
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Visualization of the Underlying Kinetics of LckY394F and its Applications in CAR T-cell 
Therapy

Permalink
https://escholarship.org/uc/item/3286n8r2

Author
Wei, Jiaming

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3286n8r2
https://escholarship.org
http://www.cdlib.org/


 

 

    

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Visualization of the Underlying Kinetics of LckY394F and its Applications in CAR T-cell 

Therapy    

 

A thesis submitted in partial satisfaction of the 

requirements for the degree Master of Science 

 

in 

  

Bioengineering 

 

by 

 

Jiaming Wei 

 

 

Committee in Charge: 

Professor Yingxiao Wang, Chair 

Professor Jack D. Bui  

          Professor Geert W. Schmid-Schonbein 

 

 

 

 

2019 



 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Jiaming Wei, 2019 

All rights reserved.



 iii 

 

 

 

 

 

 

 

 

 

 

 

 

The Thesis of Jiaming Wei is approved, and it is acceptable in quality and form for  

publication on microfilm and electronically: 

 

 

 

                                        

                    Chair 

 

 

University of California San Diego 

 

 2019 

 

 

 

 



 

 

   iv 

Table of Contents 

Signature Page ................................................................................................................... iii 

Table of Contents  .............................................................................................................. iv 

List of Figures and Tables ................................................................................................. vi 

List of Abbreviations ........................................................................................................ vii 

Acknowledgements  ........................................................................................................... ix 

Abstract of Thesis  .............................................................................................................. x 

1. Background  .................................................................................................................... 1 

1.1 From GFP to fluorescence resonance energy transfer (FRET) biosensor  ........... 1 

1.2 Lymphocyte-specific kinase (Lck) and its roles in T-cell signaling  .................... 2 

1.3 Chimeric antigen receptor (CAR) T-cell therapy and its manufacturing 

       limitations............................................................................................................. 3 

2. Result  ............................................................................................................................. 6 

2.1 Verification of the ZapLck biosensor ................................................................... 6 

2.2 Reconstitution of LckWT and LckY394F in Lck-deficient J. Cam 1.6 cells ....... 9 

                 2.2.1 LckWT and LckY394F activation via CD3/CD28 co-receptor stimulation  

                           visualized by the ZapLck biosensor  ........................................................ 9 

          2.2.2 Verification of downstream ERK phosphorylation by Western blot ..... 11 

2.3 Characterization of the biophysical properties of LckY394F mutant ................. 13 

          2.3.1 Stimulation intensity impacts LckY394F activation kinetics ................ 13 

          2.3.2 Intermolecular interaction patterns of LckWT and LckY394F  

                   visualized by the split-Venus system  .................................................... 13 

2.4 Integration of LckY394F into chimeric antigen receptor (CAR) design  ........... 16 



 

 

   v 

          2.4.1 Fluorescently labeled CAR and CARYF showed similar killing capacity  

                   after FACS enrichment at high E:T ratios  ............................................ 16 

       2.4.2 LckY394F-incorporated CAR and truncated CAR showed superior  

                   cytotoxicity under physiologically-relevant E:T ratio ........................... 19 

3. Discussion ..................................................................................................................... 22 

4. Materials & Methods .................................................................................................... 25 

5. References ..................................................................................................................... 31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   vi 

 

 

List of Figures/Tables 

Figure 1. Mechanistic representation of a FRET-based biosensor ..................................... 2 

 

Figure 2. Overview of chimeric antigen receptor (CAR) T-cell therapy ............................ 5 

 

Figure 3. Schematics of the ZapLck biosensor and verification of its specificity via  

                comparison to a previously established Src biosensor  ....................................... 8 

 

Figure 4. Detection of Lck activity using ZapLck biosensor after lentiviral reconstitution  

                of LckWT, LckY394F, and LckKR, in Lck-deficient J. Cam cells .................. 10   

 

Figure 5. Verification of downstream ERK phosphorylation and the impact of stimuli      

                 concentration on LckY394F activation kinetics .............................................. 12 

 

Figure 6. Visualization of distinct biophysical properties of LckWT and LckY394F by 

          split-Venus system ........................................................................................... 15 

 

Figure 7. Preliminary in vitro testing of CAR and CARYF with mCherry tag ................ 16 

 

Figure 8. Hypothesized mechanistic differences between CAR T-cells and LckYF- 

         incorporated CAR T-cells during resting state and tumor engagement ............ 17 

 

Figure 9. In vitro testing of the original and truncated CAR (D23 and D23YF) constructs 

                without mCherry after MACS .......................................................................... 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   vii 

 

List of Abbreviations 

ACT   Adoptive T-cell transfer therapy 

AICD   Activation-induced T-cell death 

AKT   Protein kinase B  

APC   Antigen-presenting cell 

BiFC   Bimolecular fluorescence complementation  

BS   Biosensor  

CAR   Chimeric antigen receptor  

CD3/CD28  Cluster of differentiation 3/ Cluster of differentiation 28 

CFP/ECFP  Cyan fluorescent protein/ Enhanced cyan fluorescent protein 

CRS    Cytokine release syndrome  

CSK   C-terminal Src kinase 

ERK   Extracellular-signal-regulated kinase  

E:T ratio   Effector to tumor ratio 

FACS   Fluorescence-activated cell sorting 

FLIM   Fluorescence-lifetime imaging microscopy 

FRET   Fluorescence (or Förster) resonance energy transfer 

GFP   Green fluorescent protein 

ITAM   Immunoreceptor tyrosine-based activation motif 

LAG-3   Lymphocyte-activation gene 3 

LCK   Lymphocyte-specific kinase   

MACS   Magnetic-activated cell sorting 

MHC   Major histocompatibility complex 



 

 

   viii 

PBMC   Peripheral blood mononuclear cell  

PD-1   Programmed cell death 1 

PI3K   Phosphoinositide 3-kinase 

PP1   Protein phosphatase 1 

PR/CR   Partial remission/ Complete remission  

PVD   Pervanadate  

scFv   Single-chain fragment variable  

SH2   Src homology 2 

SRC   Proto-oncogene tyrosine-protein kinase Src 

STED   Stimulated emission depletion 

TCR   T-cell receptor   

TIM-3   T-cell immunoglobulin and mucin-domain containing-3 

TME   Tumor microenvironment  

YFP   Yellow fluorescent protein 

ZAP70   Zeta-chain-associated protein kinase 70 

 

 

 

 

 

 

 

 



 

 

   ix 

Acknowledgements 

 I would like to acknowledge Dr. Peter Yingxiao Wang for his invaluable guidance and 

support as my principal investigator, my academic and life mentor, and the chair of my thesis 

committee.  

I would also like to acknowledge Dr. Rongxue Wan for her excellent training and 

mentorship, Dr. Shaoying Lu for her help in data analysis, and all other lab members that had 

given me precious advice for my graduate study. 

Sections from 2.1 to 2.4 of this thesis have been submitted for publication of the material 

as it may appear in Science Advances, ‘Wan, R., Wu, J., Ouyang, M., Lei, L., Wei, J., Peng, Q., 

Harrison, R., Wu, Y., Cheng, B., Li, K., Zhu, C., Tang, L., Wang, Y., Lu, S. (2019). Biophysical 

basis underlying dynamic Lck activation visualized by ZapLck FRET biosensor. Science 

Advances, 5(6), eaau2001. https://doi.org/10.1126/sciadv.aau2001’. 

