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Biological engineering of natural killer cells for cellular therapy against cancer 

ABSTRACT 

Despite its success, CAR T cellular therapy is still a last-line cancer treatment due to 

deleterious side effects and financial costs. Cytokine release syndrome (CRS) and neurotoxicity 

frequently occur due to extensive cytokine production and immune stimulation by CAR T cells. 

Furthermore, this therapy requires autologous T cells, resulting in a time-gap between collection 

and infusion that some patients do not survive. Expanded, unmodified natural killer (NK) cells 

have been shown to exert anti-tumor activity in patients, even in an allogeneic setting, without 

inducing CRS, GvHD, or neurotoxicity. We believe NK cells are poised to overcome the limitations 

of CAR T cells, but genetic modification of NK cells has been an obstacle due to resistance to viral 

transduction and CRISPR/Cas9 editing. Here we developed a platform to efficiently expand and 

genetically engineer primary human NK cells. We transduced NK cells with 40% transduction 

efficiency and 73% more survival than previous protocols by using gibbon ape leukemia virus 

(GALV)-pseudotyped lentivirus and a TBK1 inhibitor without the need for repeated rounds of 

infection or transduction enhancers (like RetroNectin). We found that the gold standard method 

of expanding and activating NK cells with modified HLA class I-negative K562 cell lines is actually 

deleterious for NK cell expansion. By culturing NK cells in a cocktail of cytokines (IL-2, IL-18, IL-21, 

IL-12, and IL-15) with NKp46 beads we generated, we were able to consistently expand NK cells 

1000-fold over 28 days and increase their cytotoxicity. Using this new platform, we propose to 
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rationally design a superior allogeneic, over-the-counter NK cellular therapy product. We 

designed novel NK cell-tailored CAR constructs bearing transmembrane domains that recruit 

naturally expressed signaling adaptors to activate NK cells. Finally, we propose a novel technique 

that incorporates our methods and findings to unbiasedly probe pathways of tumor cell 

recognition, cytolytic activity, persistence, and survival of NK cells via the first-of-its-kind 

CRISPR/Cas9 knock-out screens directly on NK cells.   
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CHAPTER 1: Introduction 

1.1 Current state of cellular therapy 

 Immunotherapy-based strategies enhance and exploit immune responses to mediate 

tumor clearance. T cells genetically modified to express a chimeric antigen receptor (CAR) are a 

type of cellular immunotherapy used to redirect T cells to kill tumor cells that express an antigen 

recognized by the CAR. This CAR contains an extracellular antigen-recognition domain and 

intracellular signaling domains. Since T cells require two signals to become activated, CARs bear 

a stimulatory signaling domain, CD3ζ, as well as a co-stimulatory signaling domain (typically CD28 

or 4-1BB/CD137).  

CAR T cells have taken standard cancer treatments by storm. Ever since 7-year-old Emily 

Whitehead became the first pediatric patient cured of B cell acute lymphoblastic leukemia (B-

ALL), CAR T cell therapy has improved significantly. Before Dr. Carl June and Dr. Stephan Grupp 

successfully treated Emily Whitehead with CAR T cell therapy, approximately 20% of B-ALL 

patients undergoing standard therapy had a grim prognosis that was highly dependent on the 

subtype 1, 2. Since the introduction of CAR T cell therapy, approximately 80% of patients that 

failed standard therapy (predicted mortality of ~100%) and were treated with one of the two 

available autologous CAR T cell therapies for leukemia/lymphoma, called Yescarta and Kymriah, 

experienced complete or partial remission of their disease 3, 4. 

 As of 2020, Emily Whitehead has been cancer free for 7 years. This is an impressive length 

of time given that the CAR T cell infusion that saved her life also almost ended it. By nature, T 

cells release inflammatory cytokines that can put the body in a life-threatening, flu-like state 
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referred to as cytokine release syndrome (CRS). Specifically, IL-1 and IFN-γ released by T cells 

stimulate IL-6 release by macrophages. Emily Whitehead was actually put into an induced coma 

and placed on a ventilator while her doctors figured out how to treat the natural side effects of 

T cell killing. Her doctors used an anti-inflammatory drug called tocilizumab (anti-IL-6R), which 

rescued her from her critical state 5. However, since that momentous treatment, CAR T cell 

therapy still induces CRS with frequencies of up to 100% in some trials and with life-threatening 

grades in 50% of pediatric patients 6. For this reason, CAR T cell therapy is still only used as a 

therapy of last resort for cancer. Tocilizumab is the gold standard for treating CRS but only has a 

69% response rate. Furthermore, CAR T cell therapy can also induce tumor lysis syndrome (TLS) 

and neurotoxicity which leads to confusion, encephalopathy, delirium, tremors, seizures, and 

sometimes coma 7.  

The treatment-related toxicities are a significant obstacle for CAR T cell therapy. However, 

these issues can be managed with medications and dosing of CAR T cells 3, 4, 5, 8. Both FDA-

approved CAR T cell therapies use the patient's own (autologous) T cells. These bespoke therapies 

result in high manufacturing costs for each patient ($474,000 for Kymriah and $373,000 for 

Yescarta). Since each product is unique, it is impractical to standardize cell numbers, viability, 

CAR expression and cell phenotypes before infusing a patient. As such, it is difficult to standardize 

dose dependent responses, which are needed to minimize treatment-related toxicities, for CAR 

T cell therapies. Autologous T cells are typically used in order to avoid graft-versus-host disease 

(GvHD) (Illustration 1.1a) as well as rejection of the CAR T cell graft (host-versus-graft response) 

(Illustration 1.1b), which is likely to occur in the allogeneic setting without additional 

modifications (e.g. TCR knockout). The use of autologous T cells necessitates long wait times (at 
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least 10 days) while a patient’s own cells are genetically engineered. Patients that require this 

last-line treatment often do not survive these long wait times. One study found that disease 

progression while autologous CAR T cells were being manufactured led to the death of 7.6% of 

pediatric B-ALL patients before receiving treatment 9. Additionally, it is not always possible to 

harvest an adequate number of T cells for genetic engineering from patients that are 

lymphopenic due to their disease or chemotherapy 9. Finally, T cells harvested from patients with 

advanced B cell lymphoma suffer from irreversible T cell dysfunction which leads to lower 

viability and reduced tumor cytotoxicity 10. Thus, there is a need for a universal therapy that can 

be ready as a standby as soon as patients need it (such as chemotherapy) and that does not lead 

to inflammatory states. Such a therapy would have to overcome the inflammatory effect of CAR 

T cells, GvHD, and allogeneic rejection. 
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Illustration 1.1: Allogeneic recognition of HLA by TCR mediates GvHD and rejection: a) Allogeneic CAR T cells can 
recognize HLA on recipient cells and become activated. This causes the allogeneic CAR T cells to attack the patient 
cells and incite GvHD. b) The patient’s T cells can also recognize HLA on the allogeneic CAR T cells and eliminate 
them. This mediates rejection of the allogeneic CAR T cell.  

1.2 Overcoming the limitations of CAR T cellular therapy 

 Ironically, the life-threatening symptoms of CAR T cellular therapy occur because of the 

natural response of CAR T cells to on-target attacks against a tumor. To ameliorate the life-

threatening side effects, several groups are altering the natural function of T cells. Dual CAR 

constructs, degron-ON/OFF switches, knockout (KO) of CRS inducing cytokines, different CAR 
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signaling domains, and T cell receptor (TCR) KO are amongst many solutions different groups are 

testing 11. For example, inserting a CAR into the TCR locus of a T cell allows CAR expression to be 

controlled by endogenous regulatory mechanisms that lead to the same levels of tumor killing 

but with significantly less inflammatory cytokines, such as IL-6 and IFN-γ, and exhaustion 12. 

Furthermore, disrupting the TCR locus eliminates TCR expression on CAR T cells. Without a TCR, 

allogeneic CAR T cells would no longer be able to mediate GvHD (Illustration 1.2a). 

Illustration 1.2: TCR Knockout of an allogeneic CAR T cell prevents GvHD. a) TCR knockout in allogeneic CAR T cells 
prevents the graft from recognizing and attacking patient cells via TCR-mediated activation. This decreases the risk 
of developing GvHD. (b) Since the patient’s T cells can still recognize allogeneic CAR T cells, rejection can still occur 
unless patients are lymphodepleted prior to allogeneic CAR T cell infusion.  
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 Patients are currently lymphodepleted before autologous CAR T cell infusions in order to 

promote engraftment of CAR T cells. When allogeneic CAR T cells are used, lymphodepletion 

serves the dual purpose of promoting engraftment and decreasing rejection of the CAR T cells by 

reducing the number of circulating T cells that target the graft, but it does not prevent complete 

graft rejection (Illustration 1.2b). Knocking out the allogeneic HLA-I on the graft would lead to 

rejection by natural killer (NK) cell attack due to “missing self” recognition. Therefore, HLA-I 

expressing allogeneic grafts are stuck between a rock and a hard place: TCR mediated graft 

rejection via HLA-I recognition versus NK-mediated killing of the graft due to lack of HLA-I.  

 Viruses have mechanisms for making infected cells downregulate HLA-I in order to escape 

detection by other immune cells. One such mechanism is by inhibiting TAP functionality, which 

is a protein necessary for peptides to enter the endoplasmic reticulum and be loaded on HLA-I. 

In the lab of Dr. Marcela Maus, where my research began, we downregulated HLA-I using TAP 

inhibitors to explore the possibility of reduced rejection while not inducing NK killing. We 

expanded and activated T cells derived from healthy donors and genetically modified them in the 

same way as in CAR T cellular therapy production pipelines. These T cells were transduced to 

express different viral proteins that inhibit TAP and we found that we could indeed downregulate 

HLA-I (Fig 1.2b). We went on to develop a killing assay to measure the effect of down regulating 

HLA-I on graft rejection which improved current assays used by other groups (Supplemental Data 

1.1). Even though the T cells had lower HLA-I expression, they expressed high levels of HLA-II due 

to being artificially activated with CD3/28 beads. Since bead activation is part of the standard 

method for developing CAR T cells and HLA-II (mainly HLA-DR) is a potent inducer of graft 

rejection 13, we determined that HLA-I downregulation would not be sufficient to prevent graft 
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rejection in an allogeneic CAR T product. To date HLA-II expression can only be effectively 

downregulated (but not completely knocked out) by knockout of inhibition of class II 

transactivator (CIITA), the main transcription factor regulating HLA-II expression 14. Of note, if 

both HLA-I and II can be effectively knocked out, caution has to be taken since HLA depleted cells 

are effectively evading the immune system and can potentially become difficult to eliminate if 

they become virally infected or cancerous 15.  

