
 

Figure 3: Multiplex control of split Cas13d ribonucleases. 

A. The top panel illustrates 4 optimized split RfxCas13d designs responsive to Dano, 4-OHT, and 
ABA. The dNS3/DNCR domains dimerize upon Dano induction, resulting in ~60% mCh-specific 
knockdown. The ERT2 domain localizes to the nucleus upon 4OHT induction, bringing the Cas13d 
C-terminal in close proximity with the N-terminal that is sequestered in the nucleus with an NLS, 
leading to ~60% induced mCh-specific knockdown with minimal leaky activity when uninduced. 
The ABI/PYL system dimerizes upon ABA induction, leading to 67% mCh-specific knockdown. 
While the former 3 systems are ON switches that become active upon induction, the dNS3/ANR 
system forms an OFF switch with split Cas13d. The dNS3/ANR system constitutively dimerizes 
until Dano competitively binds to dNS3 and displaces ANR, which inhibits Cas13d activity. Con-
stitutive mCh-specific knockdown was over 70%, which is fully rescued with Dano induction.  

B. Schematic of the small molecule-endogenous signal AND gate. A GSK inhibitor (green circles), 
mimicking the endogenous WNT signaling pathway, activates the WNT-responsive SuperTOP 
Flash (STF) promoter and activates the transcription of the GA-inducible split Cas13d. This Cas-
cading transcriptional and post-translational control of split Cas13d achieved ~70% mCh-specific 
knockdown only in the presence of both the GSK inhibitor and GA (blue triangle). 
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Figure 4: Orthogonal multiplex inducible RNA regulation. 

A. Collection of optimized small molecule-inducible split Cas13b systems responsive to GA, ABA, 
and Dano. All ON and OFF switches with Cas13b generate mCh-specific knockdown with a dy-
namic range of around 70% between induced and uninduced conditions and no leaky activity in 
the off state.  

B. Dano-inducible Cas13b regulates mCh expression, while GA-inducible Cas13d orthogonally 
regulates HLA surface expression through targeted knockdown of B2M. Results show ~60% re-
duced mCh expression only upon Dano induction, while HLA expression is downregulated by >80% 
with GA induction. No cross-talk between the GA-inducible Cas13d and Dano-inducible Cas13b 
was observed. Dual knockdown of mCh and HLA upon simultaneous stimulation of GA and Dano 
is as efficient as the knockdown when induced separately.  

C. Dano-inducible Cas13b regulates mCh expression while Dano-inhibited Cas13d regulates HLA 
surface knockdown. Upon Dano induction, Cas13b is actively knocking down mCh, while Cas13d 
is inactive. In the absence of Dano, Cas13d inhibits HLA expression while Cas13b is inactive, and 
mCh is highly expressed.   
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Figure 5: Cas13-based RNA-level IFFL pulse generator 

A. The incoherent feed-forward loop, IFFL, is composed of an activation and a repression arm, 
where the activation arm, Dano-inhibited Cas13b, regulates both the output mCh and the repres-
sion arm Cas13d which also regulates output expression. In response to a sustained Dano-induc-
tion, output expression increases transiently and then undergoes adaptation, while the repression 
arm expression, GFP, consistently increases.  
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B. HEK293FT cells were transfected with the entire circuit, induced with Dano, and imaged for 
mCh and GFP expression over time. As Cas13d-GFP expression consistently increased after 
Dano-induction, mCh adapted back to the basal expression level in response to the sustained 
Dano induction.  

C. Reducing Dano concentrations resulted in reduced adaptation responses of the circuit. Output 
expression normalized to mode is shown here, raw output expression data is shown in supple-
mentary figure 16.  

D. A schematic showing different pulse topologies generated with varied small molecule concen-
trations regulating the activation arm. Parameters, such as the peak time, adaptation, and ampli-
tude, can be used to quantitatively describe the pulse topology: higher concentrations of Dano, a 
stronger activation arm, may lead to faster peak time, increased peak amplitude, and decreased 
adaptation efficiency.  

E. When we replace the repression arm of the IFFL with the GA-inducible Cas13d, the output 
pulse topology becomes susceptible to changes in both the activation regulator, Dano, and the 
repression arm regulator, GA. Heatmap shows the adaptation of output mCh at 60 hours for dif-
ferent Dano and GA concentrations. With 5uM Dano induction, output achieves perfect adaptation 
(~0%) at 60h with minimal GA induction, as the repression arm is also expressed strongly along 
with the output. With a decreasing Dano concentration, a higher GA concentration is required for 
perfect adaptation.  

