recombination arms (see
Figure 2A). The recombinant viruses were isolated by several cycles of amplification/isolation of nonfluorescent plaques. Recombinant viruses were then produced on CEF and purified after cells lysis by
5 µm filtration followed by purification/concentration using 0.2 µm tangential flow filtration. Finally,
the viruses were formulated in saccharose 50 g/L, NaCl 50 mM, Tris 10 mM, Sodium Glutamate 10
mM, pH 8 by diafiltration, aliquoted and stored at -80 °C until use.
All the viruses used for this publication were from the TK-RR- Copenhagen strain:
VV: unarmed vaccinia virus or TG6002 (vaccinia virus encoding FCU1 chimeric enzyme, benchmark
recombinant VV)
VVGM: vaccinia virus encoding murine GM-CSF
VVGM-aCTLA-4: vaccinia virus encoding murine GM-CSF and 5-B07 (amouse CTLA-4, mouse IgG2a)
VV-aCTLA-4: vaccinia virus encoding 5-B07
VVGM-ahCTLA-4 (BT-001): vaccinia virus encoding human GM-CSF and 4-E03 (ahuman CTLA-4,
human IgG1)

Virus replication, oncolytic activity and transgenes expression in vitro. Replication of BT-001 was
assessed by measuring the total virus titer at 24-, 48- and 72-hours post-infection of LoVo cells with
BT-001 at multiplicity of infection (MOI) of 10-3 (i.e. 1 virus for 1000 cells). Virus titer was determined
by plaque assay on Vero cells.
Oncolytic activity of BT-001 was assessed by quantification of cell viability using cell counter (Vi-Cell)
after 5 days of incubation of MIA PaCa-2 cells with BT-001 at the MOI indicated in Figure legend.
Both replication and oncolytic activity of BT-001 were benchmarked with those of Copenhagen TKRR- vaccinia virus TG6002 currently under clinical evaluation.4
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Transgene expression was assessed after infection by BT-001, at MOI 0.05, of several human tumor
cell lines: LoVo, HCT 116 (Colon cancer), MIA PaCa-2 (Pancreatic cancer), SK-OV3 (ovarian cancer)
and Hs176T (gastric cancer). Culture supernatants were collected 48 hours post-infection,
centrifuged and filtered on 0.2 µm prior measurements of 4-E03 and hGM-CSF concentrations by
ELISA.

Antibody purification from culture medium of BT-001 infected cells. Fifteen F175 flasks containing
~4.7 107 MIA PaCa-2 cells/flask were infected at MOI 0.01 with BT-001 in DMEM without bovine
serum. Seventy-two hours after infection the cells supernatants were harvested, pooled, centrifuged
and filtered on 0.2 µm before adding EDTA (2 mM final) and Tris pH 7.5 (20 mM final). The pool
supernatant was loaded, at 4 °C, on a one mL protA Hitrap column (GE healthcare, ref 17-5079-01)
previously equilibrated in PBS. The bound antibodies were eluted by 100 mM glycine HCl pH 2.8 and
dialyzed against PBS. Purified 4-E03 was loaded on SDS-PAGE (NuPage Bis-Tris gels 4-12% Thermo
NP0323) under reducing or non-reducing conditions and the gel was stained with InstantBlue
(Expedeon, ISB1L) Coomassie blue. This purified antibody (i.e. 4-E03 MIA PaCa-2) was further
assessed for CTLA-4 binding and in vivo Treg depletion activity.

