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Targeting cytotoxic T lymphocytes (CTLs), as chimeric antigen T cells (CAR-T), T cell receptor-engineered (TCR)-T cells or adoptive cell transfer of tumor infiltrating T cells (TILs) to solid tumors is a major therapeutic challenge. We describe a new strategy to confer these lymphocytes with de novo adhesiveness to surface proteins enriched in the tumor microenvironment. This approach is based on decorating CTLs with monoclonal antibodies (mAbs) specific to any surface protein of interest within the stroma and the extracelullar matrix of solid tumors. For efficient mAb decoration, we have introduced a mAb binding Fc receptor (FcR) scaffold, FcγRIIB1 (CD32B1), which we found to be enriched on B lymphocyte microvilli (MV). This isoform contains an inhibitory ITIM motif within a cytoplasmic tail anchored to the cortical cytoskeleton. We thus generated a non-signaling CD32B1 mutant lacking the ITIM motif (termed ITIM-less CD32B1, or ILCD32B1) and successfully expressed it in human T cells which normally do not express this FcR. The ILCD32B1 expressing lymphocytes bound multiple IgG1 mAbs whose Fc domain was engineered with a 5-residue substitution to reach a nM range of Fc-FcγCR dissociation constants. The mAb decorated ILCD32B1 expressing T cells could readily adhere to a surface-bound cognate antigen. To broaden the utility of this scaffold, we have also generated a new fusion protein in which the entire Fc binding domain was truncated (tILCD32B1) and replaced with a monomeric streptavidin variant, mSA2, via a CD8 hinge. The molecule, termed mSA2-CD8h-tILCD32B1, was also successfully expressed in T cells, readily and stably bound biotinylated IgG mAbs in vitro and once decorated with the biotin labeled mAbs, conferred the T cells with high adhesiveness to multiple surface-coated antigens. mSA2-CD8h-tILCD32B1 expressing human T cells decorated ex vivo with a biotin-labeled mAb retained the antibody for hours after accumulation inside breast tumors implanted in immunodeficient recipient mice. Our results collectively suggest that a non-signaling CD32B1 can be used as a versatile scaffold for mAb decoration of T cells. Our mAb decoration approach can confer new cell adhesive reactivities to improve tumor CTL (CAR-T and TIL) accumulation and retention inside solid tumors.
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Introduction

Therapeutic usage of CTLs such as CAR-T cells at sites of hematopoietic malignancies such as the bone marrow and spleen, or of TILS or TCR-T cells injected into superficial tumors such as melanoma has been highly successful (1–3). Nevertheless, it is still very difficult to efficiently target such CTLs to specific stromal niches within solid primary tumors or metastatic lesions (4). One of the reasons for this poor targeting of therapeutic CTLs is that tumor associated stromal cells express a variety of cell-surface antigens not recognized by effector T cells (5–12). Conferring effector lymphocytes with the capacity to recognize and adhere to tumor enriched surface molecules or to their surrounding extracellular matrix could therefore be a therapeutically promising strategy to improve the accumulation and retention of therapeutic CTLs such as TILs and CAR-T CTLs inside solid tumors.

To achieve this goal, we sought new approaches for the decoration of such CTLs with mAbs specific for any antigens of interest enriched in tumor microenvironments. We reasoned that such surface decorated mAbs should function as surrogates for cell-adhesive receptors but otherwise remain functionally inert, avoiding undesirable signaling into the decorated T cells. Decoration of cells with mAbs can be achieved chemically e.g., by introduction of biotin labeled spacers on membranal proteins and glycolipids but such decoration strategy is difficult to control and is toxic (13). We have therefore developed a new genetic strategy of T cell decoration by introducing into T cells a universal IgG binding scaffold protein composed of the FcR family member FcγRIIB1 (CD32B1). FcγRIIB1 is an alternatively spliced isoform expressed by B lymphocytes (14). This inhibitory ITIM containing FcR contains an extra cytoplasmic tail domain while its shorter alternatively spliced variant FcγRIIB2 is rapidly internalized upon IgG binding (15, 16). The longer tail of FcγRIIB1 anchors this IgG binding receptor to the cortical cytoskeleton and prevents its internalization upon binding of immune complexes and stabilizes it in multimeric assemblies (17–19). CD32B1 has therefore been successfully used as a capping scaffold for various native and Fc engineered mAbs (17–19). As the cytoplasmic tail of CD32B1 contains an immune suppressory ITIM motif, we have eliminated this motif in order to avoid any transmission of inhibitory signals by the IgG occupied FcR. This isoform as well as other CD32B isoforms are not endogenously expressed by T cells (14) and was therefore ectopically expressed in ex vivo generated CTLs.

Using super-resolution microscopy, we found that endogenous CD32B1 is located on tips of B cell microvilli while the ectopic FcγR was expressed on the entire T cell surface including microvilli. Since CD32B1 on both B and T lymphocytes binds native IgG1 with moderate affinity, we have used model mAbs whose Fc region was modified with substitutions that increase the affinity of their Fc to CD32B1 by 20-100 fold (20). Once decorated with an Fc-modified mAb, CD32B1 expressing T cells readily adhered to the cognate antigens immobilized on a surface. To further diversify the usage of the CD32B as a mAb scaffold, we have also generated an ITIM-less CD32B1 in which the Fc binding domain was truncated (herein tILCD32B1) and replaced with a monomeric streptavidin variant, mSA2 that binds biotin-labeled proteins at a nM KD range (21–23) and fused via a CD8 hinge. The fusion molecule consisted of a CD8 hinge spacer (termed mSA2-CD8h-tILCD32B1) was also successfully expressed on T cell microvilli and was readily decorated with biotin modified fluorescent probes and with biotin labeled mAbs. As with native CD32B1, T lymphocytes expressing this fusion molecule and decorated with mAbs readily adhered to a model antigen recognized by the decorating mAb. Collectively, our present study indicates that CD32B1 can be used as a multi-functional scaffold for distinct Fc engineered or biotin labeled mAbs with any specificity of interest. The mAb decorated CD32B1 expressing T cells can acquire de novo specific recognition of any cell-surface antigen or extracellular matrix component of interest. Our approach could be harnessed for the future targeting of therapeutic CTLs into solid tumors.





Materials and methods




Antibodies

Purified (cat.302202) and PE-conjugated (cat.982402) anti-human CD19 (HIB19), purified (cat.303202) and APC-conjugated (cat.303208) anti-human CD32 (FUN-2), purified anti-human IgM (cat.314502, MHM-88), Pacific Blue-conjugated anti-human CD4 (cat.317424, OKT4), APC-conjugated anti-human CD8 (cat.980904, SKI), purified (cat.317301) and FITC-conjugated (cat.317305) anti-human CD3 (OKT3), purified anti-CD28 (cat.302902, CD28.2), purified (cat.304002) and biotin (cat.304004) anti-human CD45 (H130), biotin anti-B220 (cat.103204, RA3-6B2), purified (cat.116102) and biotin (cat.116103) anti-mouse CD54 (YN1/1.7.4), purified (cat.105701) and biotin (cat.105703) anti-mouse CD106 (429(MVCAM.A)), were purchased from Bioleged. Biotinylated recombinant human IgG Fc Avi-tag (cat.AVI110) was purchased from R&D Systems. Goat anti-mouse podoplanin, (cat.AF3244) was purchased from Biotechne. Rabbit anti-human CD3 (cat.715903, MRQ-39) was purchased from Ionpath. Alexa 568 goat anti-mouse (cat.A21124), Alexa 568-Streptavidin (cat.S11226), and Alexa 568 goat anti-rat (cat.A11077) secondary antibodies were purchased from Invitrogen. Biotin-donkey anti-rabbit IgG (cat.3711-065-152), Cy5 donkey anti-goat IgG (cat.705-175-147) and Cy3-Streptavidin (cat.016-160-084) were purchased from Jackson. Anti-CD40 2141_IgG and 2141-V11, and DTA-1 N297A, DTA-1 IgG, DTA-1 V11 were previously reported (17).





