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binding and presence of tFab on targeted lentiviral surface (arrows) Scale bars (white; upper left) 

represent 100 nm. 
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in Figure 2b. d) Representative flow plots (left panel) and quantification summary (right panel) 

of residual tumor cells remaining in cocultures with NT, tFab, SINV-CAR, or SINV-CAR plus 

tFab treated T cells (E:T = 1:1) for 4 or 5 days (BV-173 and Daudi, respectively). All cells were 

collected and stained with CD3 and CD19 mAbs to identify T cells and tumor cells, respectively, 

by flow cytometry (n = 4, mean shown). *, P=0.0350 SINV-CAR plus tFab vs SINV-CAR; *, 

P=0.0175 SINV-CAR plus tFab vs tFab; **P=0.0003, two-way ANOVA. e) Quantification of 

IFN𝛾 (left panel) and IL-2 (right panel) cytokine production in supernatant collected after 48 

hours of co-culturing NT, tFab, SINV-CAR, or SINV-CAR plus tFab treated T cells with tumor 

cell lines (E:T = 1:1) (n = 4, mean shown). **P<0.0021, ***P=0.0002****P<0.0001, two-way 

ANOVA. f) Flow plots showing the CD80 and CD86 expression in BV-173 and Daudi cell lines.  
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Figure S3: Absolute numbers of T cells detected from weekly bleeds in mice of in vivo tumor 

model. a) Representative tumor bioluminescence (BLI) (color scale: min = 1 x 106; max = 5 x 107) 

for mice treated according to scheme from Figure 3a. b) Representative flow plots (left panel) of 

the percentage of CD3+CD45+ human T cells in the peripheral blood at day 18. Quantification 

summary (right panel) of the number of CD3+CD45+ human T cells in the peripheral blood 4, 11, 

and 18 days after PBMCs injection (n = 10 each condition, mean shown). Empty symbols denote 

the flow plots shown to the left. c) Representative flow plots (left panel) of the percentage of 

human CAR-T cells (gated on CD3+CD45+) in the peripheral blood at day 18. Quantification 

summary (right panel) of the number of human CAR-T cells (gated on CD3+CD45+) in the 

peripheral blood 4, 11 and 18 days after PBMCs injection (n = 10 each condition, mean shown). 

Empty symbols denote the flow plots shown to the left. **, P=0.0073, two-way ANOVA. d) Flow 

plots of CAR-T cells (gated on CD3+CD45+) in the peripheral blood at the time of euthanasia. e) 

Quantification summary of the number of hCD3+hCD45+ T cells in the peripheral blood at the 

time of euthanasia (n = 10 each condition, mean shown). 
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Supplementary Methods 

Immunophenotyping 

 T cells were stained with Abs against CD3 (APC-H7, clone SK7), CD8 (Alexa Fluor 700, 

clone RPA-T8) and CD45 (APC, clone 2D1) from BD Biosciences. Tumor cells were stained with 

Ab against CD19 (FITC, clone SJ25C1) from BD Biosciences. The expression of the anti-CD19 

CAR was assessed using specific anti-idyotipic Ab, followed by the staining with a secondary rat 

anti-Mouse Ab (PE, clone X56) from BD Biosciences. Data acquisition was performed on BD 

LSRFortessa or Canto II flow cytometer using the BD FACS-Diva software or on a MACSQuant 

(Miltenyi Biotec). Data analyses was performed with the FlowJo software (Version 9 or 10).  