F. Peak time is affected by both Dano and GA in the dual-regulated IFFL. Output expression 
peaks sooner and starts to decrease in a short time with simultaneous strong induction of Dano 
and GA.  
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Figure 6: Simultaneous and orthogonal regulated gene knockdown in mice 

A. Experimental timeline of in vivo demonstration of GA and ABA-inducible knockdown of Fluc 
and Antares, respectively by Cas13d and Cas13b. Plasmids carrying the inducible split Cas13s, 
gRNAs, and the target luciferase are delivered in vivo using hydrodynamic tailed vein transfection 
at 0h. Inducers were injected intraperitoneally at 2h and 6h after transfection. In vivo lumines-
cence imaging was performed 8h after transfection for Fluc expression and 24h after transfection 
for Antares expression.  

B. The GA-inducible Cas13d generated 98% reduction in Antares luminescence in the GA-induc-
ible targeted group compared to uninduced and or untargeted groups in vivo. Sample replicates 
left to right: n=6, n=3, n=10, n=6; **P<.01.  

C. The ABA-inducible Cas13b generated 65% reduction in Fluc luminescence in the ABA-induc-
ible targeted group compared to uninduced and or untargeted groups in vivo. Sample replicates 
left to right: n=3, n=3, n=4, n=4; ***P<.001.  

D.  Mice were transfected with both Fluc targeting GA-inducible Cas13d system and Antares 
targeting ABA-inducible Cas13b system, randomly injected with either vehicle control, GA, ABA, 
or GA and ABA. Luminescence imaging shows that Fluc and Antares were orthogonally regulated 
by GA and ABA in vivo. Sample replicates left to right: n=8, n=5, n=6, n=4; *P<.05, **P<.01, 
***P<.001. P-values were calculated by two-tailed t-test. 
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STAR METHODS 

Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

HLA-ABA FITC conjugated antibody BD Bioscience  555552 

HLA-A2 PE conjugated antibody BD Biosciences 560964 

CD46 Alexa Fluor 594-conjugated Antibody R&D systems FAB2005T 

ImmunoCult Human CD3/CD28 T Cell Activator STEMCELL 10971 

Chemicals, Peptides, and Recombinant Proteins 

RPMI-1640 Lonza 12–702Q 

Freestyle 293 Expression Medium Fisher Scientific 12-338-026 

DMEM Corning 10–013 

X-VIVO 15 Lonza 04–418Q 

Human AB serum Valley Medical HP1022 

FBS Thermo Fisher Scientific 10437–028 

2-Mercaptoethanol Thermo Fisher Scientific 31350010 

L-glutamine Corning 25-005-CL 

Penicillin/Streptomycin Caisson PSL01 

Sodium Butyrate Alfa Aesar A11079 

Danoprevir MedChem Express HW-10238 

Eagle’s Minimum Essential Medium Corning 10-009-CV 

Lipofectamine3000 Thermo Scientific L3000008 

Polyethylenimine Polysciences 23966-2 

N-Acetyl-L-cysteine Sigma-Aldrich A9165 

Lenti-X Concentrator Takara Bio 631232 

RetroNectin Recombinant Human Fibronectin 
Fragment 

Clontech T100B 

Phosphate-Buffered Saline (10X) pH 7.4 Thermo Fisher Scientific AM9625 

Sodium Chloride Thermo Fisher Scientific AAJ2161836 

Abscisic Acid Gold Biotechnology A-050-500 
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Gibberellic acid Toronto Research Chemi-
cals 

G377500 

CHIR 90021 Tocris Bio-Techne 4423 

4OHT HelloBio HB2508 

Puromycin Invivogen ant-pr-1 

DMSO CHEM-IMPEX INT’L INC 00635 

Ethanol Fisher Bioreagents BP2818500 

Corn oil MedChemExpress HY-Y1888 

IL-2 NCIBRB Preclinical Reposi-
tory 

 