Enzyme-linked immunosorbent assays.
GM-CSF. Human and murine GM-CSF concentrations were determined using the Quantikine®ELISA
GM-CSF Immunoassays (R&D Systems).
Human GM-CSF functionality was assessed using the TF-1 proliferation assay. The cellular proliferation
of TF-1 cells in presence of known concentrations of hGM-CSF (standard or from BT-001-infected cells)
was measured by colorimetry using the enzymatic conversion of MTS to formazan (measured by
absorbance at 490 nm) by the dehydrogenases of viable cells. The absorbance at 490 nm was plotted
versus the concentration of GM-CSF and the curves compared to the one obtained with recombinant
GM-CSF (i.e. Molgramostim).
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Binding to CTLA-4/ CD28 protein. For antibody binding ELISA, purified human CTLA-4-Fc, human
CD28-Fc (R&D Systems) and mouse CTLA-4-Fc (Sino Biologicals) were coated to the assay plate at 1
pmol/well while mouse CD28-His (R&D Systems) was coated at 5 pmol/well. The different antibodies
were added at 10 µg/ml and left to bind for 1 h at room temperature. Bound n-CoDeR® mIgG2A or
hIgG1 antibodies were detected using either anti-mouse/anti-human H+L-HRP (Jackson
Immunoresearch) or anti-mouse/human Lambda Light Chain Antibody HRP (Bethyl). A chromogenic
(TMB T0440) or luminescence substrate (Pierce 37070) was used and plate reading was performed
with a Tecan Ultra.
Blocking CD80/CD86 interaction. For ligand blocking ELISA, purified human CTLA-4-Fc (R&D Systems)
was coated to assay plates at 2 pmol/well (for CD80) or 1 pmol/well (for CD86). Antibodies were
added at concentrations ranging from 0.4 pM to 67 nM and left to bind for 1 hour. His-tagged
ligands were added at 200 nM and 100 nM, respectively (rhCD80 and rhCD86; R&D Systems) as
optimized in a pilot experiment by ELISA (data not shown). The plates were further incubated for 15
minutes. After washing, bound ligand was detected with an HRP-labelled anti-His antibody (R&D
Systems). Super Signal ELISA Pico (Thermo Scientific) was used as substrate and the plates were
analysed using Tecan Ultra Microplate reader. Alternatively, mouse CTLA-4-Fc (Sino Biological) was
coated to assay plates at 1 pmol/well. Antibodies were added at a starting concentration of 10 µg/ml
(67 nM), with 2-fold dilution steps and left to bind for 1 hour. His-tagged ligands, CD80 and CD86
(Sino Biological), were added at 50 nM and the plates were further incubated for 30 minutes.
Detection and reading were performed as described above.

Processing of human tissue. Ovarian tumor samples obtained from patients undergoing surgery
were cut into small pieces and incubated in R10 with DNase I (Sigma) and Liberase TM (Roche
Diagnostics) for 20 min at 37°C. Remaining tissue was mechanically dissociated and, together with
the cell suspension, passed through a 70 µm cell strainer. Matched peripheral blood samples were
obtained and peripheral blood mononuclear cells were separated using Ficoll-Paque PLUS (Cytiva) by
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centrifugation over Leucosep tubes (Greiner) at 800 x g for 20 minutes. Human buffy coats were
obtained from the blood center in the hospital of Halmstad (Sweden) and processed according to
standard protocol.

Mouse experiments.
In vivo tumor experiments. Cultured tumor cells were injected subcutaneously in the left flank only
or both flanks (CT26 1x106 cells; MC38 5x105 cells; A20 5x106 cells; EMT6 1x106 cells; B16-F10 0.5–
5x105 cells, LL/2 5x105 cells). Unless otherwise specified, mice were treated i.t. with 107 pfu of VVGMaCTLA-4 or control VV, thrice, every other day. For tumor growth experiments, tumor sizes of
treated and distant tumors were measured twice a week with a caliper and tumor volume (mm3)
was calculated according to the formula: (width2× length × 0.52). Animals were euthanized when the
total tumor burden (treated and contralateral tumors combined) reached a volume of 2000 mm3
(experimental endpoint). For functional experiments, tissues were collected and processed at the
time points indicated in Figure legends. Mouse tumors were digested in R10 with DNase I (Sigma)
and Liberase TM (Roche Diagnostics) for 15 mins at 37oC. Cells were then passed through a 70 µm
cell strainer and used for assays directly. For DC phenotyping, viable leucocytes were enriched
following density gradient centrifugation (Cedarline Cat#CL5035).
Primary human xenograft model. PBMC-NOG/SCID mice were generated by intravenously injecting
NOG mice (NOD.Cg-Prkdcscid Il2rgtm1Sug/JicTac (Taconic)) with 1-2x107 PBMC isolated using FicollPaque PLUS, in 200 μl PBS. Approximately two weeks after injection, SCID mice (C.B-Igh-1b/IcrTacPrkdcscid (Taconic)) were subsequently intraperitoneally injected with 10x106 splenocytes from
reconstituted NOG mice. 1h later, mice were treated with 10 mg/kg of mAb. The intraperitoneal
fluid of the mice was collected after 24 h. Human T cell subsets were identified and quantified by
FACS using following markers: CD45, CD4, CD8, CD25, CD127 (all from BD Biosciences).
Pharmakokinetics of transgenes and virus in tumor and blood. In CT26 tumor model described
previously, VVGM-aCTLA-4 or VV-aCTLA-4 were administrated in same conditions as mentioned
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above (i.e. 3 i.t. injections of 107 pfu at day 0, 2 and 4). Tumor and blood of three mice/timepoint
were collected at day 1, 4 (prior third injection), 8 and 10. Concentrations of virus were measured in
whole blood and in tumor homogenized in PBS by viral titration on Vero cells. Concentrations of
both 5-B07 and mGM-CSF were measured by ELISA in serum and tumor homogenates.
In xenografted human tumor model, LoVo cells were injected subcutaneously in the left flank of
Swiss nude mice. After about two weeks when the tumor volume reached ~120 mm3 the mice were
randomized and split in 2 groups (15 mice/groups). First group was injected once i.t. with 105 pfu of
VVGM-ahCTLA-4 (BT-001) and second group was injected intraperitoneally with 3 mg/kg of 4-E03.
Tumor and blood/serum of three mice/timepoint were collected at day 1, 3, 6, 10 and 20 post-virus
injection. The virus titer and concentrations of both 4-E03 and hGM-CSF were measured as
described in the previous paragraph.

