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Abstract 

Cytotoxic lymphocytes, such as CD8+ T cells and natural killer (NK) cells, play an essential role 

in the elimination of cancer and infected cells. Cancer cells evade detection and clearance by 

cytotoxic lymphocytes via several mechanisms. These include immune-evasive mechanisms such 

as orchestrating an immunosuppressive niche, as well as resistance to mediators of cytotoxicity. 

Granule-mediated cytotoxicity is an essential mechanism by which killer lymphocytes directly 

lyse their targets. This process involves the release of perforin and granzymes into the 

immunological synapse, where perforin oligomerization at the target cell membrane facilitates the 

delivery of granzymes, such as granzyme B (GzmB) into the target cell to induce cell death. Recent 

reports have shown that cancer cells can resist GzmB-induced cell death via expression of the 

GzmB inhibitor Serpin B9, autophagy or downregulation of gasdermin E. Identifying the 

mechanisms by which cancer cells survive cytotoxic lymphocyte attacks is crucial to improving 

immunotherapy and prevent disease relapse. To identify and characterize cancer cells that are 

resistant to mediators of cytotoxicity, we have developed a reporter system that allows cytotoxic 

lymphocytes to irreversibly label the target cells they attack. To build this system, we took 

advantage of the perforin-GzmB pathway and fused a Cre recombinase to GzmB, which is 

delivered into the target cell during the cytotoxic attack. Target cells were engineered to express a 

Cre-inducible mCherry. Thus, cancer cells that survive a cytotoxic attack would be irreversibly 

labeled with mCherry. This reporter system allows for convenient identification, isolation and 

characterization of cancer cells that survived a cytotoxic attack to uncover their mechanisms of 

resistance, potentially paving the way for improved immunotherapies.   
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Chapter 1: Background 

1.1   Introduction 

One of the hallmarks of cancer is avoiding immune destruction1. This avoidance can occur 

via several mechanisms. For instance, loss of neoantigen represents an immune-evasive strategy 

that protects cancer cells from neoantigen-specific CD8+ T cells2. Additionally, cancer cells may 

downregulate key components of antigen presentation such as major histocompatibility complex 

class-I (MHC-I) or ß2-microglobulin (ß2m), which renders them “invisible” to tumor-specific 

CD8+ T cells3,4. They may also upregulate co-inhibitory molecules such as PD-L1 that inhibit 

effector CD8+ T cell function5, or orchestrate an immunosuppressive niche that leads to cytotoxic 

lymphocytes exclusion or dysfunction6. There are various efforts in the field of tumor immunology 

and immunotherapy to identify these mechanisms and to develop strategies to overcome them for 

effective cancer treatment7.  

The above-mentioned mechanisms enable cancer cell survival by evading immune 

detection and lymphocyte-mediated cytotoxic attacks. However, resistance to immune killing 

could also occur post-target recognition and triggering of a cytotoxic response. This is because the 

mechanisms of cytotoxicity rely on active pro-death pathways within the target cell for successful 

elimination1,8. Thus, resistance to the mediators of cytotoxicity can represent mechanisms of 

resisting immune destruction. Using traditional models of implanting mice with cancer cells that 

express model neoantigens such as ovalbumin, gp33 or green fluorescent protein (GFP), followed 

by adoptively transferring neoantigen-specific CD8+ T cells from OT-I9, P1410 or JEDI11 mice, 

respectively, can allow us to study the surviving population and study mechanisms of resistance. 
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However, because cancer cells can evade killing by several mechanisms upstream of triggering a 

cytotoxic response, we cannot determine which cell population is surviving after experiencing a 

killer lymphocyte attack. In order to identify mechanisms of resistance to cytotoxic attacks, there 

is a need for a nuanced approach to distinguish between cancer cell populations that are surviving 

by evading killer lymphocyte attacks altogether and the populations that are surviving despite 

successfully triggering a cytotoxic response.  

 In this project, we set out to develop an innovative reporter system that would enable 

cytotoxic lymphocytes, such as CD8+ T cells and NK cells, to irreversibly tag the cells they attack. 

This system utilizes the perforin-granzyme B (GzmB) pathway, where pro-apoptotic components 

of the cytotoxic granules are physically delivered from the killer lymphocyte into the cytosol of 

target cell12. To cause a permanent mark in the “seen” target cell, it would be ideal to induce a 

genetic change that can be easily detected and followed. To that end, we set out to build the 

components of this reporter system which include “tagging” killer lymphocytes and “taggable” 

target cells. Resistant cell populations that have indeed survived a killer lymphocyte attack will be 

irreversibly labeled with mCherry, as it is endogenously expressed. In order to accurately identify 

the resistance mechanisms, we would need to compare the “seen” resistant population with the 

“seen” sensitive population. However, because the GzmB is functional and induces apoptosis, we 

are unable to retain the sensitive population. To resolve this, we have also fused Cre recombinase 

to an inactive version of GzmB to serve as our control. (Figure 1).   
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Figure 1: A diagram of the reporter system to enable lymphocyte-mediated labeling of targets. Using 

GzmA/B-KO cytotoxic lymphocytes, we aim to knock-in either GzmB or deadGzmB, each fused to a Cre 

recombinase. Target cells express a Cre-inducible mCherry. Killer lymphocytes carrying GzmB-Cre can 

eliminate sensitive targets, allowing for the retention of tagged resistant target cells. Killer lymphocytes 

carrying deadGzmB-Cre will have significantly diminished cytotoxicity, and therefore can tag sensitive 

and resistant target cells. Isolation and characterization of tagged cells in both groups allows for precisely 

determining markers of resistance and sensitivity.   

 

1.2   Granule-mediated Cytotoxicity 

One of the main mechanisms by which killer lymphocytes eliminate cancer or infected 

cells is through granule-mediated cytotoxicity. This process involves the exocytosis of the 

cytotoxic granules and the release of their contents into the immunological synapse. In the context 

of T cell-mediated killing, primed antigen-specific CD8+ T cells recognize antigen-MHC-I 

complexes presented on the surface of their target cells via T cell receptor (TCR) stimulation13. 

NK cells, on the other hand, recognize their targets through the interaction of activating receptors 

that recognize activating ligands on the surface of their target cells13,14. Recognition leads to the 

formation of an immunological synapse, which is a highly specialized tight cell-cell junction that 

triggers effector cell polarization15–17. Cytotoxic granules move with the microtubule organizing 
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center (MTOC) towards the immunological synapse, followed by fusion with the cytoplasmic 

membrane and the release of their contents into the synaptic gap18,19.  

Cytotoxic granules contain perforins, granzymes, cathepsins, serglycins and calreticulin12. 

Perforins are pore-forming proteins with a size of approximately 67 kDa that, upon release from 

the granules, oligomerize and form transmembrane pores on the target cell membrane20,21. This 

can result in rapid osmotic flux and necrotic cell death and the delivery of granzymes which mainly 

trigger apoptotic cell death8,22. Mutations in the perforin gene or defects in its release can result in 

a severe condition known as hemophagocytic lymphohistiocytosis (HLH), which is characterized 

by an unproductive and uncontrolled immune response resulting from the inability to clear 

infections23. Defects in perforin were also found to be strongly associated with different 

hematological malignancies24. 