Plasmid constructs preparation




Cloning ILCD32B1

ILCD32B1 (residues 1-310) containing Y to F mutation at residue 292 in the ITIM motif was amplified by PCR using ILCD32B1pQCXIN plasmid as a template (1707, the coding sequence of ILCD32B1 was cloned between the BamHI and EcoRI restriction sites of the retroviral vector pQCXIN). NcoI and NotI recognition sites were introduced into the forward and reverse primers, respectively [For- CCTGAACCATGGTGGCCACAATGGGAATCCTGTCAT; Rev- CTATATCGCGGCCGCTGGAATTCTCAAATACGGTTCTGGTC]. The amplified DNA was digested and ligated into pBullet-EGFP (1926, the EGFP gene was cut from the pGEM4Z/GFP/A64 plasmid with NcoI and NotI and ligated into the pBullet vector) digested with the same restriction endonucleases. The resulted construct ILCD32B1pBullet, contains the ILCD32B1 gene replacing the EGFP gene in the vector. It encodes for ILCD32B1 signal peptide (1-42 AA), and the extracellular (43-217 AA), transmembrane (218-240 AA) and intracellular (241-310 AA) domains.





Cloning mSA2-CD8h-tILCD32B1

The sequence encoding for the monomeric streptavidin (mSA2) fused to CD8 hinge and to tILCD32B1 (residues 214-310) was ordered as dsDNA (gBlocks, IDT). Sequence was amplified by PCR and PmlI and NotI recognition sites were introduced into the forward and reverse primers, respectively [For- GTTGCCCACGTGAAGGCTGCCGCCACCATGGAGACAGACAC; Rev- CTATATCGCGGCCGCTGGAATTCTCAAATACGGTTCTGGTC]. The amplified DNA was digested and ligated into ILCD32B1pBullet digested with the same restriction endonucleases. The resulted construct mSA2-CD8h-tILCD32B1 pBullet encodes for mSA2 (including a leader sequence 20AA) fused to CD8 hinge (138-182 AA) and to tILCD32B1 (residues 214-310).






Isolation of human peripheral blood mononuclear cells

T cells were isolated from both male and female healthy volunteer donors. The Weizmann Institute of Science Institutional Review Board, appointed by the president of the Weizmann Institute of Science, has reviewed all the experimental protocols involved in this study in accordance with the Israeli law, National Institutes of Health guidelines and the Common Rule of ethics regarding biomedical and behavioral research involving human subjects in the United States (Title 45 CFR 46). Human PBMCs were isolated by following the R&D Systems protocol for isolation of PBMCs from Whole Blood: https://www.rndsystems.com/resources/protocols/leukocyte-preparation-protocol. Human B cells were isolated by negative depletion by following the manufacturer’s instructions of the B cell isolation kit II, human (Miltenyl Biotec, cat. cat.130-091-151).





Preparation of human IL-2 cultured effector T cells

Non-tissue culture treated 6-well plates (Falcon cat.351146) were coated with anti-CD3 (clone OKT3) and anti-CD28 (clone CD28.8) antibodies (each 1.2 mg/ml, 2.5 ml/well) overnight at 4°C. Plates were blocked with 1% BSA/PBS for 20 min. at 37°C and washed with PBS. 4 ml of human PBMCs were added to the antibody coated plates at a concentration of 1 x 106/ml for 2 days. Thereafter cells were either taken for mRNA transfection or expanded every 2 days in fresh effector T cell media [RPMI (Sigma R-8758); FCS; (10%, Hyclone SH30071.03); L-Glutamine (2 mM, Sartorius 03-020-1B); Na pyruvate (1 mM, Sartorius 03-042-1B); Pen-Strep solution (Sartorius, 03-031-1B), and 2-mercaptoethanol (50 μM, Merck 805740.0250)] supplemented with IL-2 (100 units/ml, Peprotech cat.200-02). The resulting effector T cells were taken for retrovirus transduction two days after the end of their original incubation on CD3/CD28 mAb co-coated plates.





In vitro transcription of mRNA

Template plasmids were linearized with SpeI. Transcription and capping reactions were carried out using T7 mScript Standard mRNA Production System (Cellscript, C-MSC11610). The mRNA product was purified by DNase-I digestion, followed by LiCl precipitation, according to the manufacturer’s instructions. The quality of the mRNA product was assessed by agarose gel electrophoresis, and concentration was determined by NanoDrop specrophotometer (Thermo Fisher Scientific, UV-VIS). Purified mRNA was stored at -80°C in small aliquots.





mRNA electroporation of human T cells

Human effector T cells (4x106, 180 ul) were electroporated with empty pulse, irrelevant, CD32B, or CD32B ITIM mutant in vitro transcribed mdRNA (10 ug) in Opti-MEM media in pre-chilled 2-mm cuvettes (Bio-Rad Laboratories, cat.1652086) with a Gene Pulser Xcell (Bio-Rad Laboratories) using a square-wave pulse, 380 V, 1 msec. Immediately after electroporation, cells were transferred to fresh growth medium with 3 cuvette washes with media to ensure all cells transferred.





Transfection, preparation of packaging cell lines, and transduction of human effector T cells

The protocols used were a modified version of the methods published by Weizmann et al. (24). Tissue culture treated 6-well plates (Corning cat.3516) were coated with poly-l-lysine (0.01%, Sigma P4832, 10 min RT) and seeded with 0.5 x 106 Phoenix-AMPHO (ATCC CRL-3213) cells overnight. The next morning, cells were transfected with the plasmid of interest by Lipofectamine 2000 (Invitrogen 11-668-019) per manufacturer’s instructions. The next afternoon, 0.1 x 106 PG-13 cells (ATCC, CRL-10686) were seeded overnight. At 48 hrs and 72 hrs post-transfection, the media from the Phoenix cells was harvested, filtered (0.45 micron, Merck, Millex-HV Z35518), and supplemented with polybrene (8 ug/ml, Merck TR-1003-G) to infect the PG-13 cells, which were then expanded for 5-7 days and frozenin bulk. Supernatant was collected from thawed infected PG-13 cells, centrifuged at 800G for 5 min, and 4 ml added to Retronectin coated non-tissue culture plates (Falcon cat.351146), previously coated with Retronectin (Takara cat.T100A/B, 12 μg/ml, 4 ml/well) overnight at 4°C, blocked with 1% BSA/PBS for 30 min. at 37°C and washed with PBS. Viral supernatant-Retronectin plates (4 ml) were centrifuged at 2,000G for 2 hours at RT. Three ml were removed from the centrifuged viral supernatant-Retronectin plates, 2-day old effector T cells (centrifuged at 600G for 5 min and resuspended at 0.5 x 106 cells/ml) were added, and T cell-viral supernatant plates were centrifuged (1,000G, 10 min) and placed in the incubator. This transduction procedure was repeated for each of the following two days for a total of three rounds of transduction.