Flow cytometry. Antibodies and fluorescent labels used for staining are listed above. Dead cells
were routinely identified using the Fixable Viability Dye eFluor™ 780, the Fixable Viability Stain
440UV or propidium iodide and excluded from the analysis along with doublets. Intracellular staining
was performed using the FoxP3 Staining Buffer Set (Thermo Fisher Scientific). Sample acquisition
was performed on either a BD FACS Verse or Fortessa-X20 and the data were analyzed using FlowJo
10.7.2. To generate the UMAP of intratumoral and splenic CD3+ T cells, data were cleaned using the
FlowAI tool (v.2.2), samples were then barcoded with treatment group and organ, and
concatenated. The FlowJo plugin UMAP (v3.1) was run on the resulting flow cytometry standard
(FCS) file using the default settings (distance function: Euclidean, nearest neighbors: 15, and
minimum distance: 0.5) and including all the compensated parameters and forward scatter (FSC) and
side scatter (SSC) measurements. For cluster identification, the FlowJo plugin x-shift (v1.3) was run
on the resulting UMAP using the default settings (nearest neighbors K = 82) and including the
following parameters: CD4, CD62L, CD25, ICOS, FoxP3, Klrg1, CD44, CTLA-4, PD-1, TIM-3, T-bet,
GzmB, Ki-67. Mean expression per cluster for the aforementioned parameters was calculated using
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scaled channel values obtained from FlowJo. Mean expression heatmaps were generated with
parameter means per cluster and scaled between 0 and 1. For DC analysis, cells were gated on alive
CD45+, CD11chigh Lineage- (TCR-b, CD19, NK1.1, SiglecF), Ly6Clow/int, F4/80- CD64low, MHC-IIhigh and
CD103+ Sirpa-.

Antibody Dependent Cellular Cytotoxicity. ADCC assays were performed using a NK-92 cell line
stably transfected to express the CD16-158V allele together with GFP. CD4+ target T cells were
isolated from peripheral blood of healthy donors using CD4+ T cell isolation kit (Miltenyi Biotec). Cells
were stimulated for 72 hours with CD3/CD28 dynabeads (Life Technologies, Thermo Fisher) to
upregulate CTLA-4 and 50 ng/ml recombinant hIL-2 (R&D Systems) at 37°C. Target cells were preincubated with mAb at 10 µg/ml for 30 min at 4°C prior to mixing with NK cells. The cells were
incubated for 4h at a 2:1 effector:target cell ratio. Lysis was determined by flow cytometry. Briefly,
at the end of the incubation, the cell suspension was stained with VioGreen-conjugated aCD4 (MT466, Miltenyi Biotec) together with Fixable Viability Dye eFluor780 (eBioscience) for 30 min in the
dark at 4°C and the cells were then analysed by FACS.

Functional block in vitro. For the SEB PBMC assay, total PBMCs from healthy donors were seeded on
96-well plates (1x105 cells/well) and stimulated with 1 µg/ml Staphylococcus enterotoxin B (SEB,
Sigma Aldrich) in the presence of titrated doses of aCTLA-4 IgGs, ranging from 20-0,625 µg/ml. After
3 days, supernatants were harvested and IL-2 quantified by MSD (Meso Scale Discovery, Rockville,
USA) according to manufacturer’s instructions.