Granzymes are a family of serine proteases that cleave after aspartic acid residues and can 

induce cell death through different mechanisms12,25. Humans have five identified granzymes, 

whereas mice have ten19. The most abundant granzymes in both mice and humans are granzyme 

A (GzmA) and GzmB, with the latter being more extensively studied as it is the most potent 

inducer of apoptosis12,19,26, although GzmA is more abundant within cytotoxic granules27. GzmA 

triggers cell death in a caspase-independent manner by inducing mitochondrial damage and the 

release of reactive oxygen species (ROS)28. A recent report has demonstrated that GzmA can 

trigger pyroptosis by directly cleaving gasdermin B (GSDMB), and that this mechanism plays a 

role in tumor elimination in mice29.  

GzmB triggers different pathways that ultimately lead to cell death8,30 (Figure 2). It can 

activate the mitochondrial apoptosis pathway through the cleavage of BH3‑interacting domain 

death agonist (BID) into tBID, which interacts with other BCL-2 family proteins such as BAX and 
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BAK, leading to mitochondrial outer membrane permeabilization (MOMP) and the release of 

cytochrome C31. Cytochrome C binds to apoptotic protease-activating factor 1 (APAF1) and forms 

apoptosomes in a dATP-dependent manner. This leads to the recruitment of pro-caspase 9 and its 

cleavage into activated caspase 9, which subsequently activates the executioner caspase, caspase 

332. GzmB can also directly cleave pro-caspase 3 to caspase 333. Active caspase 3 leads to the 

translocation of caspase-activated DNase (CAD) from the cytosol into the nucleus by cleaving 

inhibitor of CAD (ICAD). Active CAD subsequently induces nuclear fragmentation and 

apoptosis34,35.  

 

Figure 2: Cytotoxic lymphocytes release the contents of their granules into the immunological synapse. 

Granules mainly contain perforin and granzymes, such as granzyme B. Perforin forms pores into the target 
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cell membrane which allows granzyme B to enter. Granzyme B activates several pathways the ultimately 

lead to target cell death. 

Multiple reports have demonstrated that GzmB can also induce cell death in a caspase-

independent manner. For instance, in a report by Zhang et al, they show that both Gzm A and B 

can efficiently cleave Lamin B, which is a structural protein in the nuclear membrane, in the 

presence of caspase inhibitors36. Furthermore, Thomas et al have reported that GzmB can trigger 

cell death in a caspase-independent manner by cleaving mitochondrial proteins and triggering 

mitochondrial depolarization37. In a recent report by Zhang et al, they show that gasdermin E 

(GSDME) can be directly cleaved by GzmB, which triggers the target cell to undergo caspase-

independent pyroptosis38. Taken together, these reports demonstrate the versatile role of 

granzymes in executing cell death and highlight the importance of understanding how cancer cells 

might take advantage of these pathways to resist immune-mediated cytotoxicity.  

1.3   Death Receptor-mediated Cytotoxicity 

Another mechanism killer lymphocytes utilize to kill their targets is via death receptor-

mediated cytotoxicity. In this pathway, killer lymphocytes induce cell death by utilizing death 

receptors (DRs) ligands on their surface to stimulate DRs on target cells to trigger a cell death 

signaling cascade. DRs are members of the tumor necrosis factor (TNF) receptor superfamily, 

which have a cytoplasmic death domain39. These receptors include Fas (CD95), TNF-related 

apoptosis-inducing ligand receptor (TRAIL-R), and TNF receptor 1 (TNFR1), which are 

stimulated by Fas ligand (FasL), TRAIL, and TNF respectively8,20,39. Upon ligand binding to Fas 

or TRAIL-R, these receptors recruit adaptor proteins such as Fas-associated death domain protein 

(FADD) and pro-caspase 8/10, which form a death-inducing signaling complex (DISC), which 

activates pro-caspase 8/1039. Active caspase 8 subsequently activates the executioners caspase 3, 
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6 and 7, and can also cleave BID into tBID, which activates the mitochondrial apoptosis 

pathway8,39. Stimulation of TNFR1 leads to the recruitment of the adaptor protein TNF-receptor 

1-associated via death domain (TRADD), which modulates non-apoptotic functions that result in 

initiating transcriptional programs that control cell fate39. 

1.4 Resistance Mechanisms to Granule-mediated Cytotoxicity 

1.4.1 Resistance to Perforin Pore Formation 

Perforin pore formation is an essential step in granule-mediated cytotoxicity. Resistance to 

perforin-mediated pore formation could significantly reduce the ability of cytotoxic lymphocytes 

to eliminate the target cell. Indeed, resistance to perforin represents a mechanism by which cancer 

cells can escape granule-mediated cytotoxicity.  

Cancer cells may resist perforin-mediated pore formation by repairing or altering their cell 

membrane. In a study by Ritter et al, they investigated how killer lymphocyte-targeted cancer cells 

could respond to perforin-mediated plasma membrane disruption. The authors found that 

endosomal sorting complexes required for transport (ESCRT) proteins were specifically recruited 

to the cell membrane at the regions of cytotoxic T cell engagement following their degranulation 

and the release of perforin. Blocking ESCRT components sensitized cancer cells to T cell-

mediated elimination40. In 2016, Khazen et al reported that upon engagement with killer T 

lymphocytes, targeted melanoma cells rapidly secrete lysosome/late endosomes (LLE) containing 

cathepsin B. Cathepsin B mediates the degradation of perforin, thereby protecting melanoma cells 

from granule-mediated cytotoxicity41. In a recent study by Tuomela et al, malignant cells exposed 

to radiotherapy become resistant to both NK- and chimeric antigen receptor (CAR) T cell-mediated 

killing42. This resistance was mediated by externalization of phosphatidyl-serine, a negatively 
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charged component of the inner leaflet of cell membrane, which sequesters perforin monomers 

and blocks their oligomerization42–44.  

The biophysical properties of the cell membrane can also play a role in determining their 

response to perforin. Liu et al set out to investigate how cytotoxic T cells were effective at 

eliminating certain cancer cell populations while failing at killing a small population of tumor-

repopulating cells. In this study, they found that cell stiffness was a significant contributor to 

resisting perforin-mediated pore formation. Particularly, perforin interacts with non-muscle 

myosin heavy chain 9 (MYH9), which transmits force to F-actin, which contributes to the stiffness 

of the cell and allows perforin to “drill” the holes in the target cell membrane at the immunological 

synapse. In “soft cells”, there is less transmission of force to F-actin, which prevents perforin 

molecules from forming adequate pores. Indeed, softening the cell membrane using an F-actin 

inhibitor protected the target cells from T cell-mediated killing, whereas stiffening resistant cells 

with Jasplakinolide (Jas) sensitized them to T cell immunotherapy45. These findings were also 

supported by a recent study by Zhou et al that identified the same mechanism to be employed by 

cytotoxic T cells to protect themselves from self-harm, and showed that it is also utilized by T 

leukemic cells as a resistance mechanism46.  