Critical commercial assays 

2X Lightcycler 480 SYBR Green 1 Master mix Roche Diagnostics 04707516001 

Lymphoprep  STEMCELL Technologies 07851 

Fluorofurimazine Promega CS320501 

EndoFree Plasmid Maxi Kit Qiagen 12362 

XenoLight D-Luciferin - K+ Salt Bioluminescent 
Substrate 

PerkinElmer 122799 

qScript cDNA SuperMix Quantabio 95048-100 

Direct-zol RNA Miniprep kit Zymo Research R2053 

TransIT-EE Delivery Solution  Mirus Bio MIR 5340 

Experimental models: Cell lines 
  

HEK293FT N/A N/A 

Jurkat clone E6-1 ATCC TIB-152 

Neuro-2a ATCC CCL-131 

Experimental models: Organisms/strains 
  

Balb/c (female 5-6 weeks) Jackson Laboratory 005557 

Recombinant DNA   

pXR001: EF1a-CasRx-2A-EGFP Addgene 109049 

pC0046-EF1a-PspCas13b-NES-HIV Addgene 103862 

pC014 - LwCas13a-msfGFP Addgene 91902 
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Software and algorithms   

Graph Pad Prism 8 Graph Pad N/A 

FlowJo V10 TreeStar N/A 

Gen5 BioTek N/A 

BioSpa BioTek N/A 

Living Image Perkin Elmer N/A 

 

 

Resource availability 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Wilson Wong (wilwong@bu.edu). 

  

Materials availability 

All plasmid constructs and cell lines generated in this study will be made available on request, 

but we may require payment and/or a completed Materials Transfer Agreement if there is poten-

tial for commercial application. 

  

Experimental model and subject details 

Human Embryonic Kidney (HEK) cells 

HEK293FT cells were cultured at 37℃ and 5% CO2 in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 5% fetal bovine serum (FBS; Thermo Fisher 10437028), 50UI/mL penicil-

lin/streptomycin (Corning 30001CI), L-glutamine (Corning 25005CI) and 1mM sodium pyruvate 

(Lonza 13115E). 

  

Human T lymphocyte (Jurkat) 
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Jurkat clone E6-1 (ATCC TIB-152) was maintained in RPMI 1640 (Lonza 12-702Q) with L-gluta-

mine supplemented with 5% FBS, 100U Penicillin/Streptomycin and an additional 2mM L-gluta-

mine at 37℃ and 5% CO2. Cells were passaged 1:4 every two days with a complete media 

change. 

  

Mouse neuroblast (Neuro-2a) 

Neuro-2a (ATCC CCL-131) cells were maintained in Eagle’s Minimum Essential Medium 

(EMEM Corning 10-009-CV) supplemented with 10% FBS and 100U Penicillin/Streptomycin at 

37℃ and 5% CO2. The cells were passaged 1:3 every three days reaching 70-80% confluency. 

  

Primary human T cell isolation and culture 

Blood samples were obtained from the Blood Donor Center at Boston Children’s Hospital (Bos-

ton, MA). Primary peripheral blood mononuclear cells (PBMCs) were isolated using Lympho-

prep density medium using the manufacturer's protocol. Isolated PBMCs were either maintained 

fresh or stored as cell stocks in liquid nitrogen until needed. PBMCs were maintained in X-Vivo 

15 media (Lonza 04-418Q) supplemented with 5% human AB serum (Valley Biomedical 

HP1022), 10mM N-acetyl L-Cysteine (Sigma A9165), 55μM 2-Mercaptoethanol (Thermo Fisher 

21985023), and 50-100 U/ml IL-2 (NCIBRB Preclinical Repository), with a concentration be-

tween 500,000 cells/ml to 1,000,000 cells/ml. 

  

Animals 

Female Balb/c mice, 5–6 weeks old, were purchased from Jackson Laboratories (JAX 00651) 

and used for in vivo induced knockdown experiments. For all experiments, mice were randomly 

assigned to experimental groups. Animal studies were conducted at the Boston University Medi-

cal School Animal Science Center under a protocol approved by the Boston University 
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Institutional Animal Care and Use Committee. All animal experiments were performed following 

the relevant institutional and national guidelines and regulations. 

  

Method details 

Protein structural analysis and identification 

HHPred63 was utilized to predict secondary structures for RfxCas13d, LwCas13a, and 

PspCas13b using crystal structure data for EsCas13d (PDB:6E9E), LbaCas13a (PDB:5XWP), 

and PbuCas13b (PDB:6DTD). Secondary structure alignments for EsCas13d, LbaCas13a, and 

PbuCas13b were adapted using the I-TASSER server for protein structure and function predic-

tion46. 