In vitro binding assays. CTLA-4 expressing transfected cells were incubated with the concentrations
of aCTLA-4 mAb indicated at 4oC for 20 mins prior to washing and staining with an APC-labelled
goat anti-human secondary antibody (Jackson ImmunoResearch). No binding was observed to cells
transfected with empty vector (not shown).
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IgG binding to primary cells was analyzed on isolated, in vitro-activated CD4+ T cells. Briefly, human
peripheral CD4+ T-cells were purified from total PBMCs by negative selection using MACS CD4 T-cell
isolation kit (Miltenyi Biotec). CD4+ T cells were activated in vitro with CD3/CD28 dynabeads (Life
Technologies) plus 50 ng/ml recombinant hIL-2 (R&D Systems) in R10 medium for 3 days to
upregulate CTLA-4 expression. In vitro-activated human CD4+ T cells were incubated with the
indicated concentrations of aCTLA-4 mAb together with aCD4. Bound aCTLA-4 mAb were detected
with APC-labelled goat-anti-human IgG.
In competitive binding assays, 2 µg/ml Alexa 647-labelled aCTLA-4 mAb was mixed with
recombinant human or cynomolgus CTLA-4-Fc protein (50 µg/ml; R&D Systems) prior to incubation
with CTLA-4 expressing cells. Bound IgG binding was detected by FACS.

Antigen-specific T cell responses. Antigen-specific T cell responses were analyzed in spleen, treated
and contralateral tumors. Briefly, 1 x 106 isolated cells were restimulated with 2 µg/ml of tumor (AH1, SPSYVYHQF)- or virus (S9L8, SPGAAGYDL)- specific peptides (BioNordika).5 6 Tumor cells were
pulsed for 4h in the presence of brefeldin A (Sigma). Isolated splenocytes were restimulated for 48h,
the last 4h in the presence of brefeldin A. Cytokine-producing CD8+ T cells were then identified by
FACS staining for CD45, TCR-b, CD8, TNF-a, IFN-g and CD25. In parallel, tumor and virus-specific CD8+
T cells were identified using MHC class I multimers (Pentamer H-2Ld – SPGAAGYDL-R-PE (S9L8)
ProImmune, Pentamer H-2Ld – TPHPARIGL-R-PE (ctrl) ProImmune, Dextramer H-2Ld – SPSYVYHQFAPC (AH-1) Immudex, Dextramer H-2Ld – TPHPARIGL-APC (ctrl) Immudex).