Figure 1.2: Downregulation of HLA-I on T cells by using viral TAP inhibitors. T cells were transduced with lentivirus 
containing GFP and a viral TAP inhibitor from one of 3 viruses. (a) GFP was used as a positive control for lentiviral 
transduction and all constructs led to GFP expression. (b) HLA-I expression was measured by flow cytometry using a 
PE-antibody. TAP-inhibitors from different viruses led to different amounts of HLA-I downregulation. (C) All T cells 
expressed high levels of HLA-II.  

Currently, there are two allogeneic CAR T cellular therapies undergoing Phase 1 clinical 

trials 9. In these trials, alemtuzumab (a monoclonal antibody which targets CD52 that is a 

common antigen found on B and T cells) is used throughout the treatment to lymphodeplete 
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patients and prevent rejection of the allogeneic CAR T cells. The allogeneic CAR T cell product has 

a CD52 KO, which makes it resistant to alemtuzumab depletion, as well as a TCR KO to prevent 

GvHD. It is theorized that once patients no longer receive alemtuzumab, their immune systems 

will recover and reject the allogeneic CAR T cells, which still express HLA class I and II. The 

complexity of these trials highlights the hurdles the community must overcome to balance 

rejection and GvHD in the setting of allogeneic, off-the-shelf CAR T cellular therapy products 15.  

1.3 Natural Killer Cells are poised to overcome the limitations of cellular therapy 

 Named for their ability to kill tumor cells without prior sensitization, NK cells are 

“naturally” poised to overcome the limitations of CAR T cell therapy. NK cells are the body’s first 

defense against virus-infected and malignantly transformed cells. NK cells have the ability to 

detect HLA-I downregulation induced by viruses or tumor cells as they attempt to escape T cell 

recognition. NK cells have a multitude of activating and inhibiting receptors that surveille cells for 

loss of inhibitory ligands and/or acquisition of activating ligands. Thus, in the case a tumor 

escapes CAR recognition by losing expression of the CAR target antigen (such as CD19), NK cells, 

unlike T cells, still retain the ability to kill tumor cells via their natural killer receptors. For 

example, mis-matching of killer-cell immunoglobulin-like receptors (KIRs) on donor NK cells and 

HLA-I on tumor cells has been described to enhance antitumor activity of NK cells 16. Since NK 

cells are not HLA-restricted and lack an antigen specific receptor (e.g. TCR), allogeneic transfer of 

NK cells does not induce GvHD, and in fact it has been shown to ameliorate it in the setting of 

bone marrow transplants 17. With lymphodepletion to make room for the graft, allogeneic NK 

cells can expand and persist in a host, and can also be safely transplanted without inducing CRS 

or neurotoxicity 17, 18. Unlike T cells, NK cells do not produce large quantities of CRS-associated 
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cytokines (IL-1 and IL-6) and exhibit a  more restricted cytokine production profile (e.g. IFN-γ, 

GM-CSF, TNF-α, CCR5 ligands) 19. Furthermore, the resting cytokine profile of NK cells and NK 

cells activated via a single receptor are not proinflammatory 20. When mixed with a target cell 

line that is actively killed by NK cells, such as K562, NK cells release only low levels of CRS 

correlated cytokines such as IL-1, IL-6, and GM-CSF. IFN-γ expression is stringently controlled by 

NK cells. It is expressed at low levels by NK cells unless there is prolonged activation and when 

multiple activating receptors are engaged. 20 

NK cells appear to be intrinsically resistant to viral infection and rarely become malignant, 

which make NK cells relatively more difficult to genetically modify through modern methods such 

as viral transduction and CRISPR/Cas9 editing 21. Viral transduction, commonly used to produce 

CAR T cells, is associated with low and variable transgene expression and unfavorable NK cell 

viability. Transduction efficiencies of NK cells have been reported to range between ~1% and 

99%, with <10% being more typical and higher transduction efficiencies requiring multiple rounds 

of transduction that use expensive and cumbersome materials that are not amenable to large 

scale production 19. The appeal of NK cells as allogeneic effectors has led previous studies to use 

NK-92 cell lines, umbilical cord blood-derived NK cells, NK cells differentiated from hematopoietic 

stem cells (HSCs) or induced pluripotent stem cells (iPSCs) to produce genetically modified 

effectors 22, 23. NK-92 cells are one of two existing NK cell lines which have the advantage of being 

readily transduced and GMP compliant. Over 40 patients have been treated with NK-92 cellular 

therapy with marked activity against tumors 24. This suggests that NK-92 cells are also a possible 

platform for delivering CAR-transduced NK-like cells into patients. However, NK-92 cells are 

ultimately an EBV-infected cancer cell line and thus necessitate pre-infusion irradiation to 
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prevent the graft from becoming a life-threatening cancer. Irradiation limits their anti-tumor 

efficacy and persistence (~48 hours), which has also been correlated with CAR T efficacy 19.  

Another study generated iPSC-derived NK cells modified to express a 3rd generation anti-

mesothelin CAR and compared them head-to-head with anti-mesothelin CAR T cells 23. iPSC-

derived CAR NK cells were found to be more effective at killing mesothelin+ leukemic and ovarian 

cancer cells. In vitro and in vivo experiments in a humanized mouse model showed that iPSC-

derived CAR NK cells were faster and more efficient than CAR T cells at eliminating cancer cells 

23. Strikingly, despite more effective tumor killing by iPSC-derived CAR NK cells, these cells 

demonstrated significantly lower levels of cytokine production than CAR T cells, including IL-6, 

one of the leading culprit cytokines in CRS. 23 Unfortunately, iPSC-derived CAR NK cells have the 

drawback of relying on IL-2 and IL-15 supplementation and being slow to produce with low yields. 

Furthermore, the use of iPSC-derived CAR NK cells is hindered by their potential for spontaneous 

mutagenesis and oncogenic transformation, and their altered functionality to normally derived 

cells 16.  

Despite the low tolerance of NK cells to genetic engineering, some groups have developed 

protocols to genetically modify cord blood and peripheral blood NK cells to capitalize on the 

potential of NK cellular therapy. As previously mentioned, iPSC-derived CAR NK cells depended 

on IL-2 and IL-15 supplementation. Imamura et al. used retroviral transduction to engineer 

primary NK cells to express membrane-bound IL-15 (mbIL-15) and used K562 feeders expressing 

membrane-bound IL-15 and 4-1BBL (CD137L, a stimulatory ligand for T and NK cells) to expand 

the NK cells 25. Even without soluble IL-2 or IL-15 supplementation, NK cells with mbIL-15 were 

able to expand more and survive significantly longer than non-transduced NK cells. In another 
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instance, a retroviral vector was used to produce primary NK cells with an anti-CD19-CAR and 

mbIL-15 26. These cells showed long-term survival and had better tumor control in vivo than 

untransduced NK cells. However, the aforementioned NK cell engineering examples required γ-

retroviral transduction, which requires active cell division to be incorporated and can lead to 

insertional mutagenesis and subsequent oncogenesis 19, and multiple rounds of transduction 

with expensive materials such as RetroNectin to achieve high NK cell engineering efficiencies. 

Alternative methods of CAR introduction into NK cells, such as electroporation of CAR-encoding 

mRNA 27 28 or membrane-transfer of CARs from feeder cells 29, have been used. However, these 

lead to only transient CAR expression on NK cells 19 and would require multiple allogeneic 

infusions. An efficient and permanent way of genetically modifying NK cells that can be quickly 

adapted for clinical use is an urgent need of the medical and research community.  

Unlike the various subclasses of T cells, each with different states of polarization and 

varying levels of cytotoxicity, NK cells are virtually universally equipped with a potent cytotoxicity 

program. Genetically engineering these highly cytotoxic cells which lack severe side effects in 

patients has the potential to overcome the major drawbacks of CAR T cell therapy. To date, 

difficult gene delivery prevents production of clinically relevant numbers of viable and active 

modified NK cells 16. Since we still do not fully understand the mechanisms hindering NK cell 

genetic engineering, the community has not been able to 1) efficiently genetically engineer 

primary human NK cells, 2) characterize and perturb the balance of activating and inhibiting 

receptors that lead to NK cell activity against tumors, and 3) create an allogeneic NK cellular 

therapy product that takes full advantage of the intrinsic properties of these cells, all of which I 

establish in this work. 
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CHAPTER 2: Developing high efficiency lentiviral transduction of NK 

cells 

2.1 SUMMARY 

Inefficient gene delivery prevents the production of clinically relevant numbers of viable 

genetically modified and biologically active NK cells 16. Here we develop a NK cell lentiviral 

transduction protocol that is highly efficient and uses protocols that can be readily used in a GMP 

compliant cellular therapy lab.  

2.2 BACKGROUND 

We believe that inefficient transduction of NK cells is due to current methods for lentiviral 

transduction as well as intrinsic resistance of NK cells to viral infection. Based on the natural life 

cycle of lentiviruses and the requirements for lentiviral transduction, we identified three steps 

that we hypothesized were major hurdles in transducing NK cells: 

(i) viral entry, which requires binding of viral envelope to its corresponding entry 

receptor followed by membrane fusion and entry; 

(ii)  anti-viral sensing, whereby a cellular innate immune response is initiated upon 

detecting viral components, and often leads to an inflammatory response and/or 

initiation of cell death; and 

(iii) viral restriction, a process whereby cellular factors impede the viral life cycle (e.g. 

capsid uncoating, reverse transcription). 

First, most lentiviral transduction attempts for transducing NK cells use the vesicular 

stomatitis virus glycoprotein (VSV-G) receptor, which targets the almost universally expressed 
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LDL-R on mammalian cells. Indeed, VSV-G is the most frequently used viral envelope for 

transduction, including CAR T cell production. However, resting and activated NK cells have low 

expression of LDL-R compared to B cells and T cells, which could explain why transduction 

efficiencies are so low 30, 31. Researchers using different viral envelopes, such as the feline 

endogenous retrovirus RD114 envelope protein, have better success in transducing NK cells 32. 

However, there are other viral targets that are more highly expressed on NK cells that to our 

knowledge have not been used to target NK cells for viral transduction. By cross referencing a 

panel of envelope proteins with their target receptor expression data published in the Human 

Protein Atlas (www.proteinatlas.org), we predicted other viral envelopes that would be better 

suited for NK cell transduction. Amongst these was gibbon ape leukemia virus (GALV) 

glycoprotein that targets the inorganic phosphate transporters PiT1 and PiT2, which are highly 

expressed on NK cells according to RNA-seq data from the Human Protein Atlas. We subsequently 

found GALV to be the best envelope for transducing NK cells. 