  

Inducible split Cas13 DNA assembly 

Split Cas13 fragments were cloned into a series of sub-cloning vectors containing CID domains 

assembled previously for split recombinase systems. Cas13 N-terminal fragments were first 

PCR amplified out of a full Cas13 sequence template, pXR001: EF1a-CasRx-2A-EGFP (Plas-

mid #109049), pC0046-EF1a-PspCas13b-NES-HIV (Plasmid #103862), and pC014 - 

LwCas13a-msfGFP (Plasmid #91902). Each contained a 5′ sequence to code for a MluI re-

striction site, a Kozak consensus sequence, a 3′ sequence to code for a BspEI restriction site, a 

glycine-serine-rich linker L1 (SGGSGSGSSGGSG), and a KpnI restriction site. Through Gibson 

reactions, the purified PCR product from a verified band size (Epoch Life Science) was inserted 

into a gel-purified N-terminal sub-cloning vector digested with MluI and KpnI restriction enzymes 

(New England Biolabs). Cas13 C-terminal fragments were also PCR amplified out of the full 

Cas13 sequence templates mentioned above to contain a 5′ sequence to code for the KpnI re-

striction site a start codon, a 3′ sequence to encode a stop codon, and an EcoRI restriction site. 

Through Gibson reactions, the purified PCR product from a verified band size (Epoch Life Sci-

ence) was inserted into the gel-purified C-terminal sub-cloning vector digested with EcoRI and 
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KpnI restriction enzymes (New England Biolabs). Reaction products were transformed into 

chemically competent Top10 Escherichia coli cells and selected on LB-agar plates with carbeni-

cillin at 37 °C static conditions. Colonies were picked the following day, inoculated into carbeni-

cillin-containing LB medium, and grown in a 37 °C shaking incubator (Infors) for 16-20h. Plasmid 

DNA was extracted using a mini plasmid preparation kit (Epoch Life Science). Analytical digests 

with MluI, KpnI, and EcoRI were then performed and run on gel electrophoresis to assay 

whether a correct product was made. Plasmid clones with correct gel bands were sent for se-

quencing (Quintara Biosciences). 

   

Small-molecule preparation 

1000x stocks of ABA (100 mM, Gold Biotechnology A-050-500) and GA (10 mM, Toronto Re-

search Chemicals G377500) were prepared by dissolving in 100% ethanol and stored at -20°C. 

10000x stocks of Dano (10mM, MedChem Express HW-10238) and CHIR 90021 (GSK3 inhibi-

tor) (10mM, Tocris Bio-Techne 4423) were prepared by dissolving in dimethyl sulfoxide (DMSO) 

and stored at -20°C. 50000x stocks of 4OHT (50mM HelloBio HB2508) were prepared by dis-

solving in DMSO and stored at -20°C. For in vitro induction, the stock solutions were diluted to 

5X with culture media and then added to the cell cultures such that the final induction concentra-

tion is 1X. For in vivo administration, GA was dissolved to 2mg/ml in 2.5% DMSO/PBS and ABA 

was dissolved to 20mg/ml in 2.5% DMSO/corn oil (MedChemExpress HY-Y1888. Mice received 

100ul inducer for each induction. 

 

Transient transfections in cell lines 

Human Embryonic Kidney (HEK) cells 

Polyethylenimine (PEI) (Polysciences 23966-2) was used to transfect HEK293FT cells. PEI was 

dissolved in PBS to a concentration of 0.323g/L and pH was adjusted to 7.5. HEK293FT cells 

were plated at 200,000 cells/ml in tissue culture-treated plates 1 day before transfection such 
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that they were 60%-80% confluent on the day of transfection. For 96 well plates, each well was 

plated with 20,000 cells on day 0 and transfected with 100ng plasmid DNA (0.8ul PEI solution 

and 0.15M NaCl solution up to 10ul total) on day 1. HEK293FT cells were induced with either 

vehicle control or 10uM GA, 1uM Dano, 100uM ABA, and 1uM 4OHT., Transfection mixtures 

were prepared as master mixes for replicates and incubated for 15-20 min at room temperature 

before being added to cell culture. 