1.4.2 Resistance to GzmB-mediated Apoptosis 

Granzymes are vital components of cytotoxic granules. Following successful perforin-

mediated pore formation, the delivery of granzymes into the cytosol of the target cell is crucial for 

killer lymphocyte-mediated elimination. In this section, we will discuss some of the strategies that 

cancer cells may use to prevent the lethal effects of granzymes, particularly GzmB as it is the most 

potent and most extensively studied12,19,26.  
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1.4.2.1 Serpin B9 

The serine protease inhibitor B9 (serpin B9) is a GzmB inhibitor that is expressed in 

cytotoxic lymphocytes to protect themselves from their endogenous GzmB47. Serpin B9 is also 

expressed in several human and mouse cancer cells48. The increased expression of serpin B9 in 

malignant cells correlates with poor prognosis and resistance to cancer immunotherapies48–51. In 

patients undergoing immune checkpoint blockade (ICB) therapy, responders have consistently less 

Serpin B9 expression levels compared to non-responders52. In CRISPR screen studies aimed at 

identifying genes associated with resistance to T cell-mediated killing, serpin B9 has emerged as 

one of the top enriched genes whose inactivation correlates with sensitivity53,54. It has also been 

reported that cancer cells expressing Serpin B9 may require multiple “hits” from NK cells to 

undergo apoptosis compared Serpin B9-negative counterparts55. These studies indicate that Serpin 

B9 may present a druggable target to sensitize resistant cancer cell populations to killer 

lymphocyte-mediated killing. Indeed, in 2020, Jiang et al developed a small molecule inhibitor of 

Serpin B9, which was shown to enhance tumor immunogenicity and reduced tumor growth in 

multiple mouse tumor models such as lung, kidney, and breast cancer48. 

1.4.2.2 Autophagy 

 Autophagy is an intracellular physiological process where cells degrade damaged 

organelles and proteins for recycling56. The autophagic pathway can be activated as an adaptation 

to stress, nutrient deprivation and hypoxia8,56. Autophagy is associated with maintaining cancer 

cell stemness and resistance to cancer therapies56,57. The establishment of a hypoxic 

microenvironment is a common feature among solid tumors6,58. Hypoxia-induced autophagy has 
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been shown to confer resistance to NK-mediated killing by degradation of NK-derived GzmB, and 

that GzmB functionality can be restored upon inhibition of hypoxia-related genes59–62. 

1.4.2.3 Gasdermin E (GSDME) 

 Cancer cells may resist cytotoxicity by evading gasdermin-induced pyroptosis. The 

cleavage of GSDME by caspase 3 results in the formation of pores in the cell membrane and 

triggering of a pro-inflammatory form of cell death, pyroptosis38,63. Recent studies have 

demonstrated that GzmB can induce caspase-independent cell death by directly activating 

GSDME38. Indeed, the expression of GSDME is suppressed in various cancers, which indicates 

its potential role as a tumor suppressor64. Certain cancers, including breast cancer, gastric and 

colorectal cancers downregulate the expression of GSDME by epigenetic silencing of the GSDME 

promoter38,65,66. Restoring GSDME expression sensitizes tumors to killer lymphocyte-derived 

GzmB-mediated apoptosis, which presents a potential therapeutic approach to enhance 

immunotherapy38.  

 In conclusion, there are several mechanisms by which cancer cells can survive and resist 

killer lymphocyte attacks. These mechanisms range from inhibiting perforin-mediated pore 

formation by phosphatidyl-serine externalization, rapid release of cathepsin B, or altering cell 

stiffness, to repairing membrane pores via deploying ESCRT protein complexes. Malignant cells 

may also neutralize GzmB-induced cell death by expressing the GzmB inhibitor, serpin B9, 

activating autophagy pathways which degrade GzmB, or by downregulating GSDME. Taken 

together, these insights underscore the importance of understanding how cancer cells resist 

immune cell attacks in order to develop effective cancer immunotherapies.   
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1.5 Conclusion 

Overcoming cancer cell immune resistance presents a significant challenge in the fight 

against cancer. Cancer cells can evolve a variety of mechanisms to evade killer lymphocyte attacks, 

from altering antigen presentation, to establishing an immunosuppressive microenvironment that 

inhibits or excludes cytotoxic lymphocyte function. There are tremendous efforts in the field of 

immunotherapy and tumor immunology that aim at understanding these mechanisms and to 

develop more effective cancer therapies. However, although immunotherapy has revolutionized 

cancer treatment, a significant portion of cancer patients remain poorly responsive67. This reality 

underscores the importance of deeply understanding the mechanisms that lead to such poor 

responses, which include how cancer cells may still resist cytotoxicity even after successfully 

triggering killer lymphocytes activation and degranulation.  

Looking ahead, there is a need for innovative tools that can allow us to study the complex 

interactions between the immune system and cancer cells in detail. There are several biological 

systems currently available that can help us answer important questions regarding immune cell-

target cell interactions68–70, however, to our knowledge, none of them allow for irreversible 

lymphocyte-mediated labeling of the target cell. Studying the surviving populations that have 

indeed been attacked by the immune system offers an avenue to discovering novel resistance 

mechanisms that would pave the way for more potent immunotherapies. 
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Chapter 2: The Development of the Reporter System 

Results 

2.1 Design of in vivo Circuit 

Understanding how cancer cells may resist mediators of cytotoxicity is crucial to 

developing effective immunotherapies. Because cancer cells can evolve several mechanisms to 

evade immune surveillance, we cannot determine whether a malignant cell is surviving after 

getting recognized by T cell or due to other  cell extrinsic evasive mechanisms. Thus, in this 

project, our goal is to develop a novel in vivo circuit to precisely identify cancer cell populations 

that are intrinsically resistant to T cell-mediated killing by irreversibly label cancer cells upon their 

recognition by cytotoxic T cells. The perforin-GzmB pathway can potentially be utilized to deliver 

cargo, such as fluorescent reporters, into target cells70. However, delivering fluorescent proteins 

does not allow for long-term monitoring of the targeted cells and their lineage as it is not 

genetically encoded and would dilute with cell proliferation. Thus, there is a need to develop a 

novel tool where the delivery of such cargo induces a permanent genetic change that can be 

monitored even after the targeted cells proliferate.  

In our reporter system, we took advantage of the perforin-GzmB pathway to link a Cre 

recombinase to GzmB, which is a major component of the cytotoxic granules that is delivered into 

a target cell that express a Cre-inducible fluorescent reporter. Particularly, we have engineered 

primary mouse CD8+ T cells and human NK cells to express functional Cre recombinase fused to 

either wild type or an inactive form of GzmB. Additionally, we have engineered mouse and human 

target cell lines that express a Cre-inducible mCherry reporter. Upon their recognition and 

subsequent attack by activated lymphocyte, target cells will receive Cre which, when translocated 
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to nucleus, leads to recombination and permanent labelling with mCherry This way, we can 

irreversibly label the targeted cells that have indeed survived a cytotoxic lymphocyte attack, 

allowing for long-term monitoring, convenient identification, and isolation for analysis to uncover 

novel mechanisms of resistance.  