At last, I want to thank all my friends and my parents. None of this would have been 

possible without their unyielding support and encouragement.  

   

 

 

 

 

 

 

 

 

 

 



 

 

   x 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT OF THESIS 

 

Visualization of the Underlying Kinetics of LckY394F and its Applications in CAR T-cell 

Therapy  

 

by 

 

Jiaming Wei  

 

Master of Science in Bioengineering 

University of California San Diego, 2019 

 

Professor Yingxiao Wang, Chair 

 

  With the emergence of various cell therapies, including CAR T-cell therapy and TCR T-

cell therapy, it has become more important than ever to elucidate the underlying mechanism of 



 

 

   xi 

T-cell activation with a higher temporal and spatial resolution for better predication and 

interpretation of laboratory and clinical results. Lymphocyte-specific kinase (Lck) is one of the 

molecules involved in T-cell proximal signaling right after TCR engagement with MHC on 

antigen-presenting cells (APC). Many studies have been done to elucidate its crystal structure 

and kinetics. However, a majority of these observations were based on Western blots and 

immunostaining, which could only demonstrate the endpoint effects of certain perturbations.  

Seeing is believing. Here we present a FRET-based biosensor with an optimized Lck-

specific substrate to visualize Lck dynamics in living cells with high spatial and temporal 

resolution. With this biosensor, we also observed the unique activation dynamics of LckY394F 

mutant, which was reported to have only minimal or no kinase activities, under CD3/CD28 

coreceptor stimulation. It was noted that LckY394F was able to lower the basal activation level 

of Lck in resting T-cells while capable of transducing robust signals downstream when activated. 

We further presented preliminary results that LckYF-incorporated CAR constructs had superior 

in vitro killing capacity under physiologically relevant E:T ratios and designed future 

experiments to fully characterize and optimize this new design. We believe that this mutant Lck 

has huge potentials in CAR T-cell therapy as well as in off-the-shelf therapeutic product design.  
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1.   Background  

1.1 From GFP to fluorescence resonance energy transfer (FRET) biosensor 

Ever since the discovery of the green fluorescent protein (GFP) in Aequorea jellyfish by 

Shimomura et al (Shimomura et al., 1962), there has been a lot of efforts trying to elucidate both 

its crystal structures (Ormö et al., 1996) as well as its biophysical properties (Morise et al., 

1974), which set the foundation of the development of genetically encoded biosensors. Rapidly, 

a wide spectrum of fluorescent proteins has either been discovered or engineered to fit the 

demand of the scientific community. By manipulating different residues on the wild type GFP 

amino acid sequence, Tsien et al were able to successfully engineer and extract various mutants 

of the GFP including yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP) 

(Heim et al., 1994; Heim and Tsien, 1996; Tsien, 1998), two of which are the most commonly 

used fluorophore pairs in FRET biosensor engineering.  

Fluorescence or Förster resonance energy transfer (FRET) is a reversible process of non-

radiative energy transfer from an excited fluorophore to a secondary fluorophore, which can only 

be excited by the proton emitted by the first fluorophore but not the original excitation laser. 

Without stimulation, two fluorophores would be separated by foldable linkers, therefore only the 

emission from the first fluorophore can be detected and captured. Upon stimulation, the substrate 

peptide will be phosphorylated and bind to the phosphotyrosine binding protein, causing 

conformational changes of the entire structure and bringing two fluorophores closer together 

(Fig. 1). The emission signal from the secondary fluorophore, in this case, YFP, is termed FRET 

signal by its excitation mechanism. Since the FRET signal amplitude is directly correlated with 

the proximity of two fluorophores, the ratio between the FRET signal and the first fluorophore’s 

signal, in this case, CFP, has become a metric of measuring protein-protein interactions. With 
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this powerful engineering tool, researchers were able to monitor and visualize various subcellular 

events with a higher spatial and temporal resolution than any prior tools could. (Day et al., 2001; 

Ouyang et al., 2008; Wang et al., 2005; Zadran et al., 2012). 

 
Figure 1. Mechanistic representation of a FRET-based biosensor  

 

1.2 Lymphocyte-specific kinase (Lck) and its roles in T-cell signaling 

The Lymphocyte-specific kinase (Lck) is of essential roles in initiating T-cell signaling 

by phosphorylating the immunoreceptor tyrosine-based activation motifs (ITAMs) (Palacios and 

Weiss, 2004). Phosphorylated ITAMs subsequently serve as the docking site for zeta-chain 

associated protein (ZAP70), which is indispensable for normal T-cell activities (Soper, 2017). 

Recruited ZAP70 is then phosphorylated by activated Lck, transducing signals downstream to 

induce T-cell proliferation and differentiation (Au-Yeung et al., 2009; Wang et al., 2010). 

Clinical cases of severe immunological deficiency have been reported as the consequence of 

aberrant Lck expression in patients (Goldman et al., 1998; Hauck et al., 2012; Sawabe et al., 

2001).  
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Due to such importance in T-cell signaling, the structure, as well as the kinetics, of Lck 

has been investigated extensively. Nika and Moogk reported that as much as 40% of Lck was 

constitutively activated in resting T-cells (Moogk et al., 2016; Nika et al., 2010), consistent with 

the observations made by Ballek et al (Ballek et al., 2012). Lck is crucial for T-cell proliferation 

and cytokine production while also being partially responsible for activation-induced T-cell 

death (AICD) (Lovatt et al., 2006; Yu et al., 2004). Moreover, with the emergence of anti-

program-cell-death-1 (anti-PD-1) cancer therapy, investigators have been trying to elucidate the 

relationship between Lck and PD-1 through mathematical modeling (Arulraj and Barik, 2018) 

and in vivo perturbations (Bardhan et al., 2016; Kamphorst et al., 2017). With these efforts to 

fully uncover the underlying mechanism of proximal T-cell signaling and immunological 

synapse formation, it has now become more important than ever to develop a tool with high 

accuracy and precision for monitoring Lck activities in living systems. 

 

1.3 Chimeric antigen receptor (CAR) T-cell therapy and its manufacturing limitations  

As early as 1991, Irving and Weiss reported the idea of engineering chimeric proteins, 

which took their essential components from the endogenous TCR signal transduction and 

activation pathway (Irving and Weiss, 1991). The idea stemmed from the inherent limitations of 

the human immune system to prevent the occurrence of the autoimmune response, in which the 

immune system recognizes self-antigens and attacks its host organs as a consequence of adaptive 

immune response (Charles A Janeway et al., 2001). Thereafter, numerous efforts have been 

made to engineer new generations of chimeric antigen receptor (CAR) to improve its efficacy 

against malignancies. Adoptive T-cell transfer (ACT) has been gaining more and more medical 

and public attention due to its apparent efficacy in treating multiple hematological malignancies. 