Flow cytometry

For analysis of surface expression of various proteins, cells were labeled with fluorescent or biotinylated primary antibodies (10 µg/ml) and washed prior to appropriate Streptavidin or species-specific secondary antibodies (1:200) in fluorescence-activated cell sorting (FACS) buffer (PBS-/-, 1% BSA, 5 mM EDTA, and 0.01% sodium azide). Flow cytometry was performed on CytoFlex flow cytometer (Beckman Coulter) and analyzed using FlowJo software v.10.7.1 (Tree Star).





Binding assays

Effector T cells expressing mSA2-CD8h-tCD32B1 construct were incubated with fluorescent proteins (Biotin-FITC, Sigma B99431, 10 mM; PE-Biotin (Jackson ImmunoResearch 025-060-116, 1:100) for 20 min at RT, washed, and resuspended and analyzed by flow cytometry as above.





Adhesion assays

Ibidi chambers (μ-Slide VI0.4) were coated with monoclonal antibodies, recombinant mouse ICAM-1/CD54 Fc Chimera (R&D cat. 796-IC), recombinant human CD40-Fc Chimera (R&D cat. 1493-CD), or human serum albumin (HSA), all at 10 ug/ml in PBS or coating buffer (20 mM NaHCO3). Effector T cells were washed in 5 mM EDTA containing medium and were suspended in binding medium (Hank’s balanced-salt solution containing 2 mg/mL BSA and 10 mM HEPES, pH 7.4). Cells were allowed to settle for 3 minutes on ICAM-1 and then were subjected to initial shear stress of 1 dyn/cm2 followed by ten 1 dyn/cm2 increases of shear stress lasting 10 secs each. In the experiments on CD40, cells were allowed to settle for 3 minutes and were subjected to an initial shear stress of 1.5 dyn/cm2 followed by ten 5 dyn/cm2 increases of shear stress, each lasting 5 sec.

T cell images were acquired by videomicroscopy at a rate of one frame every 15 seconds for 10 mins using an IX83 inverted microscope (Olympus Corporation, Tokyo, Japan) equipped with UPlanFLN 20 ×/0.50 Ph1 ∞/0.17/FN 26.5 objective (Olympus Corporation, Tokyo, Japan), 49000-ET-DAPI filter set (Chroma Technology Corp., Bellows Falls, VT, USA). ORCA-Flash4.0LT camera, model: C11440-42U (Hamamatsu Photonics K.K., Hamamatsu, Japan). Temperature was maintained at 37°C throughout the assay. For analysis, effector T cells in different fields of view (over 200 cells per field) were tracked using cellSense software 1.16 (Olympus). Data from representative experiments (N=3) were expressed as the mean range of five fields of view.





Sample preparation for super-resolution microscopy (dSTORM)

A suspension of effector T cells (1.5 x 106) was washed with 5 mM EDTA/PBS for 5 min by centrifugation at 4°C. The cells were incubated in a blocking solution (3% BSA, PBS) on ice for 10 min. For labeling of surface molecules, the cells were treated with antibodies (10 μg/mL in 1% BSA, PBS) for 30 min on ice. After washing the cells twice with PBS by centrifugation at 4°C, they were fixed with a fixation buffer [4% (wt/vol) paraformaldehyde, 0.2%% glutaraldehyde, PBS] in suspension for 2 h on ice. The fixative was washed twice with PBS by centrifugation, resuspended in PBS and kept at 4°C. These cells were then directly used for super-resolution imaging of the surface molecule(s) of interest.





dSTORM imaging

Glass-bottom Petri dishes (35mm glass bottom dishes, uncoated, gamma-irradiated, Matteck, P35G-0.170-14-C) were coated with poly L-Lysine (0.01%; Sigma P4832, 1 hr, RT) and washed with PBS. Labeled cell solution (5 μL) in PBS was mixed with 150 μl of imaging buffer (7 μM glucose oxidase (Sigma), 56 nM catalase (Sigma), 20 mM cysteamine (Sigma), 50 mM Tris, 10 mM NaCl, 10% glucose, pH 8) and then was placed in the Petri dish. Cells were allowed to settle on the poly L-Lysine surface for 20 min before imaging was conducted. Three-dimensional dSTORM imaging was preformed using Vutara SR352 microscope (Bruker) based on single-molecule localization biplane technology with 1.3 NA 60x silicon oil immersion objective (Olympus) and Hamamatsu Orca Flash 4v2 camera. The lateral localization precision is of 20-30 nanometers and axial precision is of 60-70 nanometers. A Z stack of 2-3 μm in thickness with 0.1μm slices of 400 frames each was recorded with frame rate of 50 Hz using 640 nm and 568 nm excitation lasers (maximal excitation of 6 and 10 kW/cm2 respectively).





dSTORM data analysis

All analysis and measurement steps were performed in Vutara SRX software (version 7.0.07). Collected particles were subjected to threshold value of 20 (threshold value is defined in Vutara as signal above the frame background value). Particles were localized in three dimensions based on bead calibration. If needed, drift was corrected manually. Images were exported with the following visualization parameters: point splatting view; 50-nm particle size and opacity of 0.3. Video was created by recording the rotation of the 3D image of a cell.





Kinetics of in vitro T cell decoration with biotinylated mAbs

106 mSA2-CD8h-tILCD32B1 expressing effector T cell were left intact or incubated with different biotinylated rat IgG mAbs (10 µg/ml) for 20 mins at RT. Cells were washed twice and taken immediately for analysis (time zero) or suspended in T cell media at 37°C for 4 or 24 hours. The amount of decorated mAb was determined by labeling with APC conjugated anti-rat antibody and flow cytometry analysis.





Determination of mAb decoration on the surface of effector T cells in vivo

All animal procedures were approved by the Weizmann Institute Institutional Animal Care and Use Committee (IACUC) and were carried out in compliance with institutional guidelines. NSG female mice (8-12 weeks old) were acclimatized for 1 week prior to experimentation. The mice were injected with ICAM-1 deficient E0771 cells (1× 104 cells in 25µL PBS and 25ul Matrigel (Corning cat.536234)) into the mammary fatpads and tumors were allowed to grow for 8 days. Mice were anesthetized and 2 x105 mSA2-CD8h-tILCD32B1 effector human T cells decorated with biotinylated antibodies were intratumorally injected. At different time points, the mammary fat pads were digested and harvested, and single cell suspensions were prepared and double stained for human CD3 and CD45. The amount of decorated mAb on the harvested T cells was determined by labeling with APC conjugated anti-rat antibody and flow cytometry.