2.2 Design of the Gene Constructs. 

To enable the delivery of Cre recombinase into the cytotoxic lymphocyte targeted cells, we 

took advantage of the perforin-GzmB pathway and built our construct by linking Cre to murine 

GzmB using a G4S linker. This was followed by an internal ribosome entry site (IRES) sequence 

and an mCherry reporter (Figure 3a). These inserts were on a lentiviral vector backbone and driven 

by a spleen focus-forming virus (SFFV) promoter. Cytotoxic lymphocytes carrying this construct 

will kill sensitive targets and allow for the retention of resistant populations. In order to retain the 

sensitive “seen” target cell population, site-directed mutagenesis was performed to generate a dead 

GzmB variant by inducing mutations in the three GzmB active sites H64A, D108A and S203A 

(Figure 3b). 

a. 

 

b. 

 

Figure 3: Design of constructs. a. GzmB was fused to Cre recombinase, followed by an IRES sequence 

and an mCherry reporter. b. Dead GzmB was generated by inducing the mutations H64A, D108A and 

S203A by site-directed mutagenesis. 
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2.3 Viral Vector Production. 

2.3.1 Lentiviral Vectors (LV) Production and Titration. 

To enable cytotoxic lymphocytes to express GzmB-Cre-IRES-mCherry or deadGzmB-

Cre-IRES-mCherry, we generated 3rd generation VSV-G-pseudotyped LVs carrying our desired 

plasmids for stable transduction. To do so, we first co-transfected HEK 293T cells with VSV-G, 

GAG, REV and GzmB-Cre-IRES-mCherry or deadGzmB-Cre-IRES-mCherry plasmids using 

CaCl₂ transfection. We collected viral supernatants twice and concentrated them using 

ultracentrifugation  (Figure 4a). To determine the viral titer, we serially diluted concentrated 

vectors and transduced HEK 293T cells. We then assessed the percentages of successfully 

transduced cells via flow cytometry by virtue of the mCherry reporter signal (Figure 4b). Titer of 

the GzmB-Cre-IRES-mCherry and deadGzmB-Cre-IRES-mCherry LVs were calculated to be 4.44 

x 10^8 TU/mL and 9.13 x 10^8 TU/mL, respectively (Figure 4c and d). These LVs were used in 

setting up and validating our system.  

a. 

 

b. 
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c. 

 

d.   

 

Figure 4: Production and titration of lentiviral vectors. a. A schematic of the HEK 293T cell 

transfection procedure and vector concentration. b. A schematic for determining lentiviral vector titer 

by serial dilution and HEK 293T cell transduction. c. Flow plots showing the percentages of 

successfully transduced cells for each dilution in LV-GzmB-Cre-IRES-mCherry or d. LV-dead-GzmB-

Cre-IRES-mCherry. Cells were gated on live single cells.  

2.3.2 Validation of Cre functionality. 

The goal of our reporter system is to deliver Cre recombinase into the target cells alongside 

wild type or dead GzmB. Therefore, it is essential to validate that the Cre recombinase is still 

functional and can indeed translocate to the nucleus while being linked to either form of GzmB. 

To this end, we utilized a cell line that was generated by Eleonora Marina in the Agudo lab. This 

cell line is a HEK 293T cell line that switches from dsRed to EGFP upon Cre-mediated 

recombination (lox-dsRed-STOP-lox-EGFP). This cell line was named Red2green 293T, or 

“R2G2” (Figure 5a). The induction of EGFP signal in this cell line would indicate Cre 

10-3                                                               10-4                                                                       10-3                                                            10-4  

 

10-5                                                               10-6                                                                       10-5                                                            10-6  

 

10-7                                                               -ve                                                                        10-7                                                            -ve  
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functionality. To this end, we assessed the EGFP signal in R2G2 cells that were treated with the 

generated LVs by flow cytometry. Upon treatment with LV-GzmB-Cre-IRES-mCherry or LV-

deadGzmB-Cre-IRES-mCherry at MOI 5 for 48 hours, 30.2% and 35.1% of the R2G2 cells were 

positive for EGFP, respectively (Figure 5b). This induction of EGFP in both treatment groups 

demonstrates that Cre is indeed functional while being linked to either form of GzmB in our 

constructs. 

2.3.3 γ-Retroviral Vector Cloning, Production and Packaging Validation 

Retroviral vectors (RVs) have been reported to be superior at transducing mouse T cells 

compared to LVs71. Therefore, we decided to clone our inserts onto a γ-retroviral Murine Stem 

Cell Virus (MSCV) backbone. On this backbone, our inserts were driven by the human 

phosphoglycerate kinase (hPGK) promoter instead of the SFFV, which was on the lentiviral 

backbone (Figure 6a). To generate the RVs, we co-transfected HEK 293T with our desired plasmid 

alongside pCL-ECO helper plasmid. Viral supernatants were collected and used directly as 

unconcentrated RVs to validate viral packaging (Figure 6b). Upon transducing a mouse CD4+ T 

cell hybridoma cell line generated by the Dougan lab, 75% and 54.5% of the cells were positive 

for our mCherry reporter in RV-GzmB-Cre-IRES-mCherry and RV-deadGzmB-Cre-IRES-

mCherry, respectively (Figure 6c). Thus, the cloned retroviral plasmids were indeed packaged as 

expected and can be used for further studies.  
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a. 

 

b. 

 

Figure 5: Validating the functionality of Cre in our constructs. a. A schematic of the R2G2 cell line, which 

undergoes a red-to-green switch upon Cre-mediated recombination. b. Flow plots showing the induction of 

EGFP in R2G2 cells that were treated with LV-GzmB-Cre-IRES-mCherry or LV-deadGzmB-Cre-IRES-

mCherry. Cells were gated on live single cells.  

2.4 Engineering of Cytotoxic Lymphocytes 

2.4.1 Isolation of CD8+ T Cells. 

After validating that both of our cloned constructs are indeed packaged as expected and are 

expressed in the CD4+ T cell hybridoma cell line, we decided to proceed with optimizing our 

mouse CD8+ T cell transduction protocols. We proceeded with using RV-GzmB-Cre-IRES-

mCherry only for convenience purposes. First, we optimized our CD8+ T cell isolation protocol 

and assessed the purity of the isolated population. To do so, we first collected the spleen of a wild 

type Balb/c mouse. Then, we isolated CD8+ T cells from all splenocytes using immunomagnetic 
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cell separation by negative selection (Figure 7a). Over 90% of the isolated population were 

CD3+CD8+ lymphocytes (Figure 7b). Thus, this protocol can be utilized to isolate CD8+ T cells 

for in vitro activation and engineering to express our desired constructs in subsequent experiments.  

a. 

 

b. 

 

c. 