 

 

   4 

Unlike regular allogeneic organ transplantation, which involves the risk of acute/chronic 

transplant rejection, the CAR T-cell therapy has little concern on such matter due to autologous 

transfusion (O’Grady, 2011). In 2017, the FDA approved the first T-cell therapy product 

axicabtagene ciloleucel (YescartaTM) from Kite Pharma for treating certain types of non-Hodgkin 

lymphoma, which is a type of large B-cell malignancies. Not long after that, a second CAR T-

cell therapy product tisagenlecleucel (KymriahTM) from Novartis was also approved after 

demonstrating significant clinical benefits. The standard CAR T-cell manufacturing procedure 

involves five steps: (1) Lymphocytes are extracted from the patient’s blood, and leukapheresis is 

done to obtain healthy and viable T-cell subpopulation; (2) Extracted T-cell will be activated by 

ligands coated with CD3/CD28 antibodies (e.g. DynabeadTM) (Rasmussen et al., 2010) and 

subsequently transduced with viral vectors to express CAR proteins; (3) The transduced T-cells 

will be processed with either flow activated cell sorting (FACS) or magnetic-activated cell 

sorting (MACS) to enrich the CAR-expressing T-cell subpopulation before further expansion 

with large-scale bioreactors, which would take 9 to 11 days (Levine, 2015); (4) Patient would 

typically go through lymphodepletion by chemotherapy before CAR T-cell infusion to ensure the 

optimal therapeutic efficacy; (5) Patient will be closely monitored for any potential tumor relapse 

or side effects including cytokine release syndrome (CRS) and neurological toxicity. Despite its 

promising clinical outcomes, CAR T-cell therapy still faces many challenges, including 

trafficking, persistence, and recognition, due to the innate heterogeneity of tumor and poorly 

understood tumor microenvironment (TME) (Lim and June, 2017; Sadelain et al., 2017). 
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Figure 2. Overview of chimeric antigen receptor (CAR) T-cell therapy. (Levine, 2015) 

 

In 2011, Wherry defined a specific hypofunctional state of T-cells to be exhausted state, 

in which they not only lose their engaging and killing capacity but also overexpress inhibitory 

receptors like PD-1, LAG-3, and TIM-3 (Anderson et al., 2016; Avery et al., 2018, p. 3; Wherry, 

2011; Zhou et al., 2011). One of the challenges with large scale T-cell ex vivo expansion before 

infusion would be time. 17 to 22 days are typically required for the entire manufacturing process, 

and ex vivo expansion in a bioreactor takes more than half of that time period, during which the 

T-cells will be under sustained stimulation, making them prone to exhaustion before even 

engaging with tumor cells (Piscopo et al., 2018; Wang and Rivière, 2015). Many theory and 

methods have been reported to help to reduce T-cell pre-infusion exhaustion. Ghassemi et al 
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reported that the T-cell cytotoxic capacity was improved by reducing ex vivo culture time 

(Ghassemi et al., 2018); Petersen et al and Urak et al reported improved T-cell potency by adding 

inhibitory molecules (e.g. PI3K inhibitor and Akt inhibitor) to suppress certain pathways 

(Petersen et al., 2018; Urak et al., 2017); Pfeiffer et al, however, demonstrated that in vivo 

generation of CAR T-cells could be feasible by directly injecting lentiviral vector into 

xenografted disease mice models, and tumor clearance was observed in 70% of the cases 

(Pfeiffer et al., 2018). Nevertheless, these methods could be defective with unknown side effects, 

which would be catastrophic in treating real human patients. Therefore, a proper solution is in 

dire need to complement the current CAR T-cell therapy manufacturing industry.   

 

2. Result 

2.1 Verification of the ZapLck biosensor  

 A FRET-based biosensor for lymphocyte-specific kinase (Lck) was designed and tested 

for high substrate affinity by Wan et al (Wan et al., 2019). Its genetic cassette contains an 

enhanced cyan fluorescent protein (ECFP) as the donor and a YFP for energy transfer (YPet) as 

the acceptor, an Src Homology 2 (SH2) domain as the phosphotyrosine docking site, and a 

substrate domain that can be phosphorylated upon activation (Fig. 3A). Different from Fig. 1, the 

two fluorophores of this biosensor were designed to stay in proximity without the stimuli (low 

ECFP/FRET ratio) and would be separated upon stimulation (high ECFP/FRET ratio). We 

further demonstrated the specificity of the newly constructed ZapLck biosensor (LckBS) by 

comparing it to a previously published Src biosensor (SrcBS) (Ouyang et al., 2008). The 

functionality of this Src biosensor was first verified in HeLa cells (Fig. 3D), which were 

commonly used in studying Src activities (Seong et al., 2009). Plain Jurkat cells were 
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electroporated with either SrcBS or LckBS plasmids and recovered in RPMI 1640 culture 

medium supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, and 1% 

antibiotics, for 48 hours before fluorescent microscopic imaging. During imaging, the cells were 

stimulated with pre-clustered CD3/CD28 antibodies and then subsequently treated with inhibitor 

PP1.  

Before stimulation, LckBS revealed a certain degree of activation of endogenously 

expressed Lck in Jurkat cells, which is consistent with the observation made by Nika et al that 

Lck activation was present even in resting T-cells, independent of TCR-ligand interactions (Nika 

et al., 2010). Robust Lck activation upon stimulation via pre-clustered CD3/CD28 antibodies 

was detected by the LckBS in Jurkat cells, as indicated by an increase in ECFP/FRET ratio. 

Moreover, after adding inhibitor PP1, which would ultimately suppress Lck activity, we quickly 

observed a drop in ECFP/FRET ratio detected by the LckBS to a level that was even lower than 

the basal level. This phenomenon further suggested that Lck was activated even within resting T-

cells. Meanwhile, the SrcBS failed to reflect the kinetics of Lck during activation or inhibition 

with enough temporal resolution. Statistical analysis also showed statistical significance of 

ECFP/FRET ratios between three distinct states of Lck detected by LckBS, and no statistical 

difference among those detected by SrcBS (Fig. 3C). 
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Figure 3.  Schematics of the ZapLck biosensor and verification of its specificity via comparison to a 

previously established Src biosensor. (A) Schematic representation of ZapLck biosensor and its 

activation mechanism (Wan et al., 2019).  (B) Jurkat cells transiently transfected with either ZapLck 

biosensor (LckBS) or a previously published Src biosensor (SrcBS) (Ouyang et al., 2008) were stimulated 

with pre-clustered CD3/CD28 antibodies (refer to Materials and Methods) and subsequently treated with 

SFK inhibitor protein phosphatase 1 (PP1). Quantification of ECFP/FRET ratio changes for both 

biosensors over 70 min time course. (C) Graphs quantifying LckBS and SrcBS ECFP/FRET ratio before 

stimulation, 30 minutes after stimulation, and 20 minutes after adding PP1. Error bars: Mean  SEM. 

Two-tailed Student’s t-test was used for statistical analysis. *** indicates significant difference between 

groups. P < 0.001, N = 3, n = 103, 68, respectively. (D) Representative images of HeLa cells transfected 

with Src biosensor before and after PVD treatment. (Wan et al., 2019) 
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2.2 Reconstitution of LckWT and LckY394F in Lck-deficient J. Cam 1.6 cells  

2.2.1 LckWT and LckY394F activation via CD3/CD28 co-receptor stimulation 

visualized by the ZapLck biosensor 

Now we want to further demonstrate our ZapLck biosensor’s capability of visualizing 

Lck activity in Lck-deficient J. Cam cells reconstituted with wildtype Lck (LckWT), LckY394F 

(LckYF), or LckK273R (LckKR). LckY394F contains a mutation at the active 

autophosphorylation site tyrosine 394, causing it to lose its major or total catalytic activity as 

reported by Rossy and Hui (Hui and Vale, 2014; Rossy et al., 2013), while LckK273R mutant 

lacks the essential ATP binding site, making it the kinase-deficient mutant (Jullien et al., 1994). 