Mammary fat pad tumor harvesting and processing for flow cytometry

Upon euthanasia (CO2 inhalation), tumors were carefully excised from the mammary fat pads and rinsed briefly in PBS to remove excess blood and debris. The harvested mammary fat pads were finely minced into small pieces (approximately 1-2 mm³) using sterile scalpel blades in a 60 mm petri dish containing digestion media on ice [Collagenase type IV (Worthington, cat.LS004188, 1.5 mg/mL) and DNAse I (Roche, cat.10104159001, 20 ug/ml) in RPMI media]. The digested tissue was incubated with gentle agitation at 37°C for 40 minutes and after enzymatic digestion was passed through a 70um cell strainer to further remove any remaining undigested tissue or clumps. The cell suspension was then centrifuged at 1,400 rpm for 5 minutes at 4°C. The supernatant was discarded, and the cell pellet was resuspended in 1 ml RBC lysis buffer (Sigma, cat.R7757) for 5 min, neutralized with 10 ml PBS and centrifuged again. Cells were resuspended in FACS buffer and passed again through a 70um cell strainer.





Tumor tissue fixation for immunohistochemistry and immunofluorscence staining

NSG female mice were injected with ICAM-1 deficient E0771 cells (1 × 104 cells in 25 µL PBS and 25 ul Matrigel (Corning, cat.536234)) into the mammary fatpads. Tumors were allowed to grow for 8 days and mice were anaesthetized for T cell injections. 2 x105 mSA2-CD8h-tILCD32B1 effector human T cells decorated with either biotinylated anti-murine podoplanin or isotype control biotin labeled mAb were intratumorally injected and 4 hours later tumors were excised and immediately fixed by submersion in 70% ethanol for 24 hours at room temperature. Fixed tumor samples were dehydrated through a graded ethanol series (70%: 1 x 45 minutes, 96%: 3 x 45 minutes, and 100%: 2 x 30 minutes) followed by xylene substitute x-tra-solve solvent (Medite 41-5213-00) diluted 1:1 with absolute ethanol for 45 minutes, solvent alone 2 x 60 minutes, and then embedded in paraffin (57°C, 3 x 60 minutes). Tissue blocks were sectioned at 4 µm thickness using a microtome (Leica RM2265) and mounted onto Superfrost Plus slides (Thermo Fisher Scientific).

For H&E staining, paraffin sections were deparaffinized by incubating slides in xylene substitute x-tra-solve solvent (3 × 5 minutes), followed by rehydration through a graded ethanol series (100%: 2 x 5 minutes, 96% and 70%, each for 5 minutes) and rinsed with tap water followed by distilled water, each for 1 minute. The slides were stained with Hematoxylin (Leica, Gill II, LE-3801521E) for 5 minutes, and rinsed with tap water for 2 minutes to remove excess hematoxylin. Next slides were incubated in acid alcohol (Ethanol 70% + 1ml HCl) for 10 seconds, followed by two rinses in tap water (3 minutes each), distilled water for 1 minute, 70% ethanol for 3 minutes, and then Eosin staining (Leica, LE-3801602E) for 1 minute 20 seconds. The slides were then dehydrated through a graded ethanol series (96%: 2 x 2 minutes, 100% each 2 x 3 minutes) and finally in solvent (2 x 3 minutes).

For immunofluorescent stainings, paraffin sections were deparaffinized by incubating slides in xylene (2 × 10 minutes), followed by rehydration through a graded ethanol series (100%, 96%, and 70%, each for 10 minutes) and rinsed with PBS.

For antigen retrieval, slides were incubated in Tris-EDTA buffer (pH 9.0). Heat-induced epitope retrieval (HIER) was performed by placing the slides in a microwave for 3 minutes at high power and for 10 minutes at 20% power. After cooling to room temperature, the slides were washed in PBS. To block nonspecific binding, tissue sections were incubated with 20% normal horse serum (Vector Laboratories) and 0.1% triton in PBS for 1.5 hours in a humidity chamber at room temperature, then subjected to biotin blocking kit (Vector Laboratories, SP-2001, per manufacturer’s instructions). The sections were then incubated overnight at 4°C with primary antibodies targeting murine podoplanin or human CD3 diluted with 2% normal horse serum and 0.1% triton in PBS. Following primary antibody incubation, slides were washed in PBS and incubated with biotin-donkey anti-rabbit IgG and Cy5 donkey anti-goat IgG antibodies for 1.5 hours at room temperature. Finally, slides were washed in PBS and incubated with Cy3-Streptavidin for 1.5 hours at room temperature, followed by washes with PBS and addition of DAPI (Sigma, cat.D952) for 1 minute followed by washing with PBS. Negative control sections were incubated with an isotype-matched control antibody or with the primary antibody omitted. Immunohistochemical and IF staining were analyzed with both a fluorescent microscope (Leica, DMi8) and a slide scanner (Panoramic Scan II, 3D Histech) at magnifications of ×10, x20 and ×40.





Quantification and statistical analysis

Analysis was performed using Prism 9.0c version. Significance was assessed by Student’s two-tailed unpaired t test to determine the significance of the difference between means of two groups. One-way ANOVA was used to compare means among three or more independent groups.






Results




CD32B1 is enriched on B cell microvilli

In an attempt to choose a mAb binding scaffold that localizes to lymphocyte microvilli with high accessibility to surface bound antigens, we first assessed the distribution of native FcγRIIB1 (CD32B1) in relation to B cell microvilli. To that end, we used dSTORM (direct stochastic optical reconstruction microscopy) super-resolution based imaging of fixed human B lymphocytes, an approach successfully used to map the distribution and proximity between different surface molecules at about 20-nm lateral and 60 nm axial resolution (25). This approach was aimed at resolving the location of this FcR nearby its main physiological target molecule, the BCR (B-cell receptor) (26). Freshly isolated B lymphocytes were purified by negative selection (Figure 1A) and first validated to express uniform levels of endogenous CD32B (Figure 1B). We expected the CD32B and IgM to colocalize, based on the postulated inhibitory role of CD32 on signaling driven by multi-valent BCR occupancy (27). Surprisingly, however, on top of substantial localization, CD32B1 was enriched within tips of microvilli whereas the BCR molecules probed by the IgM mAb appeared scattered along distinct locations within B cell MVs (Figures 1C, D, Supplementary Video 1) in agreement with recent super-resolution based studies (28, 29). This finding suggested that prior to IgM BCR occupancy by multivalent immune complexes, only a fraction of the inhibitory FcγRIIB resides in close proximity to its main target, the BCR. This result also suggested that this FcR is targeted to microvilli of B lymphocytes and can therefore potentially be used as an MV based scaffold, once introduced into other types of lymphocytes that do not express it endogenously.




Figure 1 | FcγRIIB (CD32B1) is expressed on tips of microvilli of B cells. (A) Gating strategy shown for CD19 staining of peripheral blood lymphocytes. (B) CD32B expression levels on the surface of B lymphocytes determined by flow cytometry (red, isotype control black dotted line). A representative experiment of three. (C) 3D dSTROM image of IgM (green) and CD32B (red) expression on resting B lymphocytes pre-fixed before staining in order to avoid either BCR or CD32 clustering by the staining mAbs. A representative of ten cells. (D) Zoomed-in and 90-rotated image of the cell.