 

Figure 6: Retroviral vector cloning, production, and packaging validation. a. A schematic of cloning of the 

inserts into a MSCV retroviral backbone. b. Co-transfection of HEK 293T cells with retroviral plasmids 

and pCL-ECO, followed by vector collection and packaging validation by transducing CD4+ hybridoma 

cell line. c. Flow plots showing transduction of the CD4+ hybridoma cell lines by mCherry expression. 

Cells were gated on live single cells. 
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a. 

 

b. 

 

Figure 7: Isolation of CD8+ T cells. a. A schematic of CD8+ isolation procedure from Balb/c mouse 

splenocytes using immunogenic cell separation by negative selection. b. Assessment of isolated cell purity 

via flow cytometry by staining for CD3 and CD8. Cells were gated on live single cells. 

2.4.2 In vitro Activation of Primary CD8+ T Cells 

CD8+ T cells must be activated to be maintained ex vivo. Additionally, RVs require their 

target cells to be actively replicating for efficient transduction72. Therefore, it is essential to activate 

the isolated CD8+ T cells to induce their replication to both maintain them in culture and allow for 

efficient RV transduction. CD8+ T cells require two signals for activation. The first signal results 

from the interaction between the TCR complex and major histocompatibility complex class-1 

(MHC-1) on the surface of antigen presenting cells (APCs). The second signal results from 

activating the co-stimulatory molecule CD28 by interacting with CD80 or CD86 on APCs73. We 

cultured the isolated CD8+ T cells in the presence of anti-CD3ε and anti-CD28 antibodies to 
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deliver signal one and two, respectively, in addition to murine IL-2 (Figure 8a). Within 16-20 

hours, we confirmed that over 90% of the cells were positive for CD69, an early activation 

marker74 (Figure 8b), indicating that the T cells are indeed active and can be used for subsequent 

RV transduction.  

a. 

 

  b. 

 

Figure 8: In vitro activation of isolated CD8+ T cells. a. A schematic of CD8+ T cell in vitro activation 

using anti-CD3 and anti-CD28 antibodies. b. Verification of CD8+ T cell activation by virtue of CD69 

upregulation. Cells were gated on live single cells.  

 

2.4.3 Engineering of JEDI CD8+ T Cells 

In this reporter system, our goal is to engineer antigen-specific CD8+ T cells to attack and 

irreversibly label antigen-positive target cells. To this end, we utilized JEDI mice, which possess 

CD8+ T cells with TCRs specific for the immunodominant epitope of GFP11. We assessed several 

methods to achieve a high transduction rate. Here, we describe the protocol that achieved the 

highest percentage of transduced cells. At day 0, we generated fresh RVs using Platinum-E cells 

co-transfected with our desired plasmid and the pCL-ECO helper plasmid. We performed 2 RV 

supernatant collections and concentrated them using the Retro-X concentrator (Takara Bio). We 

then resuspended the concentrated RVs in a 3rd supernatant collection and added it to CD8+ T 
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cells at 16 hours post-activation. We assessed the transduction efficiency two days post-

transduction (Figure 9a). Approximately 20% of the cells were CD8+mCherry+ (Figure 9b). This 

percentage was sufficient for cell sorting to perform subsequent in vitro validation.  

2.4.4 Engineering of NK92 Cell Line 

In addition to utilizing engineered CD8+ T cells in our system, we also decided to take 

advantage of NK cells to generate a stable cell line that expresses our constructs convenient use 

for in vitro validation. To this end, we utilized our generated LV-deadGzmB-Cre-IRES-mCherry 

to engineer the NK-92 human cell line. Generally, NK-92 cells are relatively difficult to transduce, 

and the efficiency is usually poor75. Therefore, we transduced the NK-92 cells using LV-

deadGzmB-Cre-IRES-mCherry at MOI 100, which yielded 12% transduction efficiency (Figure 

10). This cell population was sorted based on mCherry expression and expanded to establish the 

cell line.  

a. 
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b. 

 

Figure 9: Engineering of GFP-specific CD8+ T cells. a. Experimental timeline of RV generation and CD8+ 

T cell transduction. b. Flow cytometric analysis of the transduction efficiency of GFP-specific CD8+ T 

cells. Cells were gated on live single cells. 

 

2.5 Generation of Target Cell Lines 

 

 

Figure 10: Flow plots showing transduction efficiency of NK-92 cells transduced with LV-deadGzmB-Cre-

IRES-mCherry. Cells were gated on live single cells.  
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2.5.1 Generation of JEDI CD8+ T Cell Target Cell Line 

To validate our reporter system, we aim to engineer GFP-specific CD8+ T cells from JEDI 

mice with either GzmB-Cre-IRES-mCherry or deadGzmB-Cre-IRES-mCherry, and co-culture 

them with target cells that express both GFP (as a model neoantigen), and a Cre-inducible mCherry 

reporter. To this end, we used the 4T1 mouse triple negative breast cancer as our model cancer cell 

line. This cell line is a highly metastatic cell line that is commonly used in mouse breast cancer 

orthotopic models76. We took advantage of a GFP+ 4T1 mouse triple negative breast cancer cell 

line that was generated by the Agudo lab. We generated 3rd generation LVs carrying a non-

functional truncated nerve growth factor receptor (tNGFR), followed by a Cre-inducible mCherry 

reporter (Figure 11a). Upon transduction of the 4T1-GFP cell line, we sorted the cells based on the 

expression of GFP and surface tNGFR, twice. Over 90% of the GFP+ cells were tNGFR+ (Figure 

11b). The GFP+tNGFR+ population was sorted and successfully expanded and was named “4T1-

Green2Red” or “4T1-G2R”. This cell line can be used for the initial validation studies of our 

reporter system.  

a. 
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b. 

 

Figure 11: Engineering of GFP-specific CD8+ T cell target cell line. a. 4T1-GFP breast cancer cells were 

transduced with LV carrying tNGFR-Lox-STOP-Lox-mCherry. Upon Cre-mediated recombination, cells 

will be induced to express mCherry. b. Successfully transduced cancer cells were FACS sorted based on 

the expression of tNGFR. Cells were gated on GFP+ live single cells. 

2.5.2 Generation of NK-92 Target Cell Line 

A commonly used cell line target for the NK-92 cells is the K-562 cell line. The K-562 are 

lymphoblasts derived from a chronic myelogenous leukemia patient. This cell line is commonly 

used as a target for NK-92 cells for two main reasons. First, they lack surface MHC-I, which 

stimulates inhibitory receptors on NK cells. Second, they express high levels of the natural killer 

G2D (NKG2D) and natural cytotoxicity receptors (NCRs) ligands, which are potent activators of 

NK cell cytotoxicity77. Therefore, this cell line represents an ideal target cell line to use to validate 

the functionality of our reporter system in vitro. To that end, we transduced K-562 cells with LVs 

supernatants carrying the tNGFR and Cre-inducible mCherry (Figure 12a). The transduction 

efficiency was over 95% (Figure 12b), and thus no sorting was required. This cell line was 

successfully expanded and will be used to validate our reporter system in vitro.  
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a. 

 

b. 