Lck-deficient J. Cam cells were first infected with lentiviral vectors that contained LckWT, 

LckYF, or LckKR, and subsequently electroporated with ZapLck biosensor described in Fig. 3A. 

Similar stimulation and inhibition experiments were performed as described in section 2.1 to 

observe the kinetics of the reconstituted Lck mutants. As expected, no significant ECFP/FRET 

ratio change was observed in either LckKR or plain J. Cam cells. J. Cam cells reconstituted with 

LckWT exhibited similar dynamic behaviors (e.g. basal activation) to those observed in Jurkat 

cells (Fig. 3B, C).   

Interestingly, we also observed robust activation and inhibition with J. Cam reconstituted 

with LckY394F, contrary to which was reported in 2013 as its being incapable of forming 

effective clustering after adding stimuli (Fig. 4A) (Rossy et al., 2013). The LckY394F mutant 

showed lower basal activation level while preserving the same degree of potency of activation 

upon stimulation. The ECFP/FRET ratio was quantified and analyzed, and statistical significance 

was established amongst the ECFP/FRET ratios of three different states in both LckWT and 

LckYF-reconstituted J. Cam cells (Fig. 4B, C).  
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Figure 4. Detection of Lck activity using ZapLck biosensor after lentiviral reconstitution of 

LckWT, LckY394F, and LckKR, in Lck-deficient J. Cam cells. (A) Representative images of 

reconstituted multiple Lck mutants’ activity in J. Cam cells electroporated with ZapLck biosensor. Pre-

clustered CD3/CD28 antibodies, as stimuli, and PP1, as inhibitors, were added during imaging 

experiments. (B) Graph quantifying FRET/ECFP ratio during imaging experiments described in (A). (C) 

Graph quantifying different Lck mutants’ activities before stimulation, 30 minutes after adding stimuli, 

and 30 minutes after adding PP1 during imaging experiments described in (A). Error bars: Mean  SEM. 

Two-tailed Student’s t-test was used for statistical analysis. *** indicates significant difference between 

groups. P < 0.001, N = 3, n = 44, 77, 60, 32 for J. Cam cells with LckWT, LckY394F, LckKR, and J. 

Cam, respectively. (Wan et al., 2019) 
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2.2.2 Verification of downstream ERK phosphorylation by Western blot 

One of the essential signaling molecules for signal transduction from surface receptors is 

extracellular-signal-regulated kinase (ERK). Naturally, we examined whether signal initiated by 

CD3/CD28 co-receptor simulation can be successfully transduced downstream by the LckY394F 

mutant. Jurkat and J. Cam cells reconstituted with wildtype Lck (J. Cam_WT), LckY394F 

mutant (J. Cam_YF), or LckK273R (J. Cam_KR), were separated into any of the three groups: 

no stimulation, stimulation only, and PP1 treatment after stimulation. Durations of stimulation 

and inhibition were in accordance with the imaging experiments described in Fig. 4A. 

Immunoprecipitation and western blot was performed to verify the phosphorylation level of 

ERK, which corresponds to its activation status. The results indeed showed significant increases 

of pERK within 5 minutes of CD3/CD28 coreceptor stimulation and decrease of it after further 

adding PP1 for Jurkat, J. Cam_WT, and J. Cam_YF, whereas the LckKR only showed little 

capability of signal transduction downstream (Fig. 5A). The signal intensity was further 

normalized and quantified in terms of fold change to show that the reconstituted LckY394F 

mutant had similar kinetics to those endogenously expressed Lck wildtype, and this particular 

mutant, unlike the kinase-deficient mutant LckK293R, was indeed capable of transducing signal 

downstream (Fig. 5B).  
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Figure 5. Verification of downstream ERK phosphorylation and the impact of stimuli concentration 

on LckY394F activation kinetics. (A) Western blot images of pERK and ERK expression level in Jurkat 

cells and Lck-deficient J. Cam cells reconstituted with one of the three mutants: Lck-wildtype (LckWT), 

LckY394F (LckYF), and LckK273R (LckKR), to mimic the endogenous expression of Lck. Cells were 

treated with CD3/CD28 antibody clusters or CD3/CD28 antibody clusters with subsequent PP1 treatment 

before lysing and immunoprecipitating as indicated in the figure. (B) Graph quantifying the signal 

intensities from (A) for basal, after stimulation (CD3/CD28), and inhibition after stimulation (PP1). Error 

bars: Mean  SEM. Two-tailed Student’s t-test was used for statistical analysis. N=5, * indicates P < 0.05, 

** indicates P < 0.01. (C) J. Cam cells infected with mutant LckY394F then electroporated with ZapLck 

biosensor. Different concentrations of CD3/CD28 antibody clusters were added as stimuli at time point 0, 

and ECFP/FRET ratio was monitored over a time course of 30 minutes. The unit concentration of  
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(Fig. 5 continued) CD3/CD28 antibody clusters was determined to be 10g/ml for CD3 antibody and 

5g/ml for CD28 antibody. (D) The peak ECFP/FRET ratio over the imaging period was quantified and 

averaged for 1 unit of stimuli, 1/10 unit of stimuli, and 1/50 unit of stimuli. No statistical difference was 

found among all three groups. N = 4. (E) Half-times to reach the peak ratio of each concentration were 

3.082 min  0.374 (1 unit), 4.665 min  0.307 (1/10 unit), 11.517 min  0.581 (1/50 unit) for CD3/CD28 

antibody cluster stimulation. Error bars: Mean  SEM. ** indicates P < 0.01. (Wan et al., 2019)  

 

2.3 Characterization of the biophysical properties of LckY394F mutant 

2.3.1 Stimulation intensity impacts LckY394F activation kinetics  

To further characterize the biophysical dynamics of LckY394F, J. Cam cells 

reconstituted with LckY394F were electroporated with ZapLck biosensor. During imaging, J. 

Cam cells were stimulated with different concentrations of CD3/CD28 pre-clustered antibodies: 

1 unit, 1/10 unit, and 1/50 unit (details described in Materials and Methods). The ECFP/FRET 

ratio for each group was tracked and measured continuously for 10 minutes at basal level and 30 

minutes after adding stimuli. It was observed that LckY394F showed a delayed but sustained 

response under low-intensity stimulation, whereas 1 unit and 1/10 unit of stimuli both resulted in 

immediate but transient response. The peak ECFP/FRET ratio during the 30-minute time course 

was also determined for each group individually, and no significant difference was noted among 

three groups (Fig. 5C, D). The half time of ECFP/FRET ratio to reach the peak for each 

concentration of stimuli was calculated, confirming that low stimulation intensity would retard 

the activation speed without impacting the activation amplitude (Fig. 5E). 

 

2.3.2 Intermolecular interaction patterns of LckWT and LckY394F visualized by 

the split-Venus system 

Now we ask the question that what would be the mechanistic differences between 

LckWT and LckY394F. To visualize the subcellular localization of Lck molecules, we fused 

either half of the split-Venus fluorescent protein: VC155 or VN173, to the end of LckWT and 
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LckY394F with a flexible linker in between (Fig. 6A). The bimolecular fluorescence 

complementation (BiFC) assay was fully introduced and utilized to detect protein-protein 

interactions in living cells (Miller et al., 2015; Shyu et al., 2006). A single split-Venus 

fluorophore wouldn’t have any fluorescence until its attached protein had established close 

interactions with another protein that had the complementary fluorescent pair. Lck-deficient J. 