Secondly, it is not surprising that NK cells are challenging to genetically engineer by viral 

gene delivery since they are the body’s first responders to viral infections and must have 

evolutionarily been selected to have high resistance against viral infection 32. Traditional 

CRISPR/Cas9 knockout techniques require lentiviral transduction to express Cas9 protein and/or 

a gRNA. However, as previously discussed, lentiviral transduction is inefficient in NK cells. To 

bypass the need for a virus, investigators such as Kararoudi et al. have resorted to electroporating 

NK cells with Cas9 ribonucleoproteins (Cas9-RNPs) to efficiently induce genetic knockouts of 

interest 33. Since Cas9-RNP electroporation is a DNA- and virus-free method of genome editing, 

the hurdles of viral entry, viral restriction, and anti-viral sensing of viral DNA become irrelevant. 

http://www.proteinatlas.org/
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However, this method is very expensive and difficult to scale, and is designed to knock-out genes 

rather than introduce them, resulting in an ongoing limitation to NK cell genetic engineering. 

Given that NK cells are not affected by introduction of protein or RNA, but are highly 

sensitive to DNA (via electroporation, for example), it becomes critical to understand DNA 

sensing pathways in NK cells. The STING pathway is involved in DNA detection in the cytosol of 

all cells and is known to trigger an inflammatory (e.g. interferon-producing) response as well as 

cell death. TREX1, on the other hand, is a restriction factor that degrades cytosolic dsDNA. Based 

on previous experiments, STING only senses DNA when TREX1 is under expressed 34. Based on 

unpublished data by Kararoudi et al., NK cells were found to not express TREX1. This likely 

indicates that NK cells are geared towards sensing of cytosolic DNA which would ultimately lead 

to cell death. Of note, TBK1 is a downstream kinase of STING and TLR3 signaling pathways, and 

interestingly, transduction of NK cells has been shown to be improved when a TBK1 inhibitor is 

introduced during the transduction process 32. Separately, SAMHD1, a dNTPase, has been shown 

to inhibit lentiviral transduction by preventing reverse transcription (i.e. the conversion of viral 

RNA to DNA) from occurring in the cytosol. Unpublished data from Kararoudi et al. also showed 

that NK cells highly express SAMHD1, making it an excellent target for inhibition. To our 

knowledge, no other group has tried to inhibit SAMHD1 in NK cells with viral immunevasins such 

as virion associated protein (Vpx), which targets SAMHD1 for degradation.  

Not all NK cells are created equal. As already mentioned, some NK cells can be induced 

from pluripotent stem cells, and others can be harvested from cord blood donations. These NK 

cells are intrinsically different from primary, patient-derived NK cells, and have been shown to 

be more susceptible to genetic engineering. For this reason, there are already clinical trials using 
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cord blood-derived NK cells 26. Cord blood is in limited supply however, and iPSC-derived cellular 

products are still not FDA approved for clinical trials, so we do not think these are sustainable 

solutions for developing an NK cell-based cellular product. Here we develop an efficient 

transduction protocol for whole blood-derived NK cells. This source of NK cells is in ample supply 

and can be used by researchers and clinicians globally. 

2.3 RESULTS 

2.3.1 Improving viral entry by using gibbon ape leukemia virus (GALV)-pseudotyped 

lentivirus 

 Viral entry depends on the expression of the target receptor that the viral envelope 

requires to enter into a cell. Previous papers focus on measuring target receptor expression of 

different viral envelope proteins to predict the permissiveness of those cell types to infection 

with viruses pseudotyped with those envelopes 31. Beyond assessing target expression levels, we 

created a panel of viral pseudotypes and tested them all in order to screen for the best one. We 

gathered several viral envelopes described in the literature to test their success on transducing 

NK cells. 

 After transducing NK cells with a gamut of different viral envelopes without the use of 

viral enhancers, we found that GALV, the viral envelope from gibbon ape leukemia virus, was the 

best pseudotype to transduce NK cells (Fig 2.1). GALV targets the inorganic phosphate 

transporters PiT1 and PiT2, which are highly expressed on NK cells according to RNA-seq data 

from the Human Protein Atlas. Of note, our GALV construct contained the extracellular domain 

of native GALV fused to the transmembrane domain (M), cytoplasmic tail (T) and R peptide (R) of 

Moloney murine leukemia virus (MMLV). MMLV is a γ-retrovirus frequently used for its MTR and 
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TR domains to generate chimeric viral pseudotyping envelope proteins for efficient lenti-

/retroviral transduction. 

 Figure 2.1: Testing multiple viral peptides for NK cell transduction. NK cells were transduced with concentrated 
ZsGreen-encoding lentivirus pseudotyped with different viral envelopes. GALV led to the highest percentage of 
infected (ZsGreen+) NK cells. [GALV: gibbon ape leukemia virus construct fused to MTR regions of MMLV targets 
PiT1/2; BaEVΔR (c.o.): codon-optimized Baboon endogenous retrovirus with the R peptide removed targets ASCT1/2; 
CoV: Cocal virus targets LDL-R; VSV-G: vesicular stomatitis virus glycoprotein targets LDL-R; BaEVΔR (native): native-
sequence baboon endogenous retrovirus with the R peptide removed targets ASCT1/2; MeV: measles virus targets 
SLAM and CD46; GALVΔR: gibbon ape leukemia virus with the R peptide removed targets PiT1/2; RD114TR: feline 
endogenous retrovirus with cytoplasmic tail (TR) of MMLV targets ASCT2. RDpro: feline endogenous retrovirus with 
the R peptide cleavage site mutated to the HIV-1 protease cleavage site targets ASCT2.] 
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Baboon endogenous retrovirus (BaEV) glycoprotein, which targets neutral amino acid 

transporters ASCT1 and ASCT2, has been shown to lead to high infection of NK cells with the help 

of viral enhancers 31. Here we found that codon optimizing BaEVΔR (BaEVΔR (c.o.)) led to higher 

levels of transduction compared to non-codon optimized BaEVΔR. Earlier papers claimed that 

codon optimization is deleterious to viral titers due to abnormal glycosylation that results from 

supraphysiological protein production 35. However, our finding here is in direct opposition of this 

claim since BaEVΔR (c.o.) was more infectious than BaEVΔR (native). RD114TR, which consists of 

the extracellular domain of feline endogenous retrovirus glycoprotein fused to TR from MMLV, 

targets ASCT2 and has also been used to transduce NK cells  35, 36, 37. Without viral enhancers and 

repeated rounds of infection used in prior studies, RD114TR failed to efficiently transduce NK 

cells in our experiment. RDpro, a version of RD114 with a mutated R peptide that allows for 

cleavage by lentiviral proteases for efficient lentiviral packaging, also demonstrated inefficient 

transduction in our experiment 38.  

Vesicular stomatitis virus glycoprotein (VSV-G), which targets LDL-R, is the most 

commonly used lentiviral envelope in cellular therapy. Since LDL-R is poorly expressed in both 

resting and active NK cells, we also tested Cocal virus (CoV) glycoprotein which has a higher 

affinity to LDL-R. We found that both VSV-G and CoV lead to low transduction efficiency, although 

CoV did show slightly elevated levels of transduction. Measles virus (MEV) envelope glycoprotein 

targets SLAMF1 and CD46, which are highly expressed in lymphocytes, but had low levels of 

transduction in our experiment; however, we believe this is due to cytopathic effects that led to 

high cell death in our 293T producer cell lines 39. From experience, we know that certain viral 

envelopes can have a deleterious effect on 293T cells used to produced virus, which leads to low 
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viral titers. During our work using 293T cells to produce GALV pseudotyped virus, we found it did 

not have cytopathic effects on our 293T cells, while viruses such as MeV did (Image 2.1). High 

expression of the GALV target on NK cells and high viral titers from healthy 293T cells could 

account for our success with GALV. 

 Image 2.1: Cytopathic effects of envelope proteins on 293T producer cells. 293T cells were transfected with VSV-
G, GALV, or MeV and imaged by light microscopy 48 h after transfection. 

So far only one other paper has used GALV-pseudotyped virus to infect NK cells 40. 

However, they used a retroviral packaging vector, transduction enhancers, multiple transduction 

days, and had a dedicated cell line to produce high quantities of their GALV-pseudotyped 

retrovirus. Their novel cell line would be difficult to modify with new transgenes and would have 

to be validated and take years to become GMP compliant. Our virus production can easily be 

adopted by any group using HEK-293T producer cells which have already been FDA approved for 

use in the production of human products. Separately, increased expression of GALV target on NK 

cells (PiT1 and PiT2) has been achieved by culturing NK cells in phosphate-deficient media before 

transduction 41. In our future work, we plan to culture NK cells in phosphate-deficient media in 

an attempt to increase GALV transduction even further. 
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2.3.2 Improving NK cell culture conditions to optimize for transduction 

 NK cells depend on extrinsic cytokines to survive and proliferate, in contrast to T cells 

which make their own cytokines for these purposes. This NK cell trait is desirable for therapeutic 

vessels since it means they will not release as many inflammatory cytokines while in the body. 

However, that means NK cells require “life-support” in vitro and in vivo. Groups working with NK 

cells typically culture them with IL-2, IL-15, and/or IL-18 19 (additional support can be added by 

using a feeder cell line, which is discussed in Chapter 3).  

Based on the thesis work of Dr. Wilfredo Garcia-Beltran (mentor), we created an NK-tailored 

cytokine mix called “CytoMax”, a cocktail for improving NK cell lentiviral transduction containing 

IL-2 (500 U/mL), IL-12, IL-15, IL-18, and IL-21 42. We transduced NK cells after incubation for 2 

days in CytoMax and compared it to NK cells incubated in the standard R10 media containing IL-

2 (500 U/mL). We found that when using the standard VSV-G lentiviral pseudotype used in T cell 

and NK cell transductions, the efficiency slightly improved with CytoMax (Fig 2.2a). Since the 

resulting ~1.5% efficiency was well below satisfactory, we moved to improve the virus we used 

for transduction. Most labs use culture media that contains FBS, which contains non-specific viral 

inhibitors such as heparan sulfate 43, 44, 45. As such, we attempted to produce virus in 293T cells 

cultured in serum-free FreeStyle media, which has been shown to improve viral activity 46. 