 

Figure 12: Engineering of NK-92 target cell line. a. K-562 cells were transduced with LV carrying tNGFR-

Lox-STOP-Lox-mCherry. Upon Cre-mediated recombination, cells will be induced to express mCherry. b. 

Flow plots showing transduction efficiency, which was sufficient and no FACS sorting was needed. Cells 

were gated on live single cells.  

2.6 Preliminary Reporter System Validation In Vitro via Co-culture 

After successfully optimizing our RV production and primary T cell engineering protocols, 

and generating the target cell line carrying the Cre-inducible mCherry, we proceeded to perform a 

pilot co-culture experiment to validate this reporter system. Here, we isolated CD8+ T cells from 

JEDI mice, which were activated in vitro and engineered with RV-GzmB-Cre-IRES-mCherry 

following the above-mentioned methods. On day 2 post-transduction, successfully transduced cells 

were sorted based on the expression of mCherry (Figure 13a). Sorted cells were co-cultured with 

4T1-G2R target cells at an effector-to-target (E:T) ratio of 2:1. The goal of this pilot experiment 
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was to assess the ability of the engineered JEDI CD8+ T cells to successfully tag the target cells. 

To avoid excessive killing, which would obscure the readout, co-cultured cells were checked every 

60 minutes via microscopy to visualize the clustering of the JEDI CD8+ T cells around their target 

cells. At 4 hours, the effector cells were heavily clustered around the target cells. The wells were 

subsequently washed twice with PBS to remove the T cells. The wells were washed again the next 

day to ensure removal of residual effector cells. Few target cells remained in the wells, likely 

indicating that excessive killing had occurred during the incubation time. Indeed, it has been 

reported that effector cell degranulation is stimulated within 30 minutes of antigen encounter, and 

significant target cell lysis can be observed at 4 hours of co-culture, even at E:T ratios lower than 

2:178. The remaining cells were expanded and assessed via flow cytometry for mCherry signal. No 

significant difference in mCherry signal was observed between control 4T1-G2R and 4T1-G2R 

that were co-cultured with JEDI-RV-GzmB-IRES-mCherry (Figure 13b). Therefore, our co-

culture conditions and experimental design need to be reassessed for successful validation. 
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a. 

 

b. 

 

Figure 13: Validation of the reporter system. a. Successfully transduced JEDI CD8+ T cells were FACS 

sorted based on mCherry expression and co-cultured with 4T1-G2R cells for 4 hours. b. Target cells were 

expanded post-co-culture and assessed for mCherry expression via flow cytometry. Cells were gated on  

GFP+ live single cells. 
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Materials and Methods 

Plasmids 

The LV-GzmB-Cre-IRES-mCherry plasmid was designed and ordered from Twist Bioscience by 

the Agudo lab. Site-directed mutagenesis was performed to generate the  LV-deadGzmB-Cre-

IRES-mCherry by Dr. Xavier Sanches in the Agudo lab.  

Molecular cloning 

To clone the inserts in LV-GzmB-Cre-IRES-mCherry or LV-deadGzmB-Cre-IRES-mCherry into 

retroviral backbones, each plasmid was digested with BamHI and SalI restriction enzymes and the 

insert (3175 bp) was isolated using the QIAgen gel extraction kit. Human PGK promoter (516 bp) 

was digested by BamHI and EcoRI restriction enzymes from another plasmid in the Agudo lab. 

The pMSCV retroviral backbone (5155 bp) was digested using EcoRI and SalI restriction enzymes 

from another plasmid in the Agudo lab.  Ligation was performed using the T4 ligase (New England 

BioLabs). The sequences of the generated plasmids were verified by whole plasmid sequencing 

(Eurofins), and the expression of mCherry was verified by HEK 293T cells transfection.  

Cell lines 

HEK 293T cells were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented 

with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin. Platinum-E 

cells were purchased from Cell BioLabs and cultured in DMEM supplemented with 10% FBS, 

100 U/mL penicillin, 100 μg/mL streptomycin, and 10 mM HEPES. 4T1 cancer cells were cultured 

in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 1 mM sodium pyruvate. The CD4+ T cell hybridoma cell line 
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was a generous gift from the Dougan lab. These cells were cultured in T cell media, which consists 

of RPMI 1640 (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 1% GlutaMAX, 55 μM 2-mercaptoethanol. The K-562 cells were cultured in T cell 

media. NK-92 cell line was a generous gift from the Glimcher lab, and were cultured in T cell 

media supplemented with 100 IU/mL human IL-2 (hIL-2).  

Lentiviral Vector Generation 

To generate 3rd generation lentiviral vectors, 7 x 106 HEK 293T cells were seeded in six 15 cm2 

tissue culture dishes in complete IMDM media. The next evening, cells were transfected using 

CaCl₂ with 7 μg VSV-G, 12 μg GAG, 6.25 μg REV plasmids and 32 μg desired plasmid. After 14 

hours, the media was changed to complete IMDM supplemented with 5 μM sodium butyrate. The 

next afternoon, media was collected and filtered through a 0.45 μm PVDF filter and stored at 4° C 

overnight and media was replaced with complete IMDM. The next day, a second collection was 

performed and filtered. The collected supernatant was subsequently ultracentrifuged at 20,000 

RPM for 2 hours at 4° C. The resulting LV pellet was resuspended in PBS, aliquoted in single-use 

aliquots and frozen at -80° C until use.  

Retroviral Vector Generation 

Retroviral vectors were generated using HEK 293T cells or Platinum-E cells. Using HEK 293T 

cells, 3 x 105 cells were seeded in a 6-well tissue culture plate. The next day, cells were transfected 

using the Transporter™ 5 Transfection Reagent (Polyscience). Briefly, for each well, 1400 ng of 

desired plasmid and 840 ng of pCL-ECO helper plasmid were mixed with 100 μL of Opti-MEM 

(Gibco) and 6.72 μL of Transporter™ 5 Transfection Reagent. The mixture was incubated for 15 

mins at room temperature, then added dropwise to the well while swirling the plate. Media was 
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changed after 6 hours, and RV supernatant was collected at 48 hours post-transfection and filtered 

through a 0.45 filter and used directly or concentrated using the Retro-X concentrator (Takara 

Bio). Using Platinum-E cells, 7.5 x 105 cells were seeded in a 6-well tissue culture plate. The next 

day, cells were transfected using the TransIT-LT1 reagent (Mirus). Briefly, for 3 wells of the 6-

well plate, 6 μg of desired plasmid was mixed with 6 μg of pCL-ECO helper plasmid in 600 μL of 

Opti-MEM in one tube. In a second tube, 27 μL of TransIT-LT1 reagent was added to 600 μL of 

Opti-MEM. The two mixtures were combined and allowed to incubate at room temperature for 20 

minutes. After incubation, 400 μL of the mixture was added dropwise to each well while swirling 

the plate. Media was changed the next morning, and two to three supernatant collections were 

performed and concentrated using the Retro-X concentrator.  