Cam cells reconstituted with either LckWT or LckY394F as described in Fig. 6A. Upon 

CD3/CD28 coreceptor stimulation, we expect Lck molecules to be recruited to the membrane 

surface, resulting in an increase in Venus fluorescence signal after at least 30 minutes of 

maturation as reported by Tsien (Tsien, 1998) (Fig. 6B). Imaging results confirmed the unique 

state of pre-activation of Lck in J. Cam reconstituted with LckWT, indicated by the high basal 

Venus signal without any stimulation. Meanwhile, the signal in LckYF-reconstituted J. Cam 

cells appeared to be very minimal. After stimulation, fluorescence with clear membrane 

localization can be observed, indicating robust Lck-Lck interactions for both LckWT and 

LckY394F (Fig. 6C). The signal intensities for LckWT and LckY394F in both rest and 

stimulated states were quantified, and the statistical analysis further confirmed that LckY394F 

preserved similar activation potency as the wildtype Lck had, and it had a lower basal activation 

level (Fig. 6D). Therefore, we postulate that a point mutation from tyrosine (Y) to phenylalanine 

(F) on the autophosphorylation site 394 would prevent unstimulated Lck from interacting with 

each other to induce Lck activation, while the wildtype Lck would naturally associate and 

dissociate with each other, inducing not only Lck but also T-cell activation.  

With these observations, we could conclude that the LckY394F mutant, though still 

highly regulated by a series of signaling events just like the wildtype Lck, has its distinct 

biophysical properties and kinetics. More studies need to be done to fully elucidate and 
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characterize this molecule, and biomedical practices including adoptive T-cell transfer (ACT) 

therapy should not overlook its prospective therapeutic benefits.   

Figure 6. Visualization of distinct biophysical properties of LckWT and LckY394F by split-Venus 

system. (A) Schematics of fusion protein of either half, VN173 or VC155, of the split Venus protein to 

LckWT and LckY394F. (B) Schematic representation of interactions between proteins of interest lead to 

the dimerization and maturation of split-Venus proteins. (C) Fluorescent microscopic images of J. Cam 

cells infected with lentiviruses encoding either LckWT or LckY394F fused with VN173/VC155, as 

described in (A). Images were taken both before and after CD3/CD28 antibody stimulation. (D) Graphs 

quantifying the normalized Venus intensity before and after stimulation. Error bars: Mean  SEM. Two-

tailed Student’s t-test was used for statistical analysis. * indicates P < 0.05, *** indicates significant 

difference between groups. P < 0.001, N = 3, n = 147, 137, 118, 136, for LckWT before, LckWT after 

stimulation, LckY394F before, LckY394F after stimulation, respectively.  (Wan et al., 2019) 
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Sections from 2.1 to 2.4 of this thesis have been submitted for publication of the material as it 

may appear in Science Advances, ‘Wan, R., Wu, J., Ouyang, M., Lei, L., Wei, J., Peng, Q., Harrison, R., 

Wu, Y., Cheng, B., Li, K., Zhu, C., Tang, L., Wang, Y., Lu, S. (2019). Biophysical basis underlying 

dynamic Lck activation visualized by ZapLck FRET biosensor. Science Advances, 5(6), 

eaau2001. https://doi.org/10.1126/sciadv.aau2001’. 

Figure 3-6 were modified from Wan, R., Wu, J., Ouyang, M., Lei, L., Wei, J., Peng, Q., Harrison, 

R., Wu, Y., Cheng, B., Li, K., Zhu, C., Tang, L., Wang, Y., Lu, S. (2019). Biophysical basis underlying 

dynamic Lck activation visualized by ZapLck FRET biosensor. Science Advances, 5(6), 

eaau2001. https://doi.org/10.1126/sciadv.aau2001 © The Authors, some rights reserved; exclusive 

licensee American Association for the Advancement of Science. Distributed under a Creative Commons 

Attribution NonCommercial License 4.0 (CC BY NC) http://creativecommons.org/licenses/by-nc/4.0/” 

 

2.4 Integration of LckY394F into chimeric antigen receptor (CAR) design  

 2.4.1 Fluorescently labeled CAR and CARYF showed similar killing capacity after 

FACS enrichment at high E:T ratios 

Figure 7. Preliminary in vitro testing of CAR and CARYF with mCherry tag. (A) Schematic 

representation of the second-generation chimeric receptors that contain LckY394F and mCherry 

fluorescent tag. CAR-mCherry, CAR-LckY394F-mCherry are abbreviated as 28CC and 28YC, 

respectively. Effector to tumor ratio was 1 to 10. (B) Normalized firefly luciferase intensity from lysed 

Nalm-6-Firefly cells after 24-hr coculture with engineered T-cells. Group 28CC and Group 28YC show 

no significant difference, but they all showed statistical significance with respect to un-transduced T-cells 

(PBMCs). Two-tailed Student’s t-test was used for statistical analysis. N = 3, P < 0.05. (C) 24-hr 

coculture cytotoxicity assay performed with different effector to tumor ratio (E:T ratio). Firefly luciferase 

intensity after lysis was measured and normalized against Nalm-6 only. Killing efficiency was calculated. 

Error bars: Mean  SEM. Two-tailed Student’s t-test was used for statistical analysis. N = 3, ** indicates 

P<0.05. 
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 Tumor 

Although many factors may contribute to the overall proliferation and killing potency of 

the manufactured CAR T-cells, we hypothesized that fusing LckY394F mutant to the 

cytoplasmic end of the original CAR design would lower the basal activation level of Lck by 

pre-occupying the space near the CD3- chain, creating steric hinderance. By stopping individual 

chimeric receptors from clustering together to form immunological synapse driven by activated 

wildtype Lck at resting state, LckYF-incorporated CAR T-cells under ex vivo expansion would 

be less subject to exhaustion (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Hypothesized mechanistic differences between CAR T-cells and LckYF-incorporated 

CAR T-cells during resting state and tumor engagement. (A) wildtype Lck molecules would naturally 

cluster near the CD3-zeta chain of CAR, inducing pre-exhaustion and high PD-1 expression at resting 
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(Fig. 8 continued) state (Left). Upon tumor engagement, cells were already exhausted with 

overexpression of multiple inhibitory receptors including PD-1and unable to kill the tumor cells (right). 

(B) LckYF-incorporated CAR T-cells were able to maintain low basal activation level at resting state, 

only expressing minimal numbers of inhibitory receptors (left). Upon tumor engagement, receptor-ligand 

interactions would initiate robust activation, and tumor cells can be lysed (right). 