Functional ITIM-less CD32B1 is successfully expressed on the surface of effector T cells

In order to assess the ability of CTLs and other effector T cells which lack endogenous CD32B expression to ectopically express either native or ITIM mutated CD32B1 on their surface, we first used an in vitro generated mRNA vector to introduce both the native CD32B and its ITIM-less non signaling variant into these lymphocytes (Supplementary Figure 1). Human T cells isolated from blood of healthy donors were ex vivo activated by incubation with anti CD3 and anti CD28 mAbs, transfected with the various mRNA vectors, and expanded for up to a week with IL-2. Notably, following transfection about 80% of activated CD4 and nearly all activated CD8 T cells expressed high levels of both native and ITIM-less CD32B (Figure 2A and Supplementary Figure 2). Interestingly, the relative expression levels of the ITIM-less CD32B variant on both T cell subsets were twice as high as those of the native CD32B (Figure 2A) consistent with a reported role of the ITIM motif in CD32B endocytosis (16). As expected, when both activated CD4 and CD8 T cells were allowed to proliferate in the IL-2 rich culture, the expression levels of both the native and ITIM-less CD32B variants on both cell subsets were reduced with each T cell division until CD32B expression was nearly completely diminished 5 days post mRNA transfection (Figures 2B, C).




Figure 2 | T cells expressing the ITIM-less CD32B1 bind IgG1 mutated in its Fc region and firmly adhere to a surface-bound cognate antigen. (A) Transient expression of native or ITIM-less FcγRIIB1 on effector CD4 (top) and CD8 (bottom) T cells. The mean fluorescence intensity is indicated in the upper left corners of representative panels. (B, C) Relative expression levels of either native or ITIM-less FcγRIIB1 on different times post transfection of CD4 (left) or CD8 (right) T cells with in vitro generated mRNA encoding the indicated variants. (D) 3D dSTROM images of effector T cells transiently expressing ITIM-less CD32B. From left to right: CD45 (green), CD32B (red), overlay of both CD32B and CD45, and zooming in the cell periphery. (E) Binding of the Fc V11 variant (V11, red) of the humanized anti-GITR mAb DTA-1 to T cells transiently expressing ITIM-less CD32B analyzed by fluorescent staining with secondary Ab (depicted in the graphic presentation). The ITIM domain within the cytoplasmic tail is marked as a red dot in this presentation. Binding of the N297A Fc variant that lacks any binding affinity to CD32B (N297A, blue) and of native anti-GITR IgG1 (IgG, green) to the ITIM-less CD32B expressing T cells is depicted in the respective histograms. BG- Binding of vector transfected T cells to the V11 variant. Not shown, background overlay for the native IgG and N297A variants bound to vector transfected T cells. (F) Adhesion of T cells transiently expressing ITIM-less CD32B1 to either the V11 Fc or the N297A Fc variants of anti-GITR mAbs each coated on a glass surface. The mAbs were coated at a density of 10 μg/ml. Shown are the fractions of T cells originally settled on the different mAb coated substrates which remained adhered and resisted detachment by high shear stresses as analyzed by videomicroscopy. Values are the mean SEM of multiple fields of view. A representative experiment of three. For more details, refer to the Materials and Methods section.



We next followed by dSTORM super-resolution microscopy the distribution of the ITIM-less CD32B FcR relative to T cell MV. The IL-2 cultured lymphocytes were co-incubated in the cold with fluorescently labeled antibodies to CD32B and CD45, a surface molecule uniformly distributed on T cells (28) prior to fixation. Remarkably, T cell CD32B1 was expressed on all T cell microvilli and in some lymphocytes was distributed to the T cell body (Figure 2D). Nevertheless, and in contrast to CD45, CD32B1 occurred in tiny patches, on T cell microvilli (Figure 2D, enlarged inset). To validate the functionality of the ITIM-less CD32B, with respect to IgG Fc recognition, we next assessed the ability of effector human T cells, 24 hrs post transfection with the ITIM-less CD32B-encoding mRNA to bind native IgG1. Since the Fc of IgG1 mAbs binds CD32B with moderate affinity (20, 30) we also incubated our ITIM-less CD32B expressing T cells with an Fc region variant of IgG1 termed V11 which contains an Fc insertion of 5 mutations (G237D/P238D/H268D/P271G/A330R) with 200 fold higher CD32B binding affinity compared to native IgG1 (17, 20). Accordingly, T cells expressing the ITIM-less CD32B1 efficiently bound a soluble V11 Fc mutated IgG1 mAb (Figure 2E) but could not bind the same mAb clone modified with a single residue mutation (N297A), reported to completely abolish CD32B binding of IgG1 Fc (Figure 2E). Interestingly, native soluble IgG also failed to bind T cells expressing the ITIM-less CD32B (Figure 2E). These results suggested that CD32B expressing T cells transduced by an mRNA encoding the FcR can be readily decorated with any IgG1 mAbs conditionally to the insertion of the V11 segment in their respective Fc region. Apart from the utility of this methodology for screens of potential CAR constructs, the introduction of an mRNA which gets diluted with T cell division seems highly useful if a transient expression of CD32B on the T cell surface is desirable.

To support efficient adhesiveness to target molecules, cell surface receptors occupied by high affinity ligands (or mAbs) must be properly anchored to the cortical actin cytoskeleton underneath their plasma membrane (31, 32). We therefore next tested the ability of the native and ITIM-less CD32B1 expressed on the surface of our effector human T cells, once occupied by a V11-Fc modified IgG1 immobilized on a solid substrate, to generate firm adhesion (Figure 2F, scheme). To that end, we coated a glass slide with either a V11-Fc modified mAb or the non FcR binding N297A mutated IgG mAb and allowed the native or ITIM-less CD32B1 expressing T cells to settle on each of the coated mAbs. The settled T cells were then subjected to increasing shear stresses and the fraction of T cells firmly adherent to the substrate was determined. Remarkably, about 40% of ITIM less CD32B expressing T cells firmly adhered to the coated V11 Fc modified mAb (Figure 2F). Consistent with its lower expression levels on T cells, the native CD32B receptor conferred a smaller fraction of cultured T cells with the ability to adhere to a substrate similarly coated with the same V11 Fc-modified mAb. As expected, either the native or the ITIM-less CD32B expressing T cells failed to adhere to the non FcR binding N297A mutated IgG mAb coated on similar glass slides (Figure 2F). Collectively, these results indicate that ITIM-less CD32B1 ectopically expressed by T cells provides these lymphocytes with firm adhesion upon high affinity binding to a surface-immobilized Fc modified IgG1 mAb.