  

Human T lymphocyte (Jurkat) 

For Jurkat transient transfection, 20 million Jurkat cells at 0.6-0.8 million/ml density were mixed 

with 5ug of a transfection marker (iRFP), 5ug of a target gene (mCh), 10ug of each split Cas13d 

and 10ug of gRNA plasmid (total 40ug DNA per transfection) in 300ul of a transfection medium 

(Jurkat complete medium without antibiotics) and incubated for 15min. Cell/DNA mixture was 

then transferred to a 4-mm gap width electroporation cuvette (Fisher Scientific FB104 or Lee 

Plastic Company 4040-04) and electroporated using a BTX electroporator (Harvard Apparatus 

BTX Electro Square Porator ECM 830). Electroporation conditions were square pulse, 300V, 

10ms pulse length, and single pulse. Shocked cells were incubated for 10min and transferred to 

a 6-well with 10ml of the transfection medium for 2 hours of recovery incubation. For induction 

experiments, transfected cells were plated in 96-well plates with >3 replicates and induced with 

either vehicle control or 5uM GA, 100nM Dano, 50uM ABA, and 500nM 4OHT. 

  

Mouse neuroblast (Neuro-2a) 

For Neuro-2a transient transfection, 50,000 Neuro2a cells in 250ul complete medium were 

plated per well in 48-well plates 24 hours before transfection. After a media change on the day 

of transfection, Neuro-2a cells (60-80% of confluency) were transfected with 31.25ng of a trans-

fection marker (iRFP), 31.25ng of a target gene (mCh), 62.5ng of each split Cas13d and 62.5ng 

of gRNA plasmid (total 250ng DNA per well) using Lipofectamine3000 (Thermo Scientific 
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L3000008) according to the manufacturer’s protocol (DNA: Liposome = 2:3 w/v). Inducers (5uM 

GA, 50nM Dano, and 50uM ABA) or vehicle control were added 2hrs after transfection.  

 

Endogenous gene expression analysis 

Cells harvested 48hrs after induction for RNA extractions. Cell pellets collected from 48-well 

plates were lysed and total RNAs were extracted using the Direct-zolTM RNA Miniprep kit 

(Zymo Research R2053) according to the manufacturer’s protocol. 500ng-1ug of total RNA was 

reverse-transcribed in a 20ul reaction using the qScript cDNA SuperMix (Quantabio 95048-100) 

according to the manufacturer’s protocol (5min at 25℃, 30min at 42℃, and 5min at 85℃). The 

resulting cDNA was diluted 1 to 5 and 10-20ng of cDNA, assuming full conversion, was ampli-

fied in a 5ul qPCR reaction using x2 Lightcycler 480 SYBR Green 1 Master mix (Roche Diag-

nostics 04707516001) according to the manufacturer’s protocol (15sec at 95℃ and 30sec at 

60℃, 40 cycles). RTqPCR reactions were run in a 384-well format with a LightCycler 480 Instru-

ment II (Roche). RTqPCR primers (IDT) for Sybr Green are listed in Supplemental Table 5. 

GAPDH was used as the reference gene and relative gene expression levels were analyzed by 

the ddCt method. 

  

Stable Cell Line Generation and reversibility experiment 

Two expression cassettes each carrying a CAG promoter driving the expression of NCas13d-

GAI-T2A-BFP and GID-Cas13dC-T2A-iRFP were packed into a single PiggyBac-transposon 

vector plasmid (System Biosciences). HEK293FT cells were transfected with the vector and 

transposon plasmid (System Biosciences). Transfected Cells were incubated for 72 hours be-

fore selection with media containing 2 ug/mL Puromycin (Invivogen ant-pr-1). Cells were se-

lected for at least 3 passages before fluorescence activated cell sorting (FACS). Single clones 

that highly expressed GA-inducible split Cas13d (iRFP and BFP) were sorted, expanded, and 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 20, 2023. ; https://doi.org/10.1101/2023.03.20.533499doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.20.533499


transduced with concentrated lentivirus carrying either a non-target gRNA or a B2M targeting 

gRNA expression cassette and a GFP expression cassette for verifying successful integration. 

  

On day 0 of the reversibility experiment, a stable cell line was plated in 96-well plates, and tripli-

cates were either uninduced (group d) or induced with GA (group a) (Supplementary Table 6). 

Group b and c were induced on days 1 and 2 respectively. On day 3, cells were sampled for 

surface HLA staining and flow cytometry (at least 10,000 cells per sample). Data collected on 

day 3 is HLA and fluorescent protein expression with 0 (d), 1 (c), 2 (b), and 3 (a) days of GA in-

duction. Groups b, c, and d were passaged with GA supplement, while group a was passaged 

with normal media.  On days 4 and 5, GA was washed out of groups b and c respectively to 

start recovery from GA induction. On day 6, cells were sampled for surface HLA staining and 

flow cytometry (at least 10,000 cells per sample). At this time point, groups a, b, and c recov-

ered respectively 3, 2, and 1 days from 3 days of GA induction. Group d had been induced for 3 

days. Cells were passaged with no GA media after sampling for flow cytometry. On day 9, cells 

were sampled for surface HLA staining and flow cytometry (at least 10,000 cells per sample). 