However, we found that this severely impaired virus production, probably due to inadequate 

supplementation of the producer cells (Fig 2.2b). Of note, serum-free AIM-V/ICSR media was 

used instead of R10 to culture NK cells prior to transduction with no differences in viability 

observed. 
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Figure 2.2: Optimizing media conditions and virus production for NK cell transduction. a) Primary NK cells were 
transduced with unconcentrated ZsGreen-encoding lentivirus pseudotyped with VSV-G. NK cells were thawed and 
incubated for 2 days with either R10+IL-2 (500 U/mL) or CytoMax media and then transduced. After transduction, 
cells from both conditions were incubated in R10+IL-2 (500 U/mL) for 3 days before checking for transduction 
efficiency by flow cytometry. NK cells incubated in CytoMax had the highest level of transduction. b) NK cells were 
thawed and cultured for 2 days in R10+IL-2 (500 U/mL) before transduction. This time, unconcentrated GALV 
pseudotyped viruses were used which were either produced by culturing HEK293T cells in R10 media or Freestyle 
media. Afterwards, NK cells were cultured in R10+IL-2 (500 U/mL) for 3 days. Producing virus in Freestyle media led 
to less transduction efficiency. c) Primary NK cells were thawed and incubated for 2 days in CytoMax media, after 
which NK cells were transduced with different concentrations of concentrated GALV pseudotyped virus. Afterwards, 
NK cells were cultured in R10+IL-2 (500 U/mL) for 3 days. 6.25X virus had the greatest percentage of transduced NK 
cells. d) Primary NK cells were thawed and cultured for 2 days in either R10+IL-2 (500 U/mL) or CytoMax. 6.25X 
concentrated GALV pseudotyped virus was used to transduce. After transduction, the NK cells were cultured in either 
R10+IL-2 (500 U/mL) or CytoMax for 3 more days.  
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Using higher concentrations of virus is known to lead to more transduction, but there is 

an inflection point where more virus can lead to more cell death and even decreased 

transduction due to cell death. After producing virus in R10, we transduced NK cells incubated in 

CytoMax media with varying concentrations of GALV pseudotyped virus (Fig 2.2c). We found the 

optimal viral concentration based on our production technique was 6.25X. Note that by reaching 

40% transduction efficiency we matched clinically effective transduction efficiencies used by CAR 

T cell therapies 47. Absolute number of cells transfused into a patient is a vital factor in CAR T cell 

therapy efficacy, and thus measuring absolute numbers of transduced NK cells in our assays is 

critical, especially since transduction efficiencies measured as percentages (%) ignore the effect 

of cell death that occurs during the transduction process. For example, increasing the virus 

concentration may increase the transduction efficiency as a percentage (%) but result in massive 

cell death that actually reduces the total amount of transduced cells. Thus, we made sure that 

the sample size of NK cells measured by flow cytometry was comparable between viral 

concentration conditions (Supplemental Data 2.1). 6.25X viral concentration also resulted in one 

of the highest absolute numbers of transduced NK cells.  

 Indefinitely stimulating NK cells with cytokines could lead to undesirable cell states, such 

as exhaustion, impaired cytotoxicity, or even the inability to traffic towards tumor sites, as in the 

case of chronic stimulation with IL-15 48. Bari et al. showed that proliferative NK cells are 

transduced more readily than quiescent NK cells 31. By activating NK cells with IL-18 they 

increased the ratio of proliferative to quiescent NK cells to improve their transduction efficiency. 

In order to balance improving our transduction by activating NK cells with CytoMax and not 

damaging the desirable traits of NK cells, we also optimized incubation time with CytoMax (Fig 
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2.2d). NK cells incubated in CytoMax before and after transduction demonstrated better 

transduction efficiencies than those incubated only in IL-2. However, the best combination was 

incubating NK cells in CytoMax for 48 h before transduction and resting them in IL-2-only media 

for 72 h after transduction. This resulted in the most ideal outcome, since it not only produced 

the highest transduction efficiency, but also would prevent the over-activation effect we wanted 

to avoid. 

It is important to note that our transduction protocol does not use transduction-

enhancing agents such as RetroNectin, Vectofusin, polybrene, or protamine sulfate. To the best 

of our knowledge, all other work that uses lentiviral transduction to genetically modify NK cells 

with efficiencies of >20% uses these or other transduction enhancers 25, 31, 32, 36, 37, 49, with 

RetroNectin being the most common (and very expensive). Our work marks an improvement for 

the field since we dispense the use of such agents that are cumbersome, time intensive, and 

expensive to use. Furthermore, our work reaches high transduction efficiencies in a single 

transduction event, whereas other protocols use multiple transduction cycles spread out over 

multiple days to reach significant NK cell transduction.  

2.3.3 Preventing viral sensing to improve survival of transduced NK cells 

 Cells are well geared to detect viral infection and respond via pro-inflammatory 

responses, viral restriction, and/or cell death. Previous research has used an inhibitor of TBK1, a 

kinase downstream of viral sensing, to prevent cell death and viral restriction with the purpose 

of improving transduction efficiency 37. By knocking out a more upstream cytosolic DNA sensor, 

STING, researchers were able to prevent the induction of antiviral states after viral infections 50. 

We sought to combine our previous findings with inhibitors to STING and TBK1 to improve our 
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NK cell transduction efficiency. We cultured NK cells for 2 days in CytoMax and added varying 

concentrations of a TBK1 inhibitor or a STING inhibitor with 6.25X concentration of GALV-

pseudotyped virus. Increasing concentrations of STING inhibitor did not improve transduction 

efficiency (Fig. 2.3a). Since our hypothesis was that inhibiting viral sensing improves transduction 

efficiency by increasing survival to allow for successful viral integration, we measured the number 

of surviving cells as we increased STING-inhibitor (Fig. 2.3b). We found that the STING inhibitor 

did not improve cell survival after transduction. Inhibiting TBK1, however, modestly increased 

the percentage of cells that were successfully transduced (7% increase at 50.4 μM compared to 

no inhibitor) (Fig. 2.3c), but had a substantial increase on the number of viable transduced 

(ZsGreen+) NK cells in a concentration-dependent manner (73% increase at 50.4 μM 

concentration compared to no inhibitor)  (Fib. 2.3d). In conclusion, by using the TBK1 inhibitor, 

we achieved an increased percentage and number of transduced NK cells. To the best of our 

knowledge, this is the first time NK cells have been transduced at such high efficiencies using a 

protocol with a single lentiviral transduction step. Our protocol is straightforward, not labor 

intensive, and only uses GMP compliant methods that make it perfect for a wide range of 

applications from genome wide CRISPR screens on NK cells to cancer treatments using genetically 

modified NK cells. 
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Figure 2.3: Using viral sensing inhibitors to improve transduction efficiency and survival of NK cells. Primary NK 
cells were thawed and cultured for 2 days in CytoMax media. Afterwards, NK cells were transduced with 6.25X 
concentrated ZsGreen-encoding lentivirus pseudotyped with GALV. After transduction, the NK cells were cultured 
for 3 more days in R10+IL-2 (500 U/mL). a-b) During transduction, STING inhibitor (H-151) was added to the 
transduction reaction at different concentrations. a) The percentage of NK cells with successful infections (ZsGreen+) 
did not correlate with STING inhibitor concentration and b) STING inhibitor did not affect the number of NK cells that 
survived transduction. c-d) During transduction, TBK1 inhibitor (BX-795) was added to the transduction reaction at 
different concentrations. c) The percentage of NK cells with successful infections (ZsGreen+) and d) the number of 
cells that survived transduction were directly correlated with increasing TBK1-inhibitor concentrations.  

2.3.4 Preventing viral restriction by using Vpx 

 We have addressed two of the three issues that we hypothesized made NK cell 

transduction inefficient: (1) viral entry, which we significantly improved by using GALV, and (2) 

viral sensing, which we were able to block by using a TBK1 inhibitor, resulting in higher NK cell 

viability and transduction. However, cells also have a way of actively blocking steps in the viral 

life cycle, a process known as viral restriction. SAMHD1 is a cytosolic enzyme that prevents 

reverse transcriptase from making viral DNA from viral RNA by depleting cytosolic dNTPs required 
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for reverse transcription. Blocking this vital step in a virus’ life cycle stops infection of retroviruses 

and lentiviruses such as HIV. However, a particular version of HIV, namely HIV-2, has evolved to 

counteract this cellular defense mechanism. Virion associated protein (Vpx) is released alongside 

other viral proteins when HIV-2 enters the cytosol. Vpx binds SAMHD1 and marks it for 

proteasomal degradation, thus allowing reverse transcriptase to have available dNTPs and 

perform its function. We initially created VSV-G pseudotyped virus-like particles (VLP) containing 

Vpx protein and incubated NK cells with Vpx-VLPs to deliver the protein to NK cells. We found 

that this had no effect on transduction efficiency. We suspect this finding may have resulted from 

inefficient VSV-G transduction of NK cells. However, now that we have optimized the best 

conditions and pseudotype for transduction, we plan to redo this experiment with GALV-

pseudotyped Vpx-VLPs along with the other advances we have made. 

2.4 MATERIALS AND METHODS 

Primary human NK cell and T cell isolation and storage 

Buffy coats were obtained from anonymous adult human donors from the Massachusetts 

General Hospital blood bank. RosetteSepTM Human NK or T cell enrichment cocktails (Stem Cell 

Technologies) were used to isolate primary human NK or T cells according to the manufacturer’s 

protocol. Cells were resuspended in 10% DMSO/FBS for liquid nitrogen storage or used 

immediately for transduction or expansion assays.  

Lentivirus production 

HEK 293T cells were cultured in a 6-well plate with 5 mL/well of supplemented R10 media 

(R10 + 1X GlutaMax + 1X sodium pyruvate + 1X MEM-NEAA). When the 293T cells were 50-80% 

confluent, they were transfected with the following plasmids: pSIP-ZsGreen, a transfer vector 
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containing a ZsGreen gene driven by an SFFV promoter with IRES-driven puromycin resistance 

gene (gift from Thomas Pertel); an HIV-1 gag-pol packaging vector (psPAX2, obtained from NIH 

AIDS Reagent Program); and one of several envelope vectors, namely, pCMV-GALV-MTR (kind 

gift from Carol Stocking, Hamburg, Germany), pHEF-VSVG (obtained from NIH AIDS Reagent 

Program) or one of several cloned envelope vectors—pHEF-GALVΔR, pHEF-BaEVΔR(c.o.), pHEF-

BaEVΔR(native), pHEF-CoV, pHEF-HΔ18 + pHEF-FΔ30 (for MeV), pHEF-RD114TR, pHEF-RDpro—

which we produced by cloning in gBlocks (IDT) into pHEF backbone digested and purified from 

pHEF-VSVG using corresponding restriction enzymes and HiFi DNA assembly master mix (New 

England Biolabs). After 48 h of culture in ~8 mL/well of supplemented R10, the lentiviral 

supernatant was collected. Lentivirus supernatant was filtered using SteriFlip 0.45-μm 

membrane filter (Millipore) and was either used directly (unconcentrated virus) or concentrated. 