 

Lentiviral vector design, production, and titration 

 Mutant Sindbis pseudotyped lentiviruses (SINV-LV) were generated via four plasmid 

transfection in 293T packaging cells. The mutant Sindbis envelope plasmid was constructed by 

cloning the Sindbis virus glycoprotein insert from plasmid 2.2 (Addgene plasmid no. 34885) [1] 

into an expression vector plasmid backbone under the CAG promoter. The ZZ domains of 

Protein A were removed from the mutant E2 domain of the new mammalian expression plasmid 

via Gibson Assembly cloning. Mutations of the Sindbis envelope glycoprotein included: (i) 

deletion of residues 61-64 in the E3 leader sequence and (ii) SLKQ68-71AAAA and KE159-

160AA in the E2 glycoprotein domain. Negative control envelope plasmids for antibody binding 

specificity studies were kind gifts of Bob Weinberg (pCMV-VSV-G, Addgene plasmid no. 8454) 

[2] and Jakob Reiser (pCG-HcΔ18, Addgene plasmid no. 84817). To generate functional 

pseudotyped LV vectors with measles virus glycoproteins, Jakob Reiser also provided the 

sequence for cloning the measles virus fusion (F) protein envelope plasmid (pCG-FcΔ30) [3]. 
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The pLL3.7 transfer plasmid (Addgene plasmid no. 11795) was a gift from Luk Parijs [4] and 

used as the transgene cassette for expressing eGFP as a reporter of transduction in SINV-GFP. 

Using NotI and BspEI in a restriction enzyme double digest, we generated a new transfer 

plasmid, pLL CD19 CAR, from the pLL3.7 plasmid backbone for producing SINV-CAR. The 

new gene cassette for pLL CD19 CAR consisted of an EF-1α internal promoter, anti-CD19 scFv, 

CD8 flexible hinge domain, CD8 transmembrane domain, CD28 costimulatory endodomain, 

CD3ζ chain, and WPRE post-transcriptional regulatory element all flanked by the original LTRs 

of the pLL3.7 plasmid backbone. Third generation lentiviral packaging plasmids pMDLg/pRRE 

(Addgene plasmid no. 12251) and pRSV-Rev (Addgene plasmid no. 12253) were gifts of Didier 

Trono [5]. LV were produced via transient transfection of LV-MAX cells according to 

manufacturer protocols for the LV-MAX lentiviral production system kit (Gibco). Briefly, 1.2 x 

108 viable cells were seeded in a vented shaker flask for a final production volume of 30 mL. A 

3:2 ratio of packaging plasmids (envelope, gag/pol, and rev) to transfer plasmid was combined 

with LV-MAX Transfection Reagent in serum-free medium and subsequently added to cells in 

shaker flask after 10 minutes of incubation. At ~ 48 hours following transfection, cells were 

collected from suspension culture along with their medium and centrifuged at 1,300 x g for 15 

mins to pellet cells. Supernatant containing LV vectors was harvested and filtered through a 0.45 

μm low protein binding filter to further remove cell debris. Filtered supernatant was added 

carefully dropwise to a sucrose cushion (25% w/v sucrose in HEPES-NaCl buffer) and subjected 

to ultracentrifugation at 36,000 rpm for 2.5 hrs at 4˚C. Following ultracentrifugation, supernatant 

and sucrose cushion were carefully aspirated leaving LV pellet at bottom center of tubes. LV 

pellets were resuspended overnight at 4˚C with 10% w/v sucrose in HEPES-NaCl buffer, 

aliquoted, and frozen at -80C for long-term storage. In vivo grade LV was prepared by the Duke 
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University Viral Vector Core (Boris Kantor Lab) using calcium phosphate-based transfection of 

adherent HEK-293T cells and subsequent double-sucrose gradient purification [6]. All LV were 

titered immediately after thawing a fresh aliquot on ice using a qPCR lentiviral titration kit 

according to manufacturer protocols (Applied Biological Materials Inc., Cat # LV900). 

 

Bispecific antibody binder construction, expression, and characterization 

 Heavy and light chain antibody constructs were generated on separate mammalian 

expression vectors, each with the same backbone and CAG promoter sequence. Twist Bioscience 

performed the molecular cloning of antibody gene constructs for mammalian expression. 

Following an albumin signal peptide for protein secretion, the bispecific antibody (BsAb) 

tandem Fab (tFab) heavy chain construct consisted of a murine anti-Sindbis E2 variable heavy 

domain (VH) and human IgG1 constant heavy 1 domain (CH1) covalently linked with a 

humanized anti-CD3 VH and human IgG1 CH1 by a flexible glycine-serine peptide linker (G4S)6. 