Groups a, b, c, and d recovered 6, 5, 4, and 3 days respectively after 3 days of induction. After 

sampling, all groups were passaged. Group a received the second round of GA induction, and 

groups b, c, and d were passaged with no GA media. On day 10, group b received the second 

round of GA induction. On day 11, all samples were collected, and flow cytometry was run with 

groups a and b receiving 2 and 1 day of second GA induction. (Supplementary Table 6) 

 

Fluorescence Activated Cell Sorting (FACS) 

FACS was performed for HEK293FT cell lines stably integrated with GA inducible split Cas13d 

cassettes on an SH800 Cell Sorter (Sony Corporation). Cell samples were suspended in 2 mL 

1X Phosphate Buffered Saline containing 1% Fetal Bovine Serum and passed through a 0.45 

um filter to break clumps. Live cells were gated by the forward scatter (FSC) and the side 
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scatter (SSC). Fluorescence data was collected for BFP (excitation laser: 405nm) and iRFP (ex-

citation laser: 638nm). Individual clones highly expressing BFP or iRFP (top 2%) were respec-

tively sorted into 96-well tissue culture treated plates containing 200 uL fresh culture media. 

Clones were incubated for approximately 14 days until several clones reached sufficient popula-

tion density. Populations were measured on the Attune NxT Flow Cytometer using the flow cy-

tometry protocol to verify the expression of iRFP and BFP. Each clone was transfected with 

mCh and a mCh targeting guide, induced with GA or vehicle control, and run through flow cy-

tometry to measure its mCh targeting knockdown ability. Clones that achieved robust knock-

down in 2 transfection experiments in 2 weeks were maintained for future experiments. 

  

Lentivirus production and T cell transduction 

N- and C-terminal Cas13 splits were cloned into 2 separate lentivirus vectors, and the gRNA ex-

pression cassette was cloned into the C-terminal Cas13 split virus vector. To produce lentivirus, 

lentivirus vectors, and viral packaging plasmids: pDelta, pAdv, and Vsvg were transfected to the 

LentiX cell line using Lipofectamine. After 6 hours, culture media was replaced by Freestyle 293 

Expression Medium (Fisher Scientific 12-338-026), supplemented with 50UI/mL penicillin/strep-

tomycin (Corning 30001CI), L-glutamine (Corning 25005CI), 1mM sodium pyruvate (Lonza 

13115E) and 0.05M sodium butyrate. The viral supernatant was collected twice at 24hrs and 

48hrs after transfection. The collected viral supernatant was concentrated using the Lenti-X con-

centrator (Takara Bio 631232) following manufacturing protocol. 

 

PBMCs were thawed two days before transduction and maintained in X-Vivo 15 media (Lonza 

04-418Q) supplemented with 5% human AB serum (Valley Biomedical HP1022), 10mM N-ace-

tyl L-Cysteine (Sigma A9165), 55μM 2-Mercaptoethanol (Thermo Fisher 21985023), and 100 

U/ml IL-2 (NCIBRB Preclinical Repository), with a density of 1,000,000 cells/ml. One day after 

thawing, PBMCs were activated with ImmunoCult™ Human CD3/CD28 T Cell Activator 
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(STEMCELL 10971) according to manufacturing protocol. In the meantime, 12-well non-TC 

treated plates were coated with retronectin (Takara Bio T100B) at a concentration of 32ng/ml in 

PBS. On the day of transduction (one day after T cell activation), retronectin-coated plates were 

incubated with 1% Bovine Serum Albumin (BSA) in PBS at room temperature for 30 min. Next, 

1mL of the concentrated virus was added to each well and then spun at 1200g for 90min. After 

the supernatant was removed, wells were washed with 1% BSA in PBS. 1mL of activated 

PBMCs at a density of 250,000 cells/mL was added to virus-coated wells and spun down at 

1200xg for 10min with the brake low. Cells were incubated overnight and transduced with virus 

2 on the next day. Transduction was verified 3 days after using flow cytometry.  