Concentration was done by adding 0.333 mL of Lenti-X Concentrator (Takeda) for every 1 mL of 

lentivirus supernatant. This mix was incubated for at least 1 h (up to 4 days) at 4°C, and then 

centrifuged for 45 min at 1,500 × g at 4°C. The supernatant was carefully discarded, the lentivirus 

pellet was resuspended in RPMI-1640 with 1/100th the original supernatant volume. This 

concentration protocol resulted in what we refer to as 100X concentrated virus. All lentivirus 

(unconcentrated and concentrated) was stored at –80°C. 

Transduction Protocol 

Primary human NK cells were thawed, and 0.5x106 cells per well were plated in flat-

bottom 96-well plates with 250 μL of CytoMax media and incubated for 48 h. CytoMax media 

consisted of AIMV media (Thermo Fisher) supplemented with 10% CSTR (Thermo Fisher), IL-2 

(500 U/mL) (Roche), IL-15 (10 ng/mL) (Peprotech), IL-12 (10 ng/mL) (Peprotech), IL-18 (40 ng/mL) 
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(R&D), and IL-21 (20 ng/mL) (Peprotech). NK cells were centrifuged for 5 minutes at 500 × g and 

the supernatant was decanted. The NK cells were then resuspended in 50 μL transduction mix 

that consisted of lentivirus diluted to the desired concentration (6.25X) in CytoMax media and 

TBK1 inhibitor (BX795; Med Chem Express; Cat# HY-10514). If unconcentrated virus was used, 

then the transduction mix consisted of the lentivirus supernatant alone. NK cells were then 

spinfected for 1 h at 1,500 × g at 37°C and incubated for 3 h at 37°C (4 h total incubation time in 

transduction mix). The NK cells were then centrifuged for 5 min at 500 × g and the supernatant 

was decanted. The cells were then resuspended in 250 μL of R10 + IL-2 (500 U/mL) and fed with 

R10 + IL-2 as needed. After 72 h, transduction efficiency was measured by flow cytometry.  
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CHAPTER 3: NK cell expansion and activation using antibody-coated 

beads 

3.1 SUMMARY 

We developed a technique to expand NK cells that leads to consistent ~1000-fold 

expansion, increased transduction efficiency, and increased tumor killing. 

3.2 BACKGROUND 

 Thanks to the amazing work of the scientists whose shoulders we stand on, we 

understand that activating T cells requires CD3 activation and a co-stimulatory signal (CD28). This 

simplicity allows labs working on genetically modified T cells for CAR T cell therapy to have a quick 

and easy way of expanding and activating their cells. When a CAR T cell researcher receives 

patient blood, they extract the T cells and incubate them with commercially available CD3/CD28 

antibody coated magnetic beads. The T cells are then transduced days later by simply pipetting 

VSV-G pseudotyped lentivirus into the media. The beads are easily removed using magnetic 

separation before the CAR T cells are ready to be reinfused into the patient. Quick and painless. 

In the words of a CAR T cell researcher, “just put on a podcast and follow the protocol.”  

 To this day, every step for making NK cells for cellular therapy has been complicated and 

cumbersome. As already described, transducing NK cells required many reagents and multiple 

steps only to result in low yields. A far cry from the simple “just add virus” protocol for T cells. 

However, now that we have developed a solution for this by creating a quick and cheap NK 

transduction protocol with high yields, we face a different issue. NK cells have a plethora of 

activating and inhibitory receptors. Unlike the simple switch on T cells, entire labs dedicate their 
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genius to figuring out the homeostatic balance of the many receptors on NK cells 21, 42. 

Furthermore, expanding NK cells with chronic stimulation could render them non-responsive, 

and optimizing for killing ability can lead to poor proliferation of NK cells 42, 48. However, in order 

to have therapeutically relevant numbers of genetically engineered NK cells in the case of CAR 

NK therapy or statistically relevant number of NK cells in the case of CRISPR screens, we need a 

way to: 1) expand NK cells, 2) maintain their killing activity, and 3) have the protocol be easy and 

painless. 

The gold standard for expanding NK cells, whether it is for research or clinical studies, is 

by the use of a genetically modified feeder cell line, notably K562. The K562 cell line is an HLA-I-

deficient chronic myeloid leukemia cell line that potently induces NK cell activation and killing. 

Typically, K562s are genetically modified to contain ligands for activating receptors on NK cells 

which leads to further NK cell activation. Ligands include membrane-bound IL-15 (mbIL-15), 

mbIL-21, CD137L (4-1BBL), and CD86. 25, 26, 36, 37, 49, 51 The length of incubation with feeders and 

the ideal ligands to be expressed on feeders have been extensively studied. Each of the 

aforementioned papers use their own feeder line, which they claim to be the ideal line for NK 

cells. Other papers have studied the ideal NK to feeder ratio and the length and frequency of 

feeder exposure. Their work showed that NK cell traits (cytotoxicity and cytokine release) are 

highly dependent on expansion protocols 52. It is vital to understand the effect of feeders and 

protocols on NK cells before using these cells for human treatments. To the best of our 

knowledge, to this day no one has done a side-by-side comparison of >3 feeder lines and 

compared results in NK expansion over an extended period of time. Here we compared 9 feeder 
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lines by performing a 5-week expansion assay to see which led to the best expansion of primary 

human NK cells.  

Using feeder lines to expand cells is not ideal and to elucidate this issue, we followed the 

protocol of a recent anti-CD19 CAR NK trial currently underway 26. Before patient samples are 

ever received, the lab created genetically modified K562s to have the desired ligands. The feeders 

need to then be expanded and frozen for later use, with ample verifications that exclude the 

possibility of contamination or alteration of the cell line. Before patient blood is received and NK 

cells are purified, K562 feeder cells are thawed, cultured, and irradiated in order to guarantee 

that the feeder cell line will die and not be introduced into the patient. When ready, irradiated 

K562 feeder cells are mixed with NK cells. Ideally, by the time the NK cells are ready to be 

transduced, the K562s are all dead (due to NK killing or irradiation) so that they do not become 

genetically modified with the CAR construct. Comparing this to T cell bead expansion exemplifies 

the difficulties of working with NK cells. To date, extremely few studies have made and used 

expansion/activation beads for NK cells, presumably due to our limited understanding of which 

NK cell receptors are critical for proliferation, survival, cytotoxicity, and cytokine production. 

Regardless, here we take on the challenge of simplifying NK cell expansion/activation by creating 

NK cell expansion beads. 
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3.3 RESULTS 

3.3.1 Comparing antibody-coated beads to K562 feeder cells for expanding NK cells 

 We created 9 K562 feeder lines expressing different ligands that we predicted would 

promote NK cell activity and proliferation based on prior studies and educated hypotheses 

(Illustration 3.1.1). Ligands such as CD137L, mbIL-21, and CD86 have been used to enhance K562 

feeders before, but they have never been created in different combinations and directly 

compared. We created cell lines that mix and match these ligands and used them as our core 

group of ligands.  

Illustration 3.1.1: Using genetically modified K562 cell lines to expand NK cells. We transduced the K562 cell line 
with different ligands which promote NK cell growth. Green cells are ZsGreen+ and yellow cells are ZsGreen-. All cell 
lines were sorted for high expression of all ligands a total of three times. Acronyms for names: “21” means mbIL-21, 
“B” means CD137L (also known as 4-1BB), “Sg” means mbSCF, “86” means CD86, “48” means CD48, “15” means 
mbIL-15.  

Stem cell factor (SCF) binds to c-Kit on NK cells and has been shown to enhance survival 

of NK cells by inhibiting apoptosis 53. CD48 binds to the SLAM-related receptor 2B4 on all NK cells 
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and leads to cytotoxicity and cytokine production 54. To the best of our knowledge no other group 

has tried using a membrane-bound version of SCF that we engineered (mbSCF) to expand NK cells 

before. We added these two ligands to our core set of ligands and created new feeder lines. All 

cell lines were sorted multiple times to achieve ultra-pure populations of high ligand-expressing 

K562 feeder lines. Finally, it is important to note that K562 naturally express activating ligands 

such as B7-H6 (ligand for NKp30) and MIC-A/B and ULBPs (ligands for NKG2D) (Illustration 3.1.2). 

Illustration 3.1.2: Using K562 feeder cells and antibody coated beads to expand NK cells. K562 express natural 
ligands that activate NK cells in addition to the ligands we introduced into the different K562 cell lines we made. 
Antibody coated beads were made to target different receptors on NK cells. 

Next, to drastically facilitate the workflow of NK cell engineering, we sought to create 

expansion beads, like those used in T cell expansion, to replace K562 feeder cells. We coated 

streptavidin Dynabeads with antibodies targeting key receptors on NK cells (Illustration 3.1.2). 

We had antibodies targeting NKp46, NKp30, NKG2D, CD137, and 2B4, so we created beads with 

one, two, or three different antibodies for a total of 25 types of beads. 

 10,000 purified NK cells per condition from three different donors were incubated for two 

days in CytoMax media as in our transduction protocol, but this time they were also exposed to 

either an irradiated feeder cell line (5:1 feeder-to-NK ratio) or antibody coated beads (10:1 bead-
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to-NK ratio). The media was replaced with R10+IL-2 (500 U/mL) every 2-3 days. We ran this assay 

for 5 weeks and counted cell numbers weekly using flow cytometry. Peak culture size was 

reached by day 28 for all culture and expansion conditions (Figure 3.1.1). Thus, to determine the 

optimal growth condition we look only at growth up to day 28.   

Figure 3.1.1: NK cells expanded with K562 feeder cells or antibody coated beads. Representative data from 1 donor. 
10,000 purified primary human NK cells were plated and incubated in 200 μL of CytoMax media. NK cells expanded 
with feeder cells were mixed with irradiated K562 cells at a K562-to-NK cell ratio of 5:1. NK cells expanded with 
beads were mixed with beads at a bead-to-NK cell ratio of 10:1. Every 2-3 days, 100 μL of media was replaced with 
R10+IL-2 (500 U/mL) without disturbing the cells. Every 7 days, half of the NK cells in each well were removed and 
counted by flow cytometry staining with CD56-BV421 and 7-AAD viability dye. Data shows only viable CD56+ NK 
cells.  