 

We incorporated LckY394F (LckYF) into the original second-generation chimeric 

antigen receptor (CAR) construct, which contains a single-chain fragment variable (scFv) as the 

sensing unit, a CD28 transmembrane domain, a CD28 intracellular domain as the costimulatory 

domain, and the entire CD3- chain as the activation domain. A fluorescent mCherry tag was 

fused to indicate the localization of CAR protein, and a c-Myc tag was also added for population 

profiling and enrichment (Fig. 7A). Lentiviruses for both CAR-mCherry (28CC) and CAR-

LckYF-mCherry (28YC) were generated by using the ProFection○R  Mammalian Transfection 

System on Lenti-X 293T cells. Titers for both viruses were measured to be greater than 5*10^8 

TU/ml before infecting peripheral blood mononuclear cells (PBMCs). PBMCs were thawed 72 

hours before transduction (detail description in Materials and Method), cultured for 48 hours for 

protein expression, and enriched CAR-positive population by FACS. The sorted CAR T-cells 

were recovered in RPMI 1640 complete culture medium supplemented with IL-2 for 72 hours 

before performing any experiment. Following recovery, these CAR T-cells were evaluated in 

vitro for their killing capacities by a 24-hour killing assay. At the E:T ratio of 1:10, 28CC and 

28YC both exhibited significant killing against Firefly-luciferase-engineered Nalm-6 cells, 

which is an established B-cell tumor cell line, whereas un-transduced PBMCs showed limited or 

no killing capacity against the tumor (Fig. 7B). The same experiment was repeated with E:T ratio 

of 1 to 1 and 1 to 10, and the results confirmed that un-transduced T-cells had very minimal 

killing capacity against tumor cells even at high E:T ratio, while both 28CC and 28YC exhibited 

similar cytotoxicity. Notably, the killing efficiencies were lower for E:T ratio of 1 to 10 than 
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those of 1 to 1 for both 28CC and 28YC, and we attribute these phenomena to high-tumor-

burden-induced exhaustion after reviewing previous literature (Beurskens et al., 2012; Kalathil 

and Thanavala, 2016; Wherry, 2011) (Fig. 7C). 

 

2.4.2 LckY394F-incorporated CAR or truncated CAR showed superior cytotoxicity 

under physiologically-relevant E:T ratio  

 Reported by Feucht et al, the chimeric antigen receptor (CAR) remains capable of 

transducing signal downstream with truncations at the immunoreceptor tyrosine-based activation 

motifs (ITAMs) on CD3- chain, through which they observed attenuated T-cell activation, 

lower T-cell exhaustion, and less terminal differentiation (Feucht et al., 2019). They also 

demonstrated both in vitro and in vivo that CAR T-cell potency is correlated to the proximity of 

the first ITAM to the membrane surface, and any redundant element after the first activation 

domain may have negative contributions to the overall cytotoxic capacity. Therefore, we 

hypothesized that any positive effect that LckYF may have was masked by the effects of the 

redundant ITAMs as well as the fluorescent tag. Truncated CAR construct D23, which only has 

ITAM 1 as its activation domain, and D23-LckYF (D23YF) were designed and cloned through 

the Gibson Assembly (Fig. 9A). Moreover, magnetic-activated cell sorting (MACS) technique 

instead of flow-activated cell sorting (FACS) was used to enrich CAR positive population for 

better viability and functionality as suggested by Hu and Li (Hu et al., 2016; Li et al., 2013). 

Timeline of CAR T-cell preparation was designed to mimic the actual manufacturing process 

(Fig. 9B). Before evaluating the cytotoxicity of these CAR T-cells in vitro, CAR-positive 

population was measured for all four constructs (Fig. 9C). Considering the ratio of a single CAR 

T-cell therapy dose, which varies between 1*10^6 cells/kg to 5*10^8 cells/kg, and  a large 
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number of circulating tumor cells in the case of hematological malignancies, we added another 

group of E:T ratio of 1 to 50, testing if constructs with LckYF would outperform others under 

high-tumor-burden environment (Park et al., 2016; Z. Zhao et al., 2018). After 14 days of ex vivo 

culture, the cytotoxicity of all four constructs was evaluated with a 24-hour killing assay. At 

effector to tumor ratio of 1 to 50, CAR-YF and D23-YF both exhibited superior killing capacities 

than its original ones did, while no difference was observed at E:T ratio of 1 to 10 as expected 

(Fig. 9D). However, this experiment should be repeated at least twice to establish statistical 

significance.  
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Figure 9. In vitro testing of the original and truncated CAR (D23 and D23YF) constructs without 

mCherry after MACS. (A) Schematic representation of chimeric receptors contains LckY394F at the 

cytoplasmic tail (CAR-LckYF or CARYF), truncated CAR with only ITAM1 (CAR-D23 or D23), and 
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(Fig. 9 continued) truncated CAR that contains LckY394F (CAR-D23-LckYF or D23YF). (B) 

Experimental timeline for PBMC in vitro culture, lentiviral transduction, magnetic-activated cell sorting 

(MACS), and cytotoxicity testing mimicking ex vivo condition of CAR T-cell manufacturing. (C) CAR, 

CARYF, CAR-D23, and CAR-D23YF transduced T-cell population 5 days after MACS stained with 

Alexa Fluor○R  488 AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgG (CAT# 115-546-072) (Richman et 

al., 2018). (D) 24-hr killing assay normalized with smaller E:T ratio, 1 to 10 (left) and 1 to 50 (right). 

Only one repeat was done due to time constraint. (E) Tumor re-challenging assay setup schematics. 0.016 

million tumor cells were mixed with 0.004 million engineered T-cells at day 14 (yellow). Subsequent 

tumor cells were added at day 16 (green) and day 18 (blue), and were harvest after 24hr coculture, 

respectively (Wang et al., 2019, 2018).  

 

3. Discussion 

 The development and optimization of fluorescence-resonance-energy-transfer-based 

biosensor have attracted major interests in the field of biomedical engineering due to its great 

spatial and temporal resolution (Seong et al., 2009). Recently, more and more imaging 

techniques have been developed including quantum dots (Jaiswal et al., 2004), stimulated 

emission depletion (STED) microscopy (Lukinavičius et al., 2014), and fluorescence lifetime 

imaging (FLIM) (Suhling et al., 2015), but FRET system remains invaluable with its ease-of-use 

and high sensitivity for detecting subcellular interactions. Here we presented a newly developed 

FRET-based biosensor for monitoring Lck activity in living cells without major disturbance to 

the normal physiological enzymatic activities. This biosensor would be a useful tool in 

elucidating the mechanism of T-cell proximal signaling during immunological synapse formation 

(Gorska et al., 2009, 2004; Salmond et al., 2009). 

With this biosensor, we further investigated the activation kinetics of both wildtype Lck 

(LckWT) and one of its mutants LckY394F (LckYF) through CD3/CD28 coreceptor stimulation. 

CD3 and CD28 antibodies were pre-clustered with biotin and streptavidin to simulate 

synchronous surface-receptor stimulation under most physiological conditions. Interestingly, we 

observed that LckY394F, unlike previous observations (Liaunardy-Jopeace et al., 2017; Rossy et 

al., 2013), can be activated to a similar level as the wildtype Lck while having only minimal 
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basal activities (Fig. 4A, B, C).  BiFC experiments also confirmed that wildtype Lck molecules 

have more intermolecular interactions than LckYF molecules do (Fig. 6C, D). One possible 

explanation for this phenomenon is that the mutant LckYF had lost its “sticky end” due to point 

mutation on tyrosine 394, which was reported to be dominantly involved in the kinase 

autophosphorylation and clustering process (D’Oro et al., 1996; Hardwick and Sefton, 1997; 

Jullien et al., 1994; Rossy et al., 2013).  