The C-terminus of this VH-CH1-Linker-VH-CH1 bispecific heavy chain construct contained an 8x 

polyhistidine tag for purification purposes. A separate construct was designed for each of the two 

different light chains of the tFab. The anti-Sindbis E2 light chain consisted of a variable light 

domain and human constant lambda light chain domain (VL-Cλ), while the anti-CD3 light chain 

consisted of a variable light domain and human constant kappa light chain domain (VL-Cκ). The 

murine anti-Sindbis E2 VH/VL sequences were kindly provided by Diane Griffin (Johns Hopkins 

University; unpublished results), and the anti-CD3 VH/VL sequences were publicly available 

from a humanized version of the mAb clone UCHT1 [7]. To generate the bispecific tFab (Fab α-

E2 – Linker – Fab α-CD3), separate orthogonal amino acid mutation sets were incorporated into the 

separate anti-E2 and anti-CD3 Fab domains [8]. These orthogonal mutation sets provided high-
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fidelity pairing of antibody heavy and light chains for correct assembly of desired BsAb 

molecule. This OrthoMab technology to generate high-fidelity BsAbs was licensed through a 

partnership between Dualogics and UNC-CH. A humanized anti-CD3 IgG1 mAb (IgG1 
α-CD3) was 

also generated with the same set of orthogonal mutations from the tFab’s anti-CD3 portion and 

used as a control molecule for in vitro experimentation. 

 Plasmids encoding the antibody heavy and light chains were co-transfected at equimolar 

ratios into Expi293F mammalian cells using the ExpiFectamine 293 transfection kit based on 

manufacturer protocols (Gibco). tFab required co-transfection of three separate plasmids at 

equimolar ratios (heavy chain plasmid, anti-E2 light chain plasmid, and anti-CD3 light chain 

plasmid), while IgG1 
α-CD3 only required co-transfection of two separate plasmids at equimolar 

ratios (anti-CD3 heavy chain plasmid including an IgG1 Fc and anti-CD3 light chain plasmid). 

After ~5 days of recombinant protein expression, suspension cells were pelleted by 

centrifugation at 8,000 x g, and the supernatant containing expressed antibodies was harvested 

and filtered through a 0.2 μm PES filter. tFab α-CD3 x α-E2 was purified from cell culture 

supernatant via immobilized metal affinity chromatography (IMAC) using Ni-NTA agarose 

(Qiagen). IgG1 
α-CD3 was purified from cell culture supernatant via affinity chromatography using 

protein A plus agarose (ThermoFisher Scientific). Purified proteins were simultaneously 

concentrated and buffer exchanged into PBS using ultrafiltration (MWCO 30 K, Amicon Ultra). 

Antibody concentration was determined by spectrophotometry measurements using calculated 

protein extinction coefficients (A280 NanoDropTM One/OneC). The size and purity of purified 

antibodies were assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), and protein bands were detected with Coomassie stain (Imperial Protein Stain, Thermo 

Scientific). 
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Antibody binding assays 

 Indirect enzyme-linked immunosorbent assay (ELISA) was used to characterize and 

compare binding affinities of purified antibodies to both target antigens: human CD3ε and 

mutant Sindbis E2 glycoprotein. Briefly, either human CD3ε protein (Novus Biologicals, Cat # 

NBP2-22752) or SINV-LV particles, purified from in-house recombinant production (see 

above), were coated as antigen onto high binding, half-area, clear 96-well plates (Corning 

Costar, Cat # 3690) overnight at 4˚C. Human CD3ε protein was diluted to 1 μg mL-1 in carb-

bicarb buffer (pH 9.6, Sigma C3041) for overnight coating, while purified SINV-LV stocks were 

diluted 100-fold in the same carb-bicarb buffer for overnight coating. The next morning, plates 

were washed 5x with PBS-0.05% Tween (PBST) and subsequently blocked for 1-2 hours at 

room temperature with 5% w/v non-fat milk in PBST. Purified antibody samples and controls 

were serially diluted in 1% w/v milk-PBST, spanning at least three orders of magnitude in 

concentration, and added to the blocked plates for 1-2 hour incubation at room temperature. 