Previous studies showed that wild-type (WT) K562 feeder cells lead to modest short-term 

expansion of NK cells 55, 56. To our surprise, in our experiment WT K562 feeder cells led to 

consistent decline of NK cell growth between the three donors (Figure 3.1.2).  NK cells without 

any feeders (IL-2 supplementation alone) fared much better than with wild-type K562s, which 

explains why most of the literature uses genetically modified K562 cells instead. We suspect that 

the discrepancy between our NK cell expansion with WT K562 and previous literature was mainly 

due to the fact that these studies expanded NK cells mixed with other PBMCs, which may provide 
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additional cytokine and stimulatory support for NK cell growth 55. Adding activating ligands on 

K562s led to growth of NK cells, but it was inconsistent across donors and for one donor, there 

was less expansion than NK cells alone with IL-2 supplementation. These results show that the 

expansion method used to treat NK cells for clinical trials and research may be worse for some 

donors than NK cells grown alone in IL-2 media. In contrast, NKp46 and NKp30 antibody-coated 

beads (singlets and doublets) led to consistent growth between all donors. This is a huge 

breakthrough for labs across the world working to expand NK cells. Going forward, we (and 

hopefully other researchers) will use this much simpler protocol for consistently expanding NK 

cells. A weakness of this experiment is that whereas K562s should have died from irradiation or 

NK killing by day 2 of culture, the antibody coated beads were left in culture for the duration of 

the experiment (28 days). Bead exposed NK cells, thus, received more stimulation for a longer 

period of time. Future work will consist of only exposing NK cells to K562s or beads for the length 

of time we normally expand them for clinical application (~10 days). However, in a separate 

analysis we calculated the doubling time of NK cells using NKp46/NKp30 expansion beads versus 

T cells using CD3/28 expansion beads and found that NK cells and T cells have a calculated 

doubling time of ~2.8 days and ~1.5 days, respectively (data not shown). This indicates that due 

to underlying biological differences, the production time of NK cells will likely need to be twice 

that of T cells. However, the present experiment allowed us to see the results of a long exposure 

with a high number of conditions, which allowed us to identify the optimal conditions. 
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Figure 3.1.2: NK cells expanded for 28 days with K562 feeder cells or antibody coated beads. 10,000 purified 
primary human NK cells were plated and incubated in 200 μL of CytoMax media. NK cells expanded with feeder cells 
were mixed with irradiated K562 cells at a K562-to-NK cell ratio of 5:1. NK cells expanded with beads were mixed 
with beads at a bead-to-NK cell ratio of 10:1. Every 2-3 days, 100 μL of media was replaced with R10+IL-2 (500 U/mL) 
without disturbing the cells. Every 7 days, half of the NK cells in each well were removed and counted by flow 
cytometry staining with CD56-BV421 and 7-AAD viability dye. Data shows only viable CD56+ NK cells. Each color 
represents one of three cell donors. Data shows NK cell counts at the 28th day.  

3.3.2 Bead expanded NK cells are transduced more efficiently 

 Transduction efficiency of NK cells varies significantly between donors (just as growth did 

in the previous section). One reason for this is that different individuals have different ratios of 

proliferating to quiescent NK cells, and only proliferating NK cells are efficiently transduced 31. 

Increasing this ratio by antibody coated bead activation should thus increase our transduction 

efficiency compared to CytoMax-only cultures of NK cells. Indeed, we find that incorporating 

beads into our transduction protocol doubles the number of transduced NK cells (Figure 3.2).  
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 Figure 3.2: Transducing NK cells after expanding them with NKp30+NKp46 beads increases transduction. Primary 
NK cells were plated and incubated in CytoMax media. Bead expanded NK cell were mixed at a 10:1 bead-to-NK ratio 
with NKp30+NKp46 beads. After 2 days, NK cells were transduced with 6.25X concentrated pseudotyped GALV virus. 
The cells were then incubated in R10+IL-2 (500 U/mL) for 3 more days. 

3.3.3 Bead-expanded NK cells bear high cytotoxicity 

 One of the benefits of NK cellular therapy derives from the ability of NK cells for 

nonspecific killing via their wide variety of tumor-detecting receptors. Selection of tumor cells 

that lose the CAR antigen as a result of CAR T cell killing can lead to cancer escape and recurrence. 

Since mismatched KIR and HLA-I allogeneic transplants of NK cells have been shown to be safe 

and may lead to enhanced tumor killing, tumor cells would have a harder time escaping 

recognition by allogeneic CAR NK cells that can target tumor cells in multiple ways 16, 57. To 
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demonstrate this killing ability, we co-cultured bead expanded T cells and bead expanded NK cells 

with the most common cancer cell lines for B cell lymphoma. We treated primary NK cells with 

NKp46/30 beads since we found they were the best at expanding NK cells. We recapitulated the 

known fact that, without a target receptor like a CAR, T cells do not lead to any killing, whereas 

NK cells are very active against B cell lymphomas (Fig 3.3.1). 721.221 cells, an HLA-I-deficient cell 

line that is actively killed by NK cells via “missing self” recognition, exhibited the highest killing of 

all the cell lines we tested. When we introduced an HLA-C gene into the 721.221 cell line (i.e., 

721.221-HLA-C*03:04), we reduced the amount of killing by NK cells, as expected. Nevertheless, 

HLA-I-positive cell lines RAJI, Ramos, and 721.221-HLA-C*03:04 were all killed to similar degrees 

via nonspecific NK cell targeting. It is because of this flexibility in killing tumor cells that we argue 

NK cells are a good choice for cellular therapy.  

Figure 3.3.1: NK cells versus T cells nonspecific tumor killing. T cells were incubated in IL-2 (100 U/nL) with CD3/28 
beads and NK cells from the same donor were incubated in IL-2 (500 U/mL) with NKp46/30 beads for 6 days. On the 
6th day, the beads were removed, and the cells were rested in IL-2 for 6 more days. Different effector-to-target ratios 
were used. Targets and effectors were co-cultured for 16-18 hours before measuring target survival via flow using 
7-AAD viability dye and CD19-BV421.  

 However, expansion and cytotoxicity are not necessarily correlated so we investigated 

how the different beads lead to different killing activities in NK cells. To measure the time-

dependent cancer killing of NK cells we used the Acea xCELLigence machine. The Acea 
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xCELLigence allows us to measure the real time killing of adherent target cells by calculating the 

diminishing surface area of the cell layer as cells die and detach. We coated plates with HEK 293T 

cells since they are an adherent cell line. NK cells were expanded with different combinations of 

beads for 5 days and rested for 4 days. In addition to NKp46 and NKp30 beads, we also tested 

NKG2D beads although they performed the worst for NK cell expansion (even to the point where 

it prevented expansion induced by NKp30 or NKp46) because there are several reports of NKG2D 

being a potent inducer of cytotoxicity, and we wanted to explore the interplay of inducing 

proliferation versus cytotoxicity. Remarkably, we were able to see clear differences in cytotoxicity 

between NK cells expanded with different beads (Fig 3.3.2). Ordering the bead conditions from 

most cytotoxic NK cells to least: NKp46+NKG2D, NKp30+NKG2D, NKp46, NKG2D, no antibody, 

NKp30, and NKp46+NKp30.  

Figure 3.3.2: Bead expanded NK cell real-time killing assay. 10,000 HEK 293T cells were plated on Acea xCELLigence 
plates until they covered the surface of the plate. 40,000 NK cells expanded with beads for 5 days and rested for 4 
days were added to the plate. Real-time killing of the HEK 293T cells by the NK cells was measured by the Acea 
xCELLigence machine.  

These results indicate that while NKp46 and NKp30 are the best for expanding NK cells, 

they seem to slightly impair cytotoxicity in the absence of NKG2D. On the converse, while NKG2D 

impaired proliferation, it was very potent at inducing cytotoxicity, which has been previously 
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described 58, 59. This dichotomy between proliferation and cytotoxicity highlighted by our 

experiments is an interesting one that needs to be further explored not only to better understand 

NK cell biology, but to design a more optimal NK cellular therapy. In the future we want to 

perform the same experiments with non-adherent B cell lymphoma cell lines.  

3.4 MATERIALS AND METHODS 

Generation of modified K562 cell lines 

Wild-type K562 cells were lentivirally transduced with mbIL-21+CD137L or mbIL-

21+CD137L+CD86. These two cell lines were sorted three times by FACS for high expression of 

these transgenes. The two cell lines were then further modified and sorted three times for high 

expression of CD48 and/or ZsGreen-P2A-mbSCF. K562-15B were produced by transducing with 

mbIL-15 + CD137L and then sorting for high expression. All transfer vectors with genes of interest 

for K562 transduction were produced by cloning in gBlocks (IDT) encoding the aforementioned 

genes into the pS backbone vector (SFFV promoter) previously described using HiFi DNA assembly 

mix (New England Biolabs). 

Antibody-coated beads for NK cell expansion and activation 

Streptavidin M-280 Dynabeads (Thermo Fisher Scientific) were washed and resuspended 

in PBS. The Dynabeads were transferred into a tube containing 15 μg of biotinylated-antibody 

per 1 mg of Dynabeads. For antibody combinations, we evenly split the 15 μg of biotinylated 

antibody between the multiple antibodies. The mixture was incubated for 30 minutes at room 

temperature while on a rotator. Antibody-beads were then washed 5 times with 2% FBS/PBS and 

stored in 2% FBS/PBS at 4°C.  
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NK cell expansion assay 

K562 feeder lines were prepared by irradiation with 10,000 cGy and placed in CytoMax 

media. Stored antibody-beads described previously were resuspended in CytoMax media. 

Primary human NK cells from three donors were thawed, resuspended in Cytomax Media, and 

10,000 NK cells per well were plated on a 96-well-plate. Irradiated K562 feeder cells were added 

to corresponding wells at a 5:1 K562-to-NK cell ratio. Antibody-coated beads were added to 

corresponding wells at a 10:1 bead-to-NK cell ratio. The final culture volume was 200 μL per well. 

NK cells were cultured for 35 days and fed every 2-3 days by replacing 100 μL of old media with 

R10 + IL-2 (500 U/mL). Every 7 days, half of each well was used to quantify NK cell expansion 

using flow cytometry by staining with CD56-BV421 and 7-AAD. Absolute cell counts were 

obtained using the BD High Throughput Sampler. The other half of each well was fed and 

continued to be cultured.  

NK and T cell nonspecific killing assay 

Buffy coat primary human T cells were thawed and plated in a round bottom 96-well plate 

(500,000 T cells per well). T cells were incubated in 250 μL of R10 + IL-2 (100 U/mL) with CD3/28 

Dynabeads (Thermo Fisher) at a 3:1 bead-to-T-cell ratio. After 72 h, five wells containing the T 

cell-bead mixture were combined into one well of a 12-well plate and fed by adding 1,750 μL/well 

of R10 + IL-2 (100 U/mL). After another 48 h, T cells were transferred to a T25 flask and fed by 

adding 3 mL of R10 + IL-2 (100 U/mL). T cells were de-beaded on day 6 and rested until the killing 

assay on day 12 (6 days of rest).  