Effector T cells stably expressing ITIM-less CD32B1 get decorated with an Fc modified mAb and efficiently adhere to a surface coated cognate antigen

Having validated the functionality of the ITIM-less CD32B1 variant introduced into effector T cells, we next generated a retroviral vector encoding identical ITIM-less CD32B and introduced it into in vitro IL-2 cultured human effector T cells by transduction (24). This approach is extensively used for stable expression of various CARs (33, 34). Heterogenous expression of ITIM-less CD32B was obtained by this approach with a majority of effector T cells expressing 10-fold higher levels than B lymphocytes (Figure 3A). Importantly, these levels persisted for at least 12 days post transduction (data not shown). Interestingly, the expression levels of ITIM-less CD32B were two-fold higher than native CD32B1 (Figure 3A), reminiscent of the relative expression levels of the two FcR tail variants transiently introduced into effector T lymphocytes by mRNA transfection (Figure 2). These results further suggested that the ITIM-less CD32B mutant is intrinsically more stable than its native CD32B counterpart once transported to the plasma membrane of T cells. Similar to the effector T cells transfected with the CD32B1 encoding mRNA, the CD32B1 introduced via virus transduction was expressed on both the T cell microvilli and on the T cell body (Figure 3B). However, possibly due to its high density on the surface of the infected effector T cells, ITIM-less CD32B appeared uniformly distributed on the entire T cell plasma membrane.




Figure 3 | ITIM-less CD32B stably introduced into effector T cells is expressed at higher surface levels than endogenous CD32B of B lymphocytes and is distributed over the entire T cell surface. (A) Stable expression of ITIM-less CD32B in effector T cells introduced by retroviral mediated transduction. FACs analysis of expression levels of control or ILCD32B1 infected effector T cells determined 3 days post the third round of retroviral transduction, as compared with the expression of endogenous CD32B on the surface of B lymphocytes. Isotype control staining of ILCD32B1 infected effector T cells, control infected effector T cells, or B cells are depicted by bold dashed lines, thin dashed lines, or shaded lines, respectively. Data are displayed in a representative histogram, a representative experiment of five. (B) 3D dSTORM of CD32B on an effector T cell stably expressing ITIM-less CD32B. A representative cell of ten.



We next validated that the ITIM-less CD32B can efficiently bind the V11 modified Fc domain of two representative IgG1 mAbs both in solution and when immobilized on an adhesive substrate. As was found with T cells transiently expressing the ITIM-less CD32B (Figure 2), a soluble V11 Fc variant of an anti-GITR IgG mAb (DTA-1) readily bound T cells stably expressing the ITIM-less CD32B (Figures 4A, B). Accordingly, the vast majority of ITIM-less CD32B1 expressing T cells readily adhered to substrates coated with immobilized V11 Fc mutants of either anti GITR or anti CD40 mAbs (Figures 4C, D). In contrast, soluble native IgG1 anti-GITR or an N297A mutant of this IgG1 mAb failed to bind the ITIM-less CD32B expressing effector T cells (Figure 4A). We finally tested if an V11 Fc modified mAb occupying the CD32B1 on the surface of effector T cells can readily recognize their cognate antigens and mediated efficient T cell adhesion to a surface coated with this cognate antigen. Indeed, anti-CD40 V11 mAb-decorated CD32B1-expressing cells allowed to settle on a substrate coated with CD40 readily adhered to this antigen (Figures 4E, F). Importantly, the anti-CD40 mAb decorated effector T cells resisted detachment from the CD40 coated surface when subjected to high shear forces. In contrast, only a small fraction of non-decorated effector T cells adhered to the surface bound CD40, possibly via their endogenous CD40L (Figure 4F, bars 5-7). Thus, the CD32B-V11 Fc modified mAb complex occupied by surface-immobilized antigen confers effector T cells with stable adhesion.




Figure 4 | Effector T cells expressing ITIM-less CD32B efficiently bind soluble and surface coated V11-Fc modified IgG1 mAbs and stably adhere to a surface immobilized cognate antigen. (A, B) Binding of T cells stably expressing ITIM-less CD32B (ILCD32B1) to soluble forms of non-binding (N297A, left), native IgG (IgG, middle) and the high affinity CD32B binding V11 (V11, right) variants of humanized anti-GITR mAb DTA-1. (A) A scheme of the soluble antibody binding assay. Relative soluble IgG binding was determined by staining with a secondary fluorescent labeled Ab. (B) Dotted line corresponds to background (BG) binding of ITIM-less CD32B expressing T cells bound to isotype control; dashed line corresponds to binding of T cells infected with control vector to the indicated IgG1 mAbs; Shaded solid line: Binding of ITIM-less CD32B (ILCD32B1) expressing T cells to soluble forms of the indicated Fc variants analyzed by secondary Ab staining as explained in (A). Numbers in upper right corners indicate mean fluorescent intensity values of the corresponding histograms with background staining subtracted. A representative experiment of four. (C) A scheme of the T cell adhesion assay. T cells are settled on substrates coated with the various Fc modified IgG1 mAbs tested in D, followed by increasing shear stresses. The fractions of the T cells originally settled on the different mAb which remained adhered and resisted detachment are determined by videomicroscopy. (D) Shear resistant adhesion of T cells expressing ITIM-less CD32B to surface-immobilized V11 (V11) variants of either humanized anti-GITR mAb DTA-1 or anti-CD40 mAb 2141 (2141-Vaa). Shown are the fractions of the T cells originally settled on the different mAb coated substrates which remained adhered and resisted detachment by high shear stresses. Values are the mean SEM of multiple fields of view. A representative experiment of three. (E) A scheme of the T cell adhesion assay. ITIM-less CD32B expressing T cells pre-decorated with V11-Fc-modified anti CD40 mAb or not, are settled on a substrate coated with the cognate antigen CD40, followed by increasing shear stresses. The fractions of the T cells which resisted detachment are determined by videomicroscopy as outlined in (C). (F) Native relative adhesion of T cells expressing ITIM-less CD32B decorated with the V11-Fc modified anti-CD40 mAb 2141 or left intact, generated after being settled on surface-immobilized CD40. The relative shear resistant adhesion values were analyzed as in (D). A representative experiment of three. ns, non-significant, p > 0.05, ****, P ≤ 0.0001







Construction of a CD32-streptavidin scaffold for surface T cell decoration with biotin labeled mAbs

To bypass the need to generate individual V11-Fc modified IgG1 variants with specificity of interest, we next designed a CD32B based platform which can bind any biotin-labeled mAb of interest irrespective of its FcR recognition. To that end, we generated a fusion molecule consisting of the ITIM-less CD32B in which the entire N’ extracellular domain was substituted with a monomeric streptavidin variant termed mSA2 with intermediate affinity to biotin and biotin labeled proteins (21). The monomeric streptavidin was linked through a short hinge polypeptide derived from CD8 (23) to truncated CD32B (herein tCD32B1) followed by the entire transmembrane and the ITIM-less intracellular domains (Figure 5A, bottom row, and Supplementary Figure 3). The fusion molecule herein termed mSA2-CD8h-tCD32B1 was successfully introduced into human effector T cells with the same lentiviral vector used to introduce the ITIM-less CD32B into similar T cells (Figure 5B). We next validated that this fusion molecule can specifically bind both biotin-FITC and biotin-PE probes (Figures 5C and Supplementary Figures 4, Supplementary Figure 5). Importantly, the fusion molecule was also verified to localize to both the T cell microvilli and the T cell body (Figure 5D). Interestingly, the fusion molecule appeared patchy on the T cell surface reminiscent of the surface distribution of the full length CD32B1 (Figure 2D). Furthermore, effector T cells expressing the mSA2-CD8h-tCD32B1 fusion molecule got readily decorated with multiple biotin labeled primary mAbs as well as with a mono-biotinylated Avitag mAb fragment (Figures 6A–C and Supplementary Figure 6). Interestingly, a fusion molecule comprised of an identically truncated CD32B fused to another monomeric streptavidin variant with 7.5-fold faster biotin dissociation rate than mSA2, failed to bind biotinylated mAbs once introduced into T effectors (data not shown).