Following 5x PBST washes of the plates, bound antibodies were detected using goat anti-human 

kappa light chain HRP conjugated secondary antibody (Sigma-Aldrich, Cat # A7164) at 1:1,000 

dilution in 1% w/v milk-PBST for 1 hour incubation at room temperature. Following 5x PBST 

washes to remove unbound secondary detection antibody, 1-Step Ultra TMB-ELISA substrate 

solution (Thermo Scientific) was added for up to 10 mins to detect HRP activity. The enzymatic 

reaction was quenched by adding equal volume of 2 N sulfuric acid, and the color development 

was immediately determined by taking absorbance measurements at 450 nm (signal) and 570 nm 

(background) wavelengths using a SpectraMax M2 microplate reader (Molecule Devices). 
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Negative control wells, including antigen coated, blocked wells without primary antibody 

incubation and uncoated, blocked wells with primary antibody incubation, both revealed 

negligible signal development in the assay. Background subtracted absorbance values for each 

sample condition, run in triplicate, were imported into GraphPad Prism 8 software for calculating 

the binding affinity of each antibody titration curve and presented as equilibrium dissociation 

constants (KD). A nonlinear curve fit with one site – specific binding was used to determine the 

KD values. 

 To evaluate the specificity of tFab binding to mutant Sindbis glycoproteins, purified LVs, 

made from the same passage of LV-MAX packaging cells, with different envelopes (SINV, 

VSV-G, and Measles) were blotted directly onto a nitrocellulose membrane for dot blot 

immunoassay. Briefly, nitrocellulose membranes were blotted directly with 1 μL of purified LV 

samples of different envelope pseudotypes. Once samples were dry, the membranes were washed 

5x with PBST before blocking the membranes for 1 hour at room temperature in 5% w/v milk-

PBST with gentle agitation. IgG1 
α-CD3 negative control or tFab α-CD3 x α-E2 were diluted separately 

to 3 μg mL-1 concentration in 1% w/v milk-PBST. The blocked membranes were transferred 

separately to these primary antibody solutions and incubated for 1 hour at room temperature with 

gentle agitation for antibody binding. After 5x washes with PBST, primary antibodies bound to 

the membranes were detected using goat anti-human kappa light chain HRP conjugated 

secondary antibody (Sigma-Aldrich, Cat # A7164) at 1:1,000 dilution in 1% w/v milk-PBST for 

1 hour incubation at room temperature with gentle agitation. After 5x washes with PBST, the 

membranes were imaged together with identical exposure times using a ChemiDoc XRS+ 

imaging system (Bio-Rad). Chemiluminescent signal of secondary antibody binding was 

detected using Clarity Western ECL substrate (Bio-Rad, Cat # 1705061).  
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Transmission electron microscopy (TEM) of lentivirus 

 Purified SINV-LV was incubated on a glow discharged CF300Cu grid. Excess sample 

was wicked away from the grid and rinsed with washing buffer (1x PBS). The grid was blocked 

in 1% w/v BSA-PBS, rinsed with washing buffer, and incubated with tFab (10 μg mL-1) at room 

temperature. Following another buffer rinse, secondary gold bead conjugated antibody (Abcam, 

Cat # ab39596) was incubated with the grid at a final stock dilution of 1:50 at room temperature. 

The grid was rinsed with washing buffer prior to addition of 4% PFA for fixation. Following a 

final buffer rinse, negative staining was performed. The grid was rinsed with DI water followed 

by addition of 1% uranyl acetate solution to the grid for 10 minutes. A final rinse with DI water 

was performed. The entire process took place in a 150 x 15 mm petri dish to prevent evaporation 

of solutions. Images were captured using an FEI Tecnai T12 transmission electron microscope at 

120 kV.  
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