Generation of Target Cell Lines 

A GFP+ 4T1 cell line was used to generate a target cell line for JEDI CD8+ T cells that were 

engineered with RV-GzmB-Cre-IRES-mCherry. To establish this cell line, LVs were generated 

carrying tNGFR-Lox-STOP-Lox-mCherry was used to transduce the 4T1-GFP cell line in the 

presence of 5 μg/mL of Polybrene. Media was changed the next morning. The next day, transduced 

cells were stained with anti-human NGFR-AF647 (Biolegend), and the GFP+tNGFR+ population 

was sorted for expansion. This cell line was termed “4T1-G2R” (i.e. Green to red). We used the 

K-562 cell line to generate a target for the engineered NK-92 cell line expressing LV-GzmB-Cre-

IRES-mCherry. Cells were centrifuged at 600 g x 5 minutes and resuspended in supernatant 

carrying LV-tNGFR-Lox-STOP-Lox-mCherry and 10 μg/mL of Polybrene at 1 million cells/mL. 

Cells were incubated for 6 hours in 37° C then spinoculated for 1.5 hours at 32° C. The next 

morning, the media was replaced with fresh media.  
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Antibodies 

Goat anti-hamster IgG (Thermofisher), anti-CD3 (clone 2C11, Biolegend) and anti-CD28 (clone 

37.51, Biolegend) were used for in vitro CD8+ T cell activation. Anti-mouse CD69-AF700 (clone 

H1.2F3, Biolegend), anti-human NGFR-AF647 (clone ME20.4, Biolegend), anti-mouse CD3-

FITC (clone 17A2, Biolegend), anti-mouse CD8a-APC (clone 53-6.7, Biolegend) and anti-mouse 

CD8a-AF488 (clone 53-6.7, Biolegend) were used for flow cytometry.  

Primary CD8+ T Cell Isolation and Activation 

CD8+ T cells were isolated from either wild type BALB/c or JEDI-BALB/c mice using the 

EasySep™ Mouse CD8+ T Cell Isolation Kit. T cells were cultured in T cell media, which consists 

of RPMI 1640 (Gibco) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% GlutaMAX, 

55 μM 2-mercaptoethanol. To activate the isolated CD8+ T cells, we followed two methods. First, 

wells of a 6-well plate were coated with 10 μg/mL anti-CD3 (clone 2C11) and incubated at 4° C 

overnight. The next day, isolated T cells were adjusted to 1 million cells/mL and stimulated with 

4 μg/mL anti-CD28 (clone 37.51) and 5 ng/mL murine IL-2 (mIL-2), and added to the pre-coated 

wells after gentle washing with PBS. To activate for transduction, we followed the protocol 

described by Wang et al. This protocol ensures adhesion of the T cells to the plate. Briefly, wells 

of a 6-well plate were pre-coated with 50 μg/mL goat anti-hamster IgG in PBS and incubated for 

approximately 2 hours at 37° C. Density of the isolated cells was adjusted to 1 million cells/mL in 

T cell media with 1 μg/mL of anti-CD3 (clone 2C11), 1 μg/mL of anti-CD28 (clone 37.51)79.  

Primary CD8+ T Cell Transduction and Culture 
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At 16 hours post-activation, CD8+ T cell conditioned media was saved and replaced with the 

resuspended RV with 10 μg/mL Polybrene. Cells were then spinoculated at 400 g x 1 hour at 37° 

C. Then, cells were incubated in the tissue culture incubator for 3 hours. After incubation, RV was 

removed and conditioned media was placed back onto the cells. Cells were split into 500,000 

cells/mL in T cell media supplemented with 5 ng/mL mIL-2 every 24 hours until flow cytometric 

analysis or sorting.  

NK-92 Cell Transduction 

To transduce the NK-92 cell line, cells were seeded at 100,000 cells/mL in T cell media 

supplemented with 100 IU/mL hIL-2 and 10 μg/mL of Polybrene in a 12-well plate. LV-

deadGzmB-Cre-IRES was added at MOI 100 and the cells were incubated overnight. The next 

morning, the cells were centrifuged at 400 g x 5 minutes at room temperature and the media was 

replaced with fresh T cell media with 100 IU/mL hIL-2. Upon expansion, mCherry+ cells were 

sorted and expanded to establish the cell line.  

Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS) 

All flow cytometric analyses were performed using the Beckman CytoFLEX FLow Cytometer. 

Cells were washed and resuspended in FACS buffer (0.5% BSA and 0.5 mM EDTA in PBS) + 1 

μM of DAPI. For antibody staining, antibodies were used at 1:150 dilution in FACS buffer and 

cells were stained for 1 hour on ice. Then, cells are washed twice in FACS buffer then resuspended 

in FACS + 1 μM of DAPI and filtered through a 35 μm cell strainer. Before running, samples were 

vortexed to avoid clogging the machine. FACS sorting was performed using the BD FACSAria™ 

III. All flow cytometric analysis was performed using the FlowJo software version 10.9.0.  

Co-culture Experiment 
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2.5 x 104 4T1-G2R cells were seeded in a 96-well plate. The next day, transduced JEDI CD8+ T 

cells were sorted based on the expression of mCherry using the BD FACSAria™ III instrument. 

Sorted cells were added to the 4T1-G2R cells at an effector-to-target (E:T) ratio of 2:1. The co-

culture was monitored every hour to assess the interaction between the T cells and the target cells. 

At 4 hours, T cells were removed by aspirating the media and washing twice with PBS. Target 

cells were allowed to recover and were subsequently expanded in a 12-well plate for flow 

cytometric analysis.    
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Chapter 3: Discussion 

There are several pathways cancer cells utilize to avoid immune destruction. They may 

evade immune detection altogether by orchestrating an immunosuppressive niche that can impair 

and/or exclude cytotoxic lymphocytes6, downregulate antigen presentation machinery or 

upregulate immune checkpoint ligands, both of which protect them against CD8+ T cell 

detection3,5. Malignant cells may also resist death even after successful detection and triggering of 

a cytotoxic response. Several studies have shown that cancer cells can utilize protective 

mechanisms to inhibit or repair perforin pore formation, which limits the delivery of pro-apoptotic 

serine proteases such as GzmB into the target cell40–42,45,46. They may also inhibit the pro-apoptotic 

functions of GzmB by increased expression of the GzmB inhibitor serpin B947–55. Other reports 

have also shown that hypoxia-induced activation of autophagy was associated with resistance to 

NK-mediated killing via degradation of NK-derived GzmB59–62. Cancer cells may also resist 

GzmB through the downregulation of GSDME, resulting in protection from GzmB-mediated 

pyroptosis38. Taken together, these studies underscore the importance of identifying mechanisms 

of immune resistance that can occur downstream of successful immune recognition and the 

triggering of degranulation of the killer lymphocytes. 

In this study, we engineered tagging killer lymphocytes to express Cre recombinase fused 

to wild type or inactive GzmB. To cover both types of killer lymphocytes, we engineered primary 

JEDI CD8+ T cells, which have TCRs that specifically recognize the immunodominant epitope of 

GFP11 (Figure 9) and the NK-92 cell line (Figure 10). We also established taggable target cell lines. 