Figure 5 | A fusion protein composed of ITIM-less CD32B1 and the streptavidin derivative mSA2 binds biotinylated fluorophores. (A) Schemes depicting the ILCD32B1 (upper panel) and the mSA2-CD8h-tILCD32B1 fusion (lower panel) constructs. The red dotted line depicts the Y to F point mutation annulling the functional ITIM region in the cytoplasmic tail of CD32B1. Black in the lower panel is used to depict additional short amino acid linkers in the fusion protein. Schemes are drawn to scale. See Supplementary Figures 1 and Supplementary Figure 4 for details on the full DNA and aa sequences of these two constructs. (B) A scheme of a T cell expressing the fusion molecule decorated with a soluble biotin-labeled fluorophore. (C) FACs staining of mSA2-CD8h-tILCD32B1 expressing T cells decorated with the indicated biotin-conjugated fluorescent probes. A representative experiment of five. (D) dSTORM image of a biotin-labeled mAb (αCD54) bound to T cells expressing mSA2-tCD32B. A representative cell of ten.






Figure 6 | T cells expressing the CD32B streptavidin fusion protein bind biotinylated mAbs and firmly adhere to a surface-bound cognate antigen. (A) A scheme depicting a T cell stably expressing mSA2-CD8h-tILCD32B1 decorated with biotin labeled mAb. (B, C) Binding of T cells stably expressing mSA2-CD8h-tILCD32B1 to soluble polybiotinylated anti-ICAM-1 (CD54) (B) and anti-CD106 (VCAM-1) mAbs (C) analyzed by FACS. A representative experiment of five. (D, E) T cells expressing the mSA2-CD8h-tILCD32B1 fusion protein decorated with biotin-labeled anti-ICAM-1 readily adhere and spread on ICAM-1 coated on a glass surface (E, left image) and resist detachment by high shear stresses (E, right image). The same mAb decorated T cells settled on a control HSA-coated substrate were readily detached by the same shear stresses. Values are the mean SEM of multiple fields of view. A representative experiment of three conducted with binding medium supplemented with 1 mM Ca2+. For more details, refer to the Materials and Methods section. *, P ≤ 0.05



We next tested if the mSA2-tCD32B expressing T cells, once decorated with a biotin-labeled mAb with a defined specificity can readily adhere to surface-bound cognate antigen recognized by the decorating biotinylated mAb. Remarkably, when the mSA2-tCD32B expressing effector T cells decorated with a biotin labeled anti-ICAM-1 mAb were settled on a surface coated with ICAM-1, nearly all mAb decorated T cells remained stably adherent when subjected to increasing shear stresses (Figures 6C, D). A major fraction of the adherent lymphocytes also spread on this ligand, possibly via mAb-triggered LFA-1 outside in signaling (Figures 6D,E). In contrast, mSA2-tCD32B expressing T cells decorated with a biotin labeled anti-VCAM-1 failed to recognize the ICAM-1 coated substrate and readily detached from it (Supplementary Figure 7).





The CD32-streptavidin scaffold promotes stable in vitro and in vivo T cell decoration with biotin labeled mAbs

The usage of T cell decoration with mAbs of interest would require the decorating mAb to be stably bound to the mSA2-CD8h-tILCD32B1 scaffold expressed on the surface of these lymphocytes. We therefore first determined the relative surface density of the decorated biotinylated mAb in T cells at different time points in vitro by FACS. As shown in Figure 7A, the majority of originally decorated T cells (86%) retained similar high levels of surface-bound mAb for the first 4 hours after initial mAb binding. Furthermore, by 24 hours after mAb decoration, 73% of originally decorated T cells retained the surface-bound mAb but at reduced surface density.




Figure 7 | Stable in vitro and in vivo persistence of multiple mAbs on the surface of effector T cells expressing the mSA2-CD8h-tILCD32B1 scaffold. (A) Effector T cells were ectopically infected with mSA2-CD8h-tILCD32B1 and were either left intact or decorated with a control biotinylated rat IgG anti-B220 (not expressed in NSG mice). Cells were washed twice and taken immediately for analysis (time zero) or suspended in T cell media at 37°C for 4 or 24 hours. The amount of decorated mAb was determined by labeling with APC conjugated anti-rat antibody and flow cytometry analysis. A representative experiment of three. (B) A scheme depicting the experimental procedure for panels C-E. Briefly, 1x104 E0771 breast cancer cells were implanted into the mammary fat pad of NSG female mice. 8 days later, dye labeled mSA2-CD8h-tILCD32B1 effector human T cells decorated with different biotin-conjugated antibodies were intratumorally injected and 0, 4 or 24 hours later, the mammary fat pads were harvested and processed for either immunohistochemistry (IHC), immunofluorescence (IF) or flow cytometry of single cell suspensions. (C) Hematoxylin and Eosin (H&E) staining of tumor margin area in which the location and shape of differentially decorated mSA2-CD8h-tILCD32B1 expressing effector human T cells was analyzed. Tu- tumor; Md- mammary duct. Note also the abundant white globular adipocytes in the tissue sample. A representative experiment of five. (D) Effector T cells expressing mSA2-CD8h-tILCD32B1 were CMTMR labeled and either left intact or decorated with a biotinylated mAb as in (A). Cells were injected into mammary fatpad implanted tumors as described in (B). Tumors were harvested either immediately or 4 and 24 hours later and total cell suspensions were prepared and T cell decoration with biotin labeled mAbs was analyzed by FACS as in (A). A representative experiment of three. (E) T cells were decorated with biotin anti-podoplanin mAb and injected into mammary fatpad as described in (B). Representative images for T cells (red, hCD3) adhered or spread on podoplanin expressing lymphatics (orange). DAPI staining is shown in blue. The decorated T cells did not interact with podoplanin rich CAFs (not shown). Representative images of 50.



We next similarly assessed the relative decoration of scaffold expressing T cells in vivo. To this end, we established a breast cancer model based on orthotopic implantation of the breast cancer line E0771 in NSG mice (Figures 7B, C). The use of this immunodeficient recipient strain was aimed to minimize any potential endogenous antibody reactivity targeted at the mAb decorated human T cells studied. The mSA2-CD8h-tILCD32B1 expressing T cells were in vitro decorated with a biotin labeled mAb as above, and injected directly into E0771 implanted breast tumors (Figure 7B). Tumors were harvested either immediately or 4 and 24 hrs after injection and the relative surface density of the decorated biotinylated mAb was determined by FACS. As depicted in Figure 7D, the majority of originally decorated T cells (69%) retained similar levels of surface-bound mAb for the first 4 hours after initial mAb binding. Nevertheless, by 24 hours after mAb decoration, half of originally decorated T cells retained the surface-bound mAb but at diminished surface decoration densities.