Buffy coat primary human NK cells, from the same donor as the T cells, were thawed and 

plated in a round-bottom 96-well plate (500,000 NK cells per well). NK cells were incubated in 
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250 μL of CytoMax media and a 10:1 NKp46/NKp30 antibody-coated bead to NK cell ratio. After 

72 h, NK cell wells were combined into one well of a 12-well plate and the media was changed 

from CytoMax to 3 mL/well R10 + IL-2 (500 U/mL). After another 48 h, NK cells were transferred 

to a T25 flask and fed by adding 3 mL of R10 + IL-2 (500 U/mL). NK cells were de-beaded on day 

6 and rested in R10 + IL-2 (100 U/mL) until the killing assay on day 12 (6 days of rest). Note that 

NK cells were rested in the same IL-2 concentration as T cells. 

 On day 12, NK cells and T cells were plated on round bottom 96-well plates in 200μL of 

R10 media with target cells (i.e. Raji, Ramos, 721.221, 721.221-HLA-C*03:04, and BCL6, the latter 

of which is a primary EBV-transformed B cell line) at varying effector to target ratios. Cells were 

centrifuged for 30 s at 300 × g at room temperature to form a soft pellet and then incubated for 

16-18 h. For quantification, we obtained absolute cell numbers by using the BD High Throughput 

Sampler and staining with CD19-BV421 and 7-AAD. 

Bead expanded NK cell real-time killing assay 

Buffy coat primary human NK cells were thawed and plated in a round bottom 96-well 

plate (500,000 NK cells per well). NK cells were incubated in 250 μL of CytoMax media and a 10:1 

ratio of the corresponding antibody-beads to NK cell. There were five wells per antibody-bead 

condition. After 72 h (day 3), the 5 NK cell wells with the same antibody-bead were combined 

into one well of a 12-well plate and the media was changed from CytoMax to 3 mL/well R10 + IL-

2 (500 U/mL). NK cells were de-beaded on day 5. NK cells were rested and fed with R10 + IL-2 

(500 U/mL) for 4 days before the killing assay on day 9. On day 8, NK cells were transferred to a 

T25 flask with 3 mL of R10 + IL-2 (500 U/mL).  
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On day 6, HEK 293T cells were thawed and plated on xCELLigence RTCA 96-well E-Plates 

in 250μL of R10 + IL-2 (500 U/mL). HEK 293T cells were fed and allowed to grow until day 9 when 

NK effector cells were added at a 4:1 E:T ratio. Target killing was measured in real time using the 

xCELLigence RTCA and all cytolysis analysis was done using RTCA Software Pro. 
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CHAPTER 4: Discussion and Future Work 

Prelude 

“When you culture NK cells, make sure you tilt the flask or they will DIE!” was the first 

thing I learned when working with NK cells and it was indicative of the theme known to all NK cell 

researchers: NK cells are just complicated. Immunology’s surge in popularity was paved by 

elegant experiments during a time when the scientific community had limited tools at its disposal. 

Zinkernagel and Doherty amazed the community with an ingenious experiment to show MHC 

restriction by T cells. Today, immunology is moving forward at a groundbreaking speed thanks to 

the same ingenuity being combined with new tools that were not available before, from PCR to 

flow cytometry. We have unbiased ways of exploring the biology of T cells via CRISPR/Cas9 

screens or specifically looking at markers with flow cytometry 60. However, NK cells have been 

left behind in the recent surge of discoveries due to their complicated and labor-intensive 

necessities. Exploring NK cell biology is difficult due to our inability to easily genetically modify 

them, and we cannot genetically modify them without understanding their biology, Catch-22 16. 

The main goal of this project was to create a platform that makes genetic engineering of primary 

NK cells accessible to all research and clinical labs and, to a large extent, we have succeeded in 

this endeavor. 

4.1 NK cell genetic engineering and expansion 

 NK cells are notoriously difficult to genetically modify by conventional viral and CRISPR-

based technologies. Our approach targeted 3 major issues with the viral transduction of NK cells: 

viral entry, viral sensing, and viral restriction. By using GALV pseudotyped lentivirus and 
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combining it with a TBK1 inhibitor we were able to solve the problem of NK cell genetic 

engineering. With our new protocol we are able to transduce NK cells with >40% efficiency and 

70% greater viability. We also found that the standard method of expanding NK cells with 

genetically modified K562 cell lines leads to inconsistent and sometimes poor expansion of NK 

cells. However, we created a protocol to expand NK cells with beads which is more effective, 

more consistent, simpler to use, and more amenable towards clinical use. After trying multiple 

types of antibody coated beads, we found that NKp46 was able to consistently expand NK cells 

1000-fold over a period of 28 days. Furthermore, NKp46-alone beads also increased NK cell 

cytotoxicity which lends our expansion protocol to be adopted for cellular therapy in the future. 

Coating beads with NKG2D led to increased cytotoxicity but was consistently deleterious to NK 

cell expansion.  

 While researching viral entry, we were surprised that many research labs were using VSV-

G pseudotyped lentivirus to infect NK cells even though data shows that NK cells are poor 

expressors of LDL-R, the target for VSV-G  30, 31. Other labs have explored different pseudotypes 

for infecting NK cells, but very few have performed a head-to-head comparison of several 

pseudotypes, and all had to use infection enhancers to achieve high transductions. In our work 

we found GALV to be the best pseudotype for NK cell transduction. We optimized our 

transduction reaction by using serum free media and optimized amounts of virus to balance high 

transduction efficiency with NK cell survival. We achieved high levels of transduction without any 

enhancers and by doing only one transduction step. To the best of our knowledge, this is the first 

time any group has ever achieved an inexpensive and translatable way of genetically engineering 

NK cells. We measured transduction success 3 days after transduction but it has been known that 
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infected populations do not stabilize until approximately day 7 31. This means that even though 

we reported 40% transduction efficiency, we expect our transduction efficiency to be higher had 

we measured at a later date. Our protocol uses HEK 293T cells, which are widespread across 

laboratories, to produce virus and can be adopted by any group with common lab equipment and 

reagents. 

 Next, we looked at viral sensing. To bypass the issue of viral entry altogether when 

introducing a gene, groups can use mRNA electroporation to drive gene expression in NK cells 19. 

As expected, this only leads to transient gene expression. On the other hand, knocking out genes 

by electroporation of CRISPR/Cas9 technology has not been successful. However, Kararoudi et al. 

found that they were able to successfully knock-out genes in NK cells by using DNA-free 

CRISPR/Cas9 electroporation 33. This led us to suspect that one of the issues with lentiviral 

transduction might be viral sensing during the DNA stage of the virus. Another such clue came 

from unpublished data from Kararoudi et al. showing that NK cells express low levels of TREX1, a 

prerequisite for cytosolic DNA sensing via the STING pathway. We knocked out STING in NK cells 

using DNA-free CRISPR/Cas9 electroporation but found it had no effect on lentiviral transduction 

success (data not shown). Since other work also suggested that genetic engineering is limited by 

NK cell sensibility to cytosolic DNA, we decided to pursue this further by using sensor inhibitors 

32. We found that adding a TBK1 inhibitor to our transduction reaction improved transduction 

efficiency and survival significantly. STING inhibition, however, did not have any effect, although 

a higher concentration of the inhibitor may have been needed to see an effect. Given that TBK1 

is downstream of STING and is involved in more viral sensing pathways, we did not pursue STING 

inhibition any further. In future work, we look forward to tackling the last hurdle to successful 
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viral transduction: viral restriction. We already have plans to use GALV-pseudotyped Vpx VLPs to 

stop cytosolic restriction of reverse transcriptase by SAMHD1.  

 From experience, we knew that NK cells were “high maintenance” in culture so we also 

looked to optimize media conditions for expansion and cytotoxic ability. We created a targeted 

cocktail of cytokines (CytoMax) and optimized the length incubation in CytoMax. To our surprise, 

we found that WT K562 feeder cells were detrimental to NK cell growth. Even with our CytoMax 

media, NK cells died quickly when exposed to WT K562 feeder cells. This result is in direct 

contradiction to previous works that showed modest NK cell growth when expanded with WT 

K562s 55, 56. We suspect that the disparity between our results and other groups using WT K562s 

is due to the fact that these groups add exogenous cytokines throughout their expansion 

protocols to keep NK cells alive. Furthermore, these previous experiments grew NK cells mixed 

with PBMCs, which we suspect produced cytokines that supported NK cell growth. This is in 

contrast to our protocol that cultures NK cells alone and adds these cytokines on day 0 of 

expansion and then adds IL-2 alone thereafter. State of the art NK culture in other labs use 

genetically modified feeder cell lines to grow and activate their NK cells. In our experiment, using 

genetically engineered K562 cell lines with ligands that promote NK cell survival, like in other labs, 

was better compared to WT K562s. However, using feeders increases the workload for 

engineering NK cells, needs to be FDA approved for clinical use, and carries the risk of passing on 

genetically modified cancer cells to patients. To mimic the simplicity and GMP compliance of T 

cell engineering, we created NK cell targeting antibody coated beads and found that they were 

superior for growing NK cells. By testing long term expansion with our beads and cytotoxic 

behavior after bead expansion, we found that expanding NK cells with NKp46 beads was the best 
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option. Even though NK cells expanded with NKp46 beads were not the most cytotoxic, we 

believe the balance between expansion and some increased cytotoxicity make NKp46 beads 

ideal. In the future we plan on testing the cytotoxicity on bead expanded NK cells with more cell 

lines. Furthermore, we also found the added benefit of 2-fold increase in transduction efficiency 

when we bead expanded NK cells.  

 We observed that NKG2D in combination with NKp46 and/or NKp30 had a negative effect 

on NK cell growth across donors. This was a novel finding that to the best of our knowledge has 

not been described but has several ramifications. First, this indicates that mixed-signaling from 

ITAMs (CD3Z associated to NKp46/30) and YINM (DAP10 associated to NKG2D) has a negative 

effect on NK cell expansion, indicating that NK-tailored CARs should not contain YINM/DAP10 

signaling motifs. For example, CAR constructs with the DAP10 signaling motif have already been 

shown to not be as effective for therapy as other motifs 37. This has ramification for ongoing 

projects that are pursuing NK CAR constructs with CD3ζ and DAP10 activating domains 61. In 

addition, this may explain why wild-type K562 feeder cells, which bear NKG2D and NKp30 ligands, 

resulted in a decline in NK cells. Future studies exploring the cellular effects of mixed stimulatory 

and co-stimulatory signaling on different NK cell functions (e.g. proliferation, cytotoxicity, 

cytokine production) will need to be done as we explore the best NK tailored construct for cellular 

therapy. 