We utilized a GFP+ 4T1 mouse triple negative breast cancer cell line to serve as a target for the 

JEDI CD8+ T cells, as well as the K-562 chronic myelogenous leukemia cell line to serve as a 

target for the human NK-92 cell line. Both target cell lines were successfully engineered to express 
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a Cre-inducible mCherry and can be used to demonstrate a proof-of-concept of our reporter system 

(Figure 11 and 12). Upon establishing the components of our reporter system, we performed a 

pilot co-culture experiment to validate it. However, only a few target cells remained after the co-

culture. No mCherry signal was detected in the surviving cells (Figure 13b).  This result might be 

due to excessive killing which have preempted the detection of mCherry expression, indicating 

that the co-culture conditions were not optimal for observing the intended outcome without causing 

overt cytotoxicity. It has been previously shown that within 30 minutes of  encountering the 

cognate antigen, effector cells are triggered to degranulate78. This is also coupled with significant 

target cell lysis within 2 hours at a similar E:T ratio to ours78. Furthermore, our initial double wash 

at the 4-hour mark was likely insufficient to fully remove all JEDI-GzmB-Cre-IRES-mCherry 

CD8+ T cells, which led to additional killing. Therefore, we propose titrating the E:T ratio, 

incubation times and ensuring efficient removal of T cells in future experiments. 

Another possible explanation for the lack of mCherry induction may be due to the 

dynamics of Cre delivery and recombination efficiency. Because GzmB and Cre are linked, it is 

possible that the amount of Cre recombinase delivered via the perforin-GzmB pathway is 

insufficient to induce the intended recombination and subsequent mCherry expression without 

causing overt cytotoxicity in our target cells. In other words, there may be a mismatch between the 

level of cytotoxicity that is sufficient to induce cell death and the amount of Cre required to induce 

effective recombination. This discrepancy would result in target cells becoming overwhelmed with 

JEDI T cell-induced death before Cre recombination can occur.  

To address these challenges, we propose several strategies to minimize overt cytotoxicity 

that would interfere with the validation of our system. The first approach is to use target cell lines 

that are inherently resistant to cytotoxic lymphocyte-mediated apoptosis. This resistance can be 
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achieved by different methods. For example, we can engineer a cell line to overexpress the GzmB 

inhibitor serpin B9. Another way to generate a resistant cell line is to express a mutant version of 

the ICAD protein that is resistant to caspase and GzmB activity69. This way, target cells will not 

undergo GzmB-induced apoptosis and would minimize cytotoxicity. In addition to genetically 

modifying the target cells, engineering cytotoxic lymphocytes that are deficient in both GzmA and 

GzmB to express either GzmB-Cre or deadGzmB-Cre can be another approach to overcome 

cytotoxicity. In our experiment, the engineered killer lymphocytes have full cytotoxic potential 

with an additional GzmB fused to Cre. By using GzmA/B knock-out antigen-specific CD8+ T 

cells or NK cells, we can minimize the strong cytotoxic effect on our target cells. This may allow 

for a more controlled setting where Cre delivery and subsequent recombination could occur 

without the confounding effects of rapid cell death. Another approach to mitigate excessive cell 

death is to add inhibitors of apoptosis to our co-culture conditions. This includes using a GzmB 

inhibitor, or a caspase inhibitor, such as Z-DEVD-FMK. 

A potential limitation of our reporter system is the notion of sublethal killer lymphocyte 

interactions and “additive cytotoxicity”. In recent years, a few reports have challenged the 

assumption that cytotoxic lymphocytes are highly efficient serial killers80,81. These studies show 

that individual CD8+ T cell-target cell interactions rarely yield successful killing in vivo, and that 

multiple interactions or “hits” are required for efficient elimination. In viral-infection models, there 

is functional heterogeneity between individual antigen-specific T cells, which can explain why 

single hits are usually ineffective81. In the context of cancer, Weigelin et al show that the majority 

of successful apoptosis events result from multiple T cell interactions with their target cell. In fact, 

most target cancer cells survive after being attacked by a single T cell80. Khazen et al specifically 
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focused on studying the outcomes of single contacts. Using intravital imaging, they show that less 

than 10% of single interactions were lethal82. 

In light of these studies, the surviving tagged cancer cells in our reporter system will fit 

into two categories. The first category is "quasi-resistant", and it contains the cells that have been 

attacked once by a killer lymphocyte and received a sublethal hit. These cells would have died if 

they had received additional hits. The second category is "fully-resistant", and it contains cancer 

cells which have indeed been attacked multiple times and yet still survived. We may not be able 

to discriminate between these two categories initially, however, it may become clear upon single-

cell analysis and performing functional studies. Both can be considered types (or levels) of 

resistance. In addition to studying how fully-resistant cells survive multiple attacks, it would still 

be interesting to understand what makes quasi-resistant cancer cells survive a single attack, and 

what made the minority that died during a single-attack die.  

Upon validating and refining the components of this reporter system, we aim to generate 

transgenic mice to serve as tools to study resistance to killer lymphocyte-derived GzmB-mediated 

killing. In our pursuit of identifying mechanisms of GzmB resistance, these mice will carry 

GzmA/B knock-out antigen-specific CD8+ T cells (such as JEDI) and a knock-in of GzmB-Cre or 

deadGzmB-Cre into their endogenous GzmB locus. In the absence of endogenous GzmA and 

GzmB, the cytotoxic capacity of the killer lymphocytes is significantly reduced83. Thus, mice 

carrying GzmB-Cre will retain the cytotoxic function, whereas mice carrying deadGzmB-Cre will 

have significantly reduced cytotoxicity. Killer lymphocytes from both mice can be isolated and 

adoptively transferred into tumor-bearing mice (Figure 14). Treating tumor-bearing mice with 

killer lymphocytes from the GzmA/B knock-out GzmB-Cre knock-in mice allows for the 

identification of resistant cancer cell populations that have indeed survived a cytotoxic attack. The 
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GzmA/B knock-out deadGzmB-Cre knock-in mice will serve as a control to retain the sensitive 

cancer cell populations that have indeed been seen and succumbed to the cytotoxic attack, as well 

the resistant ones. Directly comparing the transcriptomes of resistant and sensitive populations 

allows us to accurately identify markers that confer either sensitivity or resistance to killer 

lymphocyte-derived GzmB-mediated cytotoxicity (Figure 1).   

This project is a pioneering step towards understanding how cancer cells avoid immune 

destruction. Although they utilize several mechanisms to avoid immune detection and attack, our 

innovative reporter system will specifically shed light onto how they may also survive an immune 

attack. This biological tool lays the groundwork to push the boundaries of our understanding of 

killer cell-target cell interaction and, for the first time, offers a way to differentiate between cells 

that are evading versus surviving an immune attack. The insights gained from applying this tool 

will have tremendous impact, not only on the development of cancer immunotherapies, but can 

also inform our understanding of autoimmunity and how to potentially make sensitive cells resist 

autoimmune attacks. 

 

 

Figure 14: A schematic of the overall goal of generating transgenic mice carrying a knock-in of the 

GzmB-Cre or deadGzmB-Cre constructs.  
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