Given these observations, we presume that LckYF could lower T-cell basal activation 

even in primary T-cells, and current CAR T-cell therapy could potentially benefit from this 

feature. The preliminary results after incorporating LckYF into the original or truncated CAR 

construct at E:T ratio as low as 1 to 50 showed promising therapeutic benefits given the small 

amount CAR T-cells administered compare to that of circulating blood tumor cells in real-life 

situations. The main reason for small dosages is potential side effects including cytokine release 

syndrome (CRS) and neurological damage (Lim and June, 2017). We want to further evaluate 

and characterize the potency of our Lck-incorporated CAR T-cells under multiple rounds of 

tumor challenge. A re-challenge assay described in Fig. 9E can be done in addition to the 24-

hour killing assay to further demonstrate the long-term clinical benefits of LckY394F (Fig. 8C, 

D) (Cherkassky et al., 2016; Wang et al., 2018, 2019).  

Although we are starting to witness the power of CAR T-cell therapy in multiple clinical 

trials (Kochenderfer et al., 2017, 2014; Kochenderfer and Rosenberg, 2013; Maude et al., 2014), 

in which either partial remission (PR) or complete remission (CR) was achieved in more than 

50% of the patients diagnosed with various forms of B-cell malignancies. Nonetheless, pre-

exhaustion during ex vivo culture and rapid exhaustion after tumor engagement are still two 

challenges for broader adaptation of CAR T-cell therapy (Sen et al., 2016). Attempts have been 
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made to alleviate T-cell exhaustion by incorporating alternative co-stimulatory molecules or 

supplementing anti-PI3K-Akt pathway drugs (Long et al., 2015; Petersen et al., 2018; Urak et al., 

2017), but no definitive conclusion has been drawn to effectively tackle the problem. Moreover, 

due to the cost and complexity of the procedure, CAR T-cell therapy remains inaccessible to a 

large number of patients. Furthermore, different methods to generate “off-the-shelf” CAR T-cell 

products have been proposed like BBIR CAR and SUPRA CARs (Cho et al., 2018; Graham et 

al., 2018; Urbanska et al., 2012; J. Zhao et al., 2018), but these ideas have not been fully tested in 

clinical trials due to the increased complexity and reduced clinical benefits (Zhao et al., 2019). 

LckY394F, whose wildtype is widely expressed in human T-cells, could potentially be a simple 

solution to resolve CAR T-cell exhaustion in large-scale off-the-shelf allogeneic T-cell ex vivo 

manufacturing.  

Here we have uncovered the unique biophysical properties of LckY394F mutant using a 

FRET-based ZapLck biosensor, and we have also shown preliminary evidence of its 

opportunities in both CAR T-cell ex vivo manufacturing and “off-the-shelf” CAR T-cell product 

design.  
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4. Materials and Methods 

DNA constructs and virus production 

ZapLck biosensor was constructed using a pre-established Src biosensor as the template (Ouyang 

et al., 2008) by switching the Src-specific substrate with an Lck-specific substrate. Substrate optimization 

was done by Wu, J. and Wan, R. (Wan et al., 2019). The biosensor plasmid was transformed into DH5 

competent E. coli cell for DNA amplification. The initial template constructs LckWT-CFP, LckK273R-

CFP, and LckY394F-CFP were gifts from Dr. Katharina Gaus (Centre of Vascular Research and 

Australian Centre for NanoMedicine, University of New South Wales, Sydney, Australia). Fragments of 

ZapLck biosensor, LckWT, LckY394F, LckK273R, were further cloned into a pSIN vector using 

polymerase chain reaction (PCR) between restriction sites SpeI and EcoRI for lentiviral expression. 

LckWT and LckYF were fused with VN173 and VC155 at C into pSIN vector through Gibson Assembly. 

All molecular cloning procedures were achieved using Q5 high-fidelity DNA polymerase (New England 

BioLabs, cat#: M0491L) and Gibson Assembly Master Mix (New England BioLabs, cat#: E2611). The 

pBiFC-bJunVN173 (cat#: 22012) and pBiFC-bFosVC155 (cat#: 22013) were purchased from Addgene. 

The original 3rd generation CAR sequence-contained plasmid was a generous gift from Michel Sadelain, 

and derivative constructs including anti-human CD19 scFv, CD28 transmembrane and costimulatory 

domain, and the CD3- ITMA activation domain were synthesized by Integrated DNA technologies 

(Maude et al., 2014; Pan et al., 2018). The model of the thermal cycler used was Bio-Rad C1000 TouchTM 

Thermal Cycler for all Q5 PCR reactions and Gibson Assembly reactions.  

 

Electroporation 

Jurkat (ATCC○R  TIB-152TM) and J. Cam (ATCC○R  CRL-2063TM) cells were purchased from 

American Type Culture Collection (ATCC), expanded, and froze in liquid nitrogen tank for the following 

experiments. Cells were passaged one day before electroporation to ensure good functionality and 

viability. 5 to 10 million cells were collected and washed with pre-warmed PBS twice before 
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resuspending with 500 l pre-warmed Opti-MEM medium (GibcoTM, cat#: 31985070). 15 g of plasmid 

DNA was added to the cell mixture for single-plasmid delivery, and 10 g of each DNA was added for 

co-transfection of two or more plasmids. The mixture was transferred to a 4-mm cuvette (Genesee 

Scientific, cat#: 40-102) for electroporation (Bio-Rad, Gene Pulser XcellTM Electroporation Systems, cat#: 

1652660) with optimized parameters for Jurkat cell transfection: 270 V, 95 F, and infinite resistance. 

Electroporated cells were transferred to either a 35-mm dish or a 6-well plate with complete medium for 

24 to 48-hour recovery and protein expression.  

 

Pervanadate Preparation  

Reactive oxygen species (ROS) generating pervanadate solution was prepared according to Seong 

et al (Huyer et al., 1997; Seong et al., 2009). A detailed description was also given by Huyer et al. 10 l 

of 100 mM Na3VO4 and 50 l of 0.3% H2O2 diluted by HEPES (pH 7.3) (GibcoTM, cat#: 15630-080) 

were mixed with 940 l of Molecular Biology Grade Water (MBG H2O) (Fisher Scientific, cat#: 

BP28191). After 10 minutes, catalase (CALBIOCHEM○R , cat#: 219001) was added to release extra H2O2, 

and 1 mM pervanadate was prepared for further experiments.  

 

CD3/CD28 antibody cluster preparation  

1 mg Streptavidin (Promega, cat#: Z704A) was resuspended in 200 l MBG water to make final 

concentration 5 mg/ml. 0.53 l diluted Streptavidin was first mixed with 21.4 l biotin-IgG (1.4 mg/ml) 

(Invitrogen, cat#: 31800) then subsequently add 10 l of CD28 antibody (BD Bioscience, cat#: 556620) 

and 20 l of CD3 antibody (BD Bioscience, cat#: 555337) to make a 4-unit stimuli mixture. The miixture 

is stable in 4˚C for 24 hours.  