Finally, we tested whether intra-tumorally injected effector T cells stably decorated with a mAb specific for a tumor enriched cell-surface marker can preferentially interact with cancer associated stromal cells expressing this marker. We chose as a model cell surface antigen podoplanin, a mucin-type transmembranal protein enriched both on tumor associated lymphatics and cancer associated fibroblasts (35, 36). Notably, the spontaneous retention of undecorated human effector T cells injected into E0771 tumor bearing mammary fatpads was much higher than in tumor-free mammary fatpads (Supplementary Figure 9). Nevertheless, a fraction of the tumor injected T cells decorated with biotin anti-podoplanin mAb was found to interact with tumor-associated lymphatic vessels (Figure 7E). Notably, close to 40% of the podoplanin-specific mAb-decorated T cells spread upon adhering to the podoplanin expressing lymphatics (Figure 7E). In contrast, less than 5% of the T cells which were decorated with control mAb and adhered to podoplannin expressing lymphatic cells spread on these cells.

To further assess whether the seemingly enhanced interactions between the spread mAb- decorated T cells and podoplanin rich lymphatics contribute to the overall number of T cell accumulation inside tumor bearing NSG mice recipients, we next co-injected into E0771 breast tumors equal numbers of mSA2-CD8h-tILCD32B1 expressing human T cells, differentially labeled with different cell trackers decorated with either biotinylated anti-podoplanin or isotype control biotin mAb. The overall accumulation of these two groups of effector T cells was, however, comparable both at 4 and 18 hours after intratumoral injection (Supplementary Figure 9 and data not shown). We therefore conclude that consistent with previous reports on effector T cells accumulated in solid tumors (37), the podoplanin-specific interactions of the mAb decorated T cells were masked by high spontaneous interactions of effector lymphocytes with multiple cellular and extracellular components of the E0771 breast tumors studied by us.






Discussion

We have applied two new genetic strategies for the decoration of effector human T cells similar to cultured CAR or TCR T cells or TILs with any mAb of interest (for a comparison of these strategies please refer to Table 1). The two approaches are based on an introduction of a mAb binding FcRII (CD32B) scaffold which is stably expressed on the surface of T lymphocytes that lack endogenous expression of this scaffold. The FcR contains a cytoskeletal binding cytoplasmic tail rendered non-signaling by mutation of the tail expressed ITIM motif (14–16). We have demonstrated the utility of this FcR expressed on the surface of T cells as an efficient mAb binding scaffold. Once introduced into effector T cells, this FcR could be readily occupied with both soluble and surface-immobilized IgG mAbs if these mAbs were appropriately engineered in their Fc region to bind with nM range affinities to the Fc binding site of the CD32B1. To overcome the requirement to engineer the Fc region of each mAb of interest, we have also developed a derivative of the truncated variant of the ITIM-less CD32B1, in which the extracellular IgG Fc binding domain was replaced with a monomeric avidin derivative, mSA2, which can serve as a universal scaffold for any biotin-labeled mAb (23). Importantly, these different CD32B based derivatives can each be used to decorate T cells with either a single specificity mAb or with any desirable combination of mAbs with diverse specificities. On the other hand, although a highly efficient mAb binding scaffold, the CD32-mSA2 fusion protein consists of potentially immunogenic moieties derived from bacterial streptavidin derivates (38). Repeated introduction of therapeutic CTLs decorated with such a scaffold may therefore elicit undesirable humoral responses and CTL clearance (39). On the other hand, similar fusion molecules containing streptavidin moieties have been introduced into CTLs in the past and were not reported to elicit such responses (23). Nevertheless, our tentative conclusion is that although the usage of the full length CD32B requires the Fc engineering of the mAb(s) of interest, this scaffold appears superior to the CD32-mSA2 fusion scaffold for repeated injections of CTLs into patients.


Table 1 | A summary of the two CD32B1-based scaffolds used in the present study.



Our main goal in genetically engineering therapeutic T cells with CD32B based IgG binding scaffolds is to improve the accumulation of such T cells in solid tumors. The introduction of our different CD32-based constructs could be either stable (i.e., by infection with a retroviral vector) or transient (using mRNA introduced by electroporation). We have indeed shown that decoration of effector T cells with appropriate mAbs can confer new cell-adhesive properties to these lymphocytes, potentially facilitating their recognition of specific target molecules enriched in the tumor stroma (7). Notably, tumor associated vessels downregulate canonical vascular adhesion molecules normally recognized by therapeutic effector T cells such as the integrin ligands ICAM-1 and VCAM-1 (40–44). On the other hand, these vessels upregulate unique combinations of different cell surface proteins such as P32 (5, 8, 45, 46), Galectin-1 (9, 47), CD276 (48), Annexin-1 (10, 11, 49), CD13 (6, 12, 50, 51), and others (7). It is therefore possible that once decorated with a single mAb or with a combination of mAbs with specificities to several of these cell surface proteins, CD32B1 expressing T cells will efficiently interact with tumor associated vessels that express these multiple cell surface proteins. Likewise, surface molecules expressed by non-vascular stromal cells in the tumor microenvironment like fibroblasts and macrophages could be promising adhesive ligands for our mAb decorated effector T cells (52). In addition, extracellular matrix molecules enriched nearby cancer cells can also be attractive targets for enhanced T cell accumulation inside solid tumors (53).

Recent works suggested to utilize engineered CARs specific for tumor vascular enriched antigens in order to improve the killing efficacy of effector therapeutic T cells reaching solid tumors (54). However, this approach suffers from significant toxicity issues ranging from the destruction of healthy tissue to the cytokine release syndrome (CRS) by the CAR T cells (55). Our approach is different because it is primarily designed for introducing de novo adhesive properties via a non-signaling mAb-binding scaffold not designed to kill or release cytokines. To acquire these properties, we have utilized a versatile molecule endogenously localized to T cell microvilli and anchored to the cytoskeleton. We have also demonstrated its broad applicability for T cell decoration of any mAb of interest i.e., for any other stromal expressed antigen enriched the TME. The new mAb decoration approaches introduced by us can confer new cell adhesive reactivities to therapeutic T lymphocytes such as CAR or TCR T cells (CTLs) or patient derived TILs. We have also confirmed the in vivo stability of biotin labeled mAbs bound to our streptavidin-CD32 fusion scaffold expressed on the surface of effector T cells. We also demonstrated specific spreading of T cells decorated with anti-podoplanin on tumor associated lymphatics enriched with this surface antigen. This spreading may reflect stronger adhesive interactions between the decorated T cells and the podoplanin-rich cells. Nevertheless, in this single model tested, the specific interactions of the mAb decorated T cells with this chosen cognate antigen were most likely masked by the high spontaneous adhesion of effector lymphocytes to other cellular and extracellular components of the tumor. Future in vivo studies with other mAb-decorated T cells interacting with other tumors are required to assess the potential of this approach for improved migration, accumulation or killing activities of mAb decorated T cells. Such studies can open up new opportunities for new in vivo targeting of therapeutic T cells into different aggressive tumors.
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