4.2 NK cellular therapy 

 CAR T cells are the latest advance in cancer treatment, but they suffer from two main 

issues: CRS and neurotoxicity due to cytokine release by T cells, and treatment is slow to start 

since autologous T cells are required. We were inspired by a direct comparison of anti-CD19-CAR 
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T cells to anti-CD19-CAR NK cells which showed that CAR NK cells were much more lytic against 

CD19+ liquid tumors, eliminating the tumor faster and completely in vitro 23. In vivo studies found 

that CAR NK cells were not only faster at reducing tumor burden but also lead to higher survival. 

Higher survival was correlated with less CRS cytokine production, mainly IL-16. We believe one 

of the reasons for better killing by NK cells comes from the fact that T cells split into populations 

with low and high cytotoxicity (e.g. CD8, CD4, Th1…), whereas NK cells form a relatively 

homogeneous population of cytolytic cells. Furthermore, as mentioned above, NK cells are also 

able to skirt immune evasion by their plethora of innate receptors and can be allogeneically 

transplanted safely. With better killing, safe allogeneic engraftment without GvHD, and reduced 

inflammatory cytokine release, NK cells are poised to overcome the limitations of CAR T cellular 

therapy.  

 Without the tools for genetically engineering NK cells, groups have resorted to 

using NK-92 cell lines, induced pluripotent stem cell derived NK cells, or cord blood NK cells. 

However, with our transduction protocol described here, we can make use of primary NK cells 

which are in ample supply. A lot of work has been done to discover the best stimulatory domains 

for an NK tailored CAR construct 16. Unlike T cells, NK cells do not need a co-stimulatory domain 

in a CAR. DAP12, which has 2 ITAM, was found to activate NK killing as much as CD3ζ, which has 

3 ITAMs. This is great because from experience we know that smaller CAR constructs are 

expressed at higher rates than larger constructs (Illustration 4.2.1). Furthermore, NK cells 

depend on exogenous cytokines to survive. This is favorable since it indicates that NK cells do not 

release inflammatory cytokines, but it also means CAR NK cells might not survive as long as T cells 

in vivo. To solve this we could also introduce other survival genes in our construct such as mbIL-
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15 which can interact in cis with IL-15 receptors to promote survival, or hTERT which can prevent 

NK cells from becoming senescent 36. Since we do not need a co-stimulatory domain there is 

“room” to add more genes that aid survival to the CAR construct. 

Illustration 4.2.1: NK-specific CAR constructs recruit endogenous NK cell stimulating domains. Current 3rd 
generation CAR constructs encode for the cytoplasmic activating domains needed to activate T or NK cells. These 
CAR constructs are large and leave little room for additional genes. By using transmembrane domains (TMD) that 
recruit endogenous activating domains in NK cells, NK specific CARs can be much smaller. Smaller CAR constructs 
mean additional genes can be included to promote NK cell survival, like mbIL-15.  

The paradigm of encoding activating domains in a CAR construct might be a residual from 

being unable to use T cells’ endogenous stimulatory domains to drive activation. The TCR/CD3 

complex requires multiple structures to assemble 62, whereas NK cells have activating pathways 
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that are driven by single structures. For example, NK cells constitutively express DAP12 which is 

only activated when recruited by the transmembrane domain of DAP12-associated receptors. 

We propose using this much shorter transmembrane domain to recruit DAP12 instead of 

encoding the DAP12 on our CAR construct. This will make CAR constructs significantly smaller 

allowing us to add the vital survival aid that NK cells require, such as mbIL-15, mbIL-2, and hTERT. 

We can use this technique to try other membrane adaptors on our CAR construct: CD16 

transmembrane domain to recruit CD3ζ or NKp46 transmembrane domain to recruit FcRγ-CD3ζ 

(Illustration 4.2.2). We propose testing 20 different NK tailored CAR constructs, all of them 

include ZsGreen for ensuring and controlling level of transduction (marker), and the signal 

peptide and CD19 scFv used most often in CAR constructs (SP-scFv). We will test 3 stimulatory 

domains: DAP12, CD3ζ and NKp46. For each, we will compare the cytoplasmic stimulatory 

domain (CYT (Stim)) to our transmembrane domain recruitment technique (TMD (Stim)). 

Furthermore, we will also test 3 other stimulatory domains by themselves (CYT (Co-stim)) and as 

co-stimulatory domains to the stimulatory domains. We are excited to compare our data with 

previous research studying the synergy among receptors on NK cells 63. For example, since CD16 

has been shown to drive cytotoxicity on NK cells on its own, we expect our CD16 transmembrane 

domain CAR to perform well without a co-stimulator. NKp46 might not drive cytotoxicity on its 

own but has been shown to be a reliable activator when synergized with other receptors. We 

look forward to finding the best CAR NK construct and comparing it to current CAR T cell 

therapies.  
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Illustration 4.2.2: Proposed NK specific CAR constructs. ZsGreen is used as a marker to detect transduced NK cells 
via flow cytometry. MPR: Membrane proximal region. TMD (stim): transmembrane domains that recruit endogenous 
stimulating domains on NK cells, for example CD16 TMD recruits CD3ζ.  TMD (No-stim): TMDs that do not recruit any 
activating domains. CYT (Stim): Cytoplasmic stimulating domains. CYT (Co-Stim): cytoplasmic co-stimulatory 
domains. CYT (No-Stim): Inert cytoplasmic domains.  

4.3 NK cellular biology 

 A CRISPR screen is a phenomenal unbiased exploration of cell biology (Illustration 4.3.1). 

In his previous, work my mentor used a CRISPR/Cas9 screen to knockout genes on a tumor line 

susceptible to NK killing and then exposed the tumor line to primary NK cells. Tumor cells that 

were no longer susceptible to NK killing were sequenced to indirectly search for ligands that are 

necessary for NK killing 64. This is important work we want to continue by doing a CRISPR 

knockout screen on NK cells directly, rather than on a tumor line. However, for this type of CRISPR 

screen, NK cells must be efficiently transduced, which to date has not been possible at large 

scales. With the platform we described here to genetically engineer NK cells we believe we are 

in a unique position to perform the first ever direct CRISPR knockout screen on NK cells 

(Illustration 4.3.2). We plan on transducing NK cells with the Cas9 gene, which we have found 

not to be toxic to NK cells (data not shown), and an antibiotic resistance gene. With the antibiotic 
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resistance gene, we can select for transduced NK cells (that are Cas9+), which we will then 

transduce with the guide-RNA for performing the knockout. By exposing these genetically 

modified NK cells to an NK-resistant tumor line, we can look for NK cells that develop the ability 

to kill the resistant tumor. This will reveal inhibitory receptors/genes (which we have knocked 

out) on NK cells that prevent killing of NK-resistant cell lines. This is invaluable information that 

could, for example, be used to develop an immune blockade drug against cancer. By using an 

antibody to block said ligand we could prevent NK cell inhibition and induce tumor killing. 

Illustration 4.3.1: NK susceptible tumor cell line CRISPR/Cas9 knockout screen. A tumor cell line that is susceptible 
to NK killing undergoes a CRISPR/Cas9 knockout screen. The resulting tumor cells each have a different gene knocked 
out. There is a possibility of multiple gene knockouts in one cell, however this outcome is minimized by using a 
multiplicity of infection that optimizes one transduction event per cell. These cells are exposed to NK cells. Normally 
the tumor cells would die, but if any tumor cell survives NK killing it means the knockout endowed the cell with the 
ability to survive. By looking which knocked out genes lead to survival, we can discover genes necessary for NK killing.   
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Illustration 4.3.2: CRISPR/Cas9 knockout screen directly on primary NK cells. Primary NK cells undergo a 
CRISPR/Cas9 knockout screen. The resulting NK cells each have a different gene knocked out. There is a possibility 
of multiple gene knockouts in one cell, however this outcome is minimized by using a multiplicity of infection that 
optimizes one transduction event per cell. These NK cells are exposed to a tumor cell line that is resistant to NK cell 
killing. If any NK cells are activated and start to degranulate, it means the knocked out gene endowed these NK cells 
with the ability to kill the resistant tumor cells. That is, the knocked out gene normally inhibits the NK cells when it 
is expressed. By identifying which gene knockout lead to killing, we can discover inhibitory receptors on NK cells that 
prevent killing of NK-resistant tumors.  

Conclusions 

We created a lentiviral transduction protocol tailored towards NK cells that uses novel 

antibody-coated beads, media conditions, lentiviral designs, and viral sensing inhibitors to yield 

high numbers of genetically engineered primary human NK cells. This protocol can be easily 

adopted by other research and clinical (GMP) laboratories. Furthermore, we found that the 

current gold standard method for expanding NK cells with genetically modified K562s is actually 

deleterious for NK cell survival. Our new primary human NK cell expansion and activation 

protocol is simpler to perform and yields consistent fold expansion of NK cells primed for cellular 

therapy. To this end, we proposed NK tailored CAR designs that make use of the endogenously 

expressed activating motifs on NK cells to drive tumor killing. Our data opens the door for using 
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modern exploratory tools on NK cells that were previously not possible. In the future we plan on 

exploiting our newfound knowledge to perform the first ever CRISPR/Cas9 knockout screen 

directly on NK cells. Ultimately, we hope to elucidate much of the biology of NK cells that was 

previously not attainable. 



55 

BIBLIOGRAPHY 

1. Cooper, S.L. & Brown, P.A. Treatment of pediatric acute lymphoblastic leukemia. Pediatr 
Clin North Am 62, 61-73 (2015). 

 
2. Pui, C., Jeha, S. New therapeutic strategies for the treatment of acute lymphoblastic 

leukaemia. Nat Rev Drug Discov 6, 149–165 (2007). 
 
3. Neelapu, S.S. et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell 

Lymphoma. N Engl J Med 377, 2531-2544 (2017). 
 
4. Maude, S.L. et al. Tisagenlecleucel in Children and Young Adults with B-Cell 

Lymphoblastic Leukemia. N Engl J Med 378, 439-448 (2018). 
 
5. Yamaguchi, Y. [History of and novel developments in cancer immunotherapy - 

introduction to the special issue]. Gan To Kagaku Ryoho 40, 1136-1139 (2013). 
 
6. Shimabukuro-Vornhagen, A. et