 

 

 



 

 

   27 

Cell preparation and Fluorescent microscopy 

Transduced or transfected Jurkat and J. Cam cells were cultured in RPMI 1640 medium 

(GibcoTM, cat#: 22400105) supplemented with HI-FBS (GibcoTM, cat#: 10082147), Penicillin-

Streptomycin (GibcoTM, cat#: 15140122), and Sodium Pyruvate (GibcoTM, cat#: 11360070) (final 

concentration 10% HI-FBS, 1% Penn-Strep, 1% Sodium Pyruvate, all by volume). HeLa cells were 

cultured in DMEM (GibcoTM, cat#: 11995073) supplemented with 10% HI-FBS and 1% Penn-Strep by 

volume. All cells were cultured under the condition of 5% CO2 and 95% humidity at 37˚C.  

For FRET imaging, glass-bottom dishes (Cell E&G) were coated with nonspecific 

immunoglobulin G (IgG) secondary antibody (10 g/ml) (Sigma, cat#: SAB3700883) diluted in chilled 

PBS overnight at 4˚C. Jurkat or J. Cam cells were passaged one day before imaging to ensure optimal cell 

condition. Before imaging, cells were washed with RPMI 1640 only once to remove any ECM proteins or 

growth factors that may interfere with cell attachment. HeLa cells, either transfected or un-transfected, 

were seeded onto glass-bottom dishes, coated with fibronectin (10 g/ml) diluted with chilled PBS 

overnight, at a proper density 24 hour before imaging to ensure attachment and recovery.  

During imaging, HeLa cells were stimulated with a ROS generator pervanadate (PVD) to induce 

Src activity (Seong et al., 2009) at a final concentration of 20 M. Jurkat and J. Cam cells were stimulated 

with pre-clustered CD3/CD28 antibody (1 unit of stimuli being CD3 at 10 g/ml and CD28 at 5 g/ml as 

described above) and inhibited with 10 M PP1 30 minutes after stimulation.  

 

Lentiviral PBMC transduction 

 Human PBMCs were isolated from buffy coats (San Diego Blood Bank) using Ficoll gradients 

(Amersham Biosciences). CD3+ T-cells were isolated from PBMCs using the Pan T-cell Isolation Kit 

(Miltenyi, cat#: 130-096-535). Before lentiviral transduction, cells were first recovered in complete RPMI 

1640 medium (10% HI-FBS, 1% Penn-Strep, and 1% Sodium Pyruvate) supplemented with 2 g/ml 

purified PHA (phytohaemagglutintin) (Fisher Scientific, cat#: R30852801) and 30 unit/ml IL-2 for 72 
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hours. Before transduction, a 6-well non-tissue culture plate was coated overnight at 4˚C with 0.8 ml of 

diluted Retronectin (Clontech, cat#: T100B) (75 l Retronectin was first diluted with 5 ml chilled PBS). 

At the day of transduction, the cells were collected and washed with warm RPMI 1640. After determining 

cell number, concentrated lentiviruses were added at an MOI (multiplicity of infection) of 20 to ensure 

optimal transduction efficiency. Spinoculation was performed for 1 hour at 1800g with centrifuge preset 

at 32˚C before putting back to the incubator for further culture. This protocol was modified from Jie Sun’s 

protocol for PBMC expansion and transduction. 

 

CAR T-cell enrichment  

 Transduced PBMCs were allowed 96 hours for expansion to at least 10 million before MACS. 

Biotinylated-anti-c-Myc antibodies (Miltenyi Biotech, cat#: 130-092-471) and anti-Biotin MicroBeads 

(Miltenyi Biotech, cat#: 130-090-485) were used to label and isolate the c-Myc positive CAR T-cells. 

Magnetic stand and LS separation columns (Miltenyi Biotech, cat#: 130-042-401) were used to capture 

labeled cells. Specific steps from the manufacturer were strictly followed to achieve sterile CAR T-cell 

population enrichment.  

 

In vitro killing assay  

 Enriched CAR T-cells were stained with Alexa Fluor○R  488 AffiniPure F(ab’)2 Fragment Goat 

Anti-Mouse IgG, F(ab’)2 fragment specific (Jackson ImmunoResearch, cat#: 115-546-072) to measure 

CAR-positive population after expansion. CAR T-cells were passaged continuously with complete RPMI 

1640 media supplemented with 30 unit of IL-2 to maintain cell density at 10^6 cells/ml. For any E:T ratio 

(1:1, 1:10, 1:50), 0.1 million tumor cells were mixed with 0.1 million, 0.01 million, and 0.002 million 

CAR T-cells. After 24 hours, cell mixtures were harvested and lysed. Firefly luciferase intensities were 

measured using Dual-Luciferase○R  Reporter Assays (Promega, cat#: E1910) on the microplate reader 

(Tecan, Infinite○R  M1000 Pro) to quantify how many tumor cells were left. Each killing assay had at least 
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3 independent repeats with triplicates. Greiner 96 black flat-bottom plates were used in all luciferase 

measurements, and the integration time of luminescence reading was set at 1000ms.  

 

Microscope setup for FRET imaging 

 Microscopic images from FRET experiments were collected with a 420DF20 excitation filter, a 

450DRLP dichroic mirror, and two emission filters controlled by a filter changer (480DF30 for CFP and 

535DF25 for FRET). A Nikon Eclipse Ti inverted microscope installed with a 300W Xenon lamp (Atlas 

Specialty Lighting), an electron-multiplying (EM) charge-coupled device camera (QuantEM:512SC, 

Photometrics), and a 100 Nikon microscope objective (numerical aperture,  1.45) were used to capture 

all imaging data with the MetaMorph 7.8 software (Molecular Devices). Analysis of acquired images was 

conducted on FluoCell, an image analysis software tool developed by the Wang Lab (unpublished results, 

S.L. at the University of California). (adapted from Wan et al., 2019) 

 

Western Blot 

 Antibodies used in detecting ERK activities include anti-pERK (1/2) (CST, cat#: 4377T), anti-

ERK (1/2) (CST, cat#: 9102S). Before immunoblotting, multiple groups of Jurkat and J. Cam cells were 

treated as described in previous chapters. The cells were then harvested and lysed using 

radioimmunoprecipitation assay buffer (RIPA buffer) (CST, cat# 9806) on ice for 10 minutes and then 

centrifuged at 4˚C at 13,000 rpm. The protein concentration was measured using a Bio-Rad protein assay 

dye reagent (Bio-Rad, cat#: 5000006) following the protocol of the manufacturer. Same of boiled proteins 

were loaded into 10% Mini-PROTEAN○R  TGXTM Precast Protein Gels (Bio-Rad, cat#: 4561033) to 

quantify ERK expression and phosphorylation levels. The gels were run at 110 V for 60 to 90 minutes 

and then transferred to a nitrocellulose filter membrane at 110 V for 60 minutes. 5% dry milk solution 

was used to perform blocking at room temperature for 30 minutes on an orbital shaker. The membrane 

was sequentially incubated with primary antibody (4˚C overnight) and secondary antibody (room 
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temperature for at least 1 hour), followed by washing with TBST three times for 15 minutes each. Lastly, 

the membrane was visualized with standard chemiluminescence (Thermo Scientific, cat#: 34075). 

(adapted from Wan et al., 2019) 

 

Statistical analysis  

Statistical analysis was done with help from Dr. Lu S., Dr. Wang Y., and Dr. Wan R. Two-tailed 

Student’s tests with unequal variants were used for statistical analysis. The analysis methods were also 

described in the figure legends. N represents the number of independent experiments, and n represents the 

number of cells within a single experiment. All results except Fig. 8D had three or more independent 

repeats. (adapted from Wan et al., 2019) 
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