RNA sequencing.
Experimental procedure. CT26 tumor cells were implanted in 10 BALB/c mice per group.
Approximately 1 week after implantation when the tumor volume reached 20-50 mm3 (defined as day
0) the mice were non-treated or treated twice, at D0 and D2, by 107 pfu in 50 µL i.t. with either
unarmed vaccinia virus (VV empty) or VVGM-aCTLA-4. At D4 the tumors were harvested and RNA
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extracted using the Qiagen kitRNeasy Plus Mini Kit. The samples were conserved at -80°C till the day
of assessment of their quality subsequently. The quality of the purified RNAs was evaluated using
Agilent RNA 6000 Nano Kit, Agilent 2100 Bioanalyzer System, 2100 Expert Software to ensure that at
least 25 % of the RNA fragments were longer than 200 nt (DV200 > 25 %) as required for subsequent
3’ mRNA sequencing. Strand specific libraries were prepared and both ends were sequenced (pairedend sequencing) by IntegraGen, (France) yielding pairs of 100 nt long reads.
Data analysis. Paired reads were processed by a custom bioinformatic pipeline. Briefly, unique
molecular identifier (UMI) sequence was extracted from read 1 while the sequence of the 3’ end of
the RNA fragment captured was extracted from read 2. After quality-based trimming and quality
control, read 2 were mapped with STAR 7 against a custom genome containing Mus musculus full
genome (mm10 assembly) plus VVGM-aCTLA-4 genome as an artificial extra-chromosome. Reads
were then deduplicated using the program dedup from the suit of tools UMI tools 8 with the method
“unique”. Finally, deduplicated reads were quantified using HTSeq-count.9 Readcount data per
sample was then normalized using DESeq2 10 and a gene was considered differentially expressed if
the fold change between two conditions was above 2, and the adjusted p-value below 0.1
(Benjamini-Hochberg correction for multiple testing). Gene Ontology enrichment analyses were
performed using the set of genes differentially expressed as defined above, either up or downregulated, with the function enrichGO from the R package clusterProfiler.11
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Supplemental Figure 2
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Supplemental Figure 2 related to Figure 1. Characterization of mCTLA-4-specific mAbs. (A) Dosedependent binding of mouse aCTLA-4 mAb to mCTLA-4-transfected cells by flow-cytometry. (B)
Binding of titrated doses of mouse surrogate antibody 5-B07 mIgG2a (from 10 µg/ml, with 3-fold
dilution steps) was tested against mouse CTLA-4 and CD28 by ELISA. (C) Anti-CTLA-4 mAbs block B7
ligand (CD80 and CD86) binding to recombinant CTLA-4 by ELISA. (D-F) 1x106 CT26 cells were
injected s.c. into BALB/c mice. When tumors reached a size of approximately 100 mm3, mice
received 200 μg (10 mg/kg) of CTLA-4-specific mAbs or isotype control antibody on days 0, 4 and 7.
(D) Treg depleting activity and CD8+ T cell/ Treg ratios (n=4-8) at day 8 and (E) survival induced by
amouse CTLA-4 antibodies are shown. (F) Mice received 200 μg (10 mg/kg) of 5-B07 mIgG2a, 5-B07
mIgG1 N297A or isotype control antibody. At day 8, tumors were taken out and TIL analysed by
FACS. Data shown are mean values (+SD) of one representative experiment with n=7 mice per group.
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Supplemental Figure 3 related to Figure 1. Generation and characterization of oncolytic Vaccinia
viruses expressing Treg-depleting aCTLA-4 and GM-CSF. (A) Electrophoresis profile after Coomassie
blue staining of 4-E03 purified from MIA PaCa-2 BT-001- infected cell cultures. Lanes 2 and 5:
recombinant 4-E03; lanes 1 and 4: 4-E03 purified from culture medium of MIA PaCa-2 BT-001infected cells. Lanes 1 and 2: non-reducing conditions; Lanes 3 and 4: reducing conditions. (B)
Expression levels of 4-E03 and human GM-CSF of indicated human tumor cells 48h post- infection by
VVGM-ahCTLA-4 (BT-001). (C) Biological activity of GM-CSF produced in E) determined by TF-1
proliferation assay. Recombinant human GM-CSF (Molgramostim obtained from European
Pharmacopoeia Reference Standard) was included as positive control. (D) Functional assessment of
4-E03 produced by BT-001-infected MIA PaCa-2 cells by binding to immobilized recombinant hCTLA
protein as in Figure 1E.
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Supplemental Figure 4 related to Figure 2. Pharmacokinetics of virus and transgenes in tumor and
blood. (A and B) Tumor samples described in Figure 2B were also used to measure the intratumoral
concentration of (A) murine GM-CSF and (B) virus load. (C-E) Pharmacokinetics in LoVo xenografted
tumor. LoVo cells were implanted in the right flank of Swiss nude mice. When
tumor volumes reached ~120 mm3 (defined as D0) mice were treated by a single
injection of either 105 pfu of VVGM-hCTLA-4 (BT-001) or VV i.t. or 3 mg/kg of 4-E03 monoclonal
antibody i.p. Blood and tumors of three mice were collected at each indicated time point. The
concentrations of (C) 4-E03, (D) GM-CSF and (E) virus were determined by ELISA and titration on Vero
cell, respectively. Lines link the median of values of each time point.
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Supplemental Figure 5 related to Figure 3B. Treatment with i.t. VVGM-aCTLA-4 induces long-lasting
anti-tumor responses in treated and untreated tumors. (A) CT26 tumor cells were implanted into the
right and left flanks of BALB/c mice. I.t. injections (x3, two days apart) in right flank tumors with
VVGM-aCTLA-4 started when tumors reached a volume of ~100 mm3. Virus concentration in treated
and contralateral tumors was assessed one day post treatment. (n=3 mice per group; mouse 1-3
(M1-3); N.D. = not detected) (B and C) CT26 tumor-bearing mice were treated with indicated doses
of VVGM-aCTLA-4 as in A). Alternatively, 107 or 105 pfu of VVGM-aCTLA-4 was given i.v. Individual
tumor growth curves (B) and survival curves (C) are shown. (D) Inhibition of rechallenged tumor
growth. CT26 tumor cells were implanted s.c. to BALB/c mice. I.t. treatment with VVGM-aCTLA-4 or
empty control VV was scheduled as in A). As indicated in the figure legend, surviving mice were s.c.
rechallenged with CT26 or Renca cells 100 days after the last VV injection.
Supplemental Figure 6
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Supplemental Figure 6 related to Figure 5. Intratumoral induced CD8+ T cell immunity is FcgRdependent. WT and Fcer1g-/- BALB/c mice were challenged with 1 x 106 CT26 cells s.c. When tumors
reached approximately 100 mm3, mice received three i.t. injections of VVGM-aCTLA-4 or PBS control
at day 0, 2 and 5 (107 pfu final dose). At day 8, tumors and spleen were isolated and FoxP3+ CD4+
cells analysed by FACS.
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