 

Flow cytometry 

For split site screening experiments, HEK293FT cells were resuspended for flow cytometry 

analysis 48h post-induction. Cells were trypsinized using 0.05% trypsin/0.53 mM EDTA (Corn-

ing) and neutralized with 4x volume of 5PSGN. All cells were sampled in a Thermo Fisher At-

tune Nxt cytometer (a minimum of 10,000 transfected cells/sample). mCh fluorescence was de-

tected by a 561 nm yellow laser and a 620/15 emission filter. iRFP720 expression was detected 

by using the 638 nm red laser and 720/30 bandpass emission filter. GFP was detected using a 

488 nm blue laser and a 510/10 bandpass emission filter. BFP was detected using a 405 nm vi-

olet laser and 440/50 bandpass emission filter. For B2M knockdown experiments, HEK293FT 

cells were collected and surface-stained with either an HLA-ABC antibody conjugated with FITC 

(BD Bioscience 555552) or an HLA-A2 antibody conjugated by PE (BD Bioscience 560964). 

FITC signal was detected by a 488 nm blue laser and a 530/30 bandpass emission filter. PE sig-

nal was detected by a 561 nm yellow laser and a 585/16 bandpass emission filter. For CD46 

knockdown in primary PBMC, cells were stained with Human CD46 Alexa Fluor 594-conjugated 

Antibody (R&D systems FAB2005T-1). Alexa Fluor 594 signal was detected with a 561 nm yel-

low laser and a 585/16 bandpass emission filter. Flow cytometry data was analyzed using 
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FlowJo (Treestar Software). Live cells were gated by forward scatter and side scatter. Trans-

fected cells were gated for the presence of the iRFP transfection marker. Mean fluorescence in-

tensities were calculated by FlowJo.  

  

Fluorescence imaging 

Fluorescence microscopy was performed with Cytation 5 Cell Imaging Multimode Reader (Bio-

Tek) equipped with a BioSpa 8 Automated Microplate Incubator (BioTek).  A 20× objective was 

used to collect bright-field images (autofocusing auto exposure), iRFP fluorescence images 

(623 LED, CY5 excitation 628/40 emission 685/40 filter cube), GFP fluorescence image (465 

LED; GFP excitation 469/35, emission 525/39 filter cube), and mCh fluorescence image (554 

LED; TRITC excitation 556/35, emission 600/39 filter cube). Cyation5 and BioSpa Automated 

Microplate Incubator (BioTek) were programmed to load plates for imaging every 2 hours of in-

cubation at 37˚C, 5% CO2, and ~90% humidity. Image analysis was performed with Gen5 (Bio-

Tek). 

  

In vivo experiments 

Plasmid DNA used for in vivo injections was extracted using EndoFree Plasmid Maxi Kit (Qi-

agen 12362) and dissolved in an endotoxin-free TE buffer at 1000ng/ul. Female BALB/c mice 

(JAX 00651) 5-6 weeks old were transfected with plasmids carrying expression cassette for 

each split moiety, guide RNA, and target luciferase using hydrodynamic tail vein injection with 

TransIT-EE Delivery Solution (Mirus Bio MIR 5340). Mice were under anesthesia during injec-

tions. Transfected mice received intraperitoneal (i.p.) injections (100mg/kg ABA, 10mg/kg GA) 

of inducers 2h and 6h after hydrodynamic tail vein injections. Luminescence in mice liver was 

measured at 8h (single luciferase) or 8h and 24h (dual-luciferase) after transfection by IVIS 

Spectrum (Xenogen) and was quantified as total flux (photons per sec) in the region of interest. 

Images were acquired within 10 minutes following i.p. injection of 150mg/kg of D-luciferin 
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(PerkinElmer 122799) or 10 minutes following i.p. injection of 28.75nmole of Fluorofurimazine 

(FFz) (Promega CS320501) in 200ul PBS. 

  

Statistical methods 

All transient gene expression experiments involved transfection of DNA into n = 3 separate cell 

cultures. Fluorescence intensities for each cell culture population were averaged and the stand-

ard error of mean or standard deviation was taken as noted. Data between two groups were 

compared using an unpaired two-tailed t-test. All curve fitting was performed with Prism 8 

(GraphPad) and p values are reported (not significant = p > 0.05, * = p < 0.05, ** = p < 0.01, *** 

=p < 0.001). All error bars represented either SEM or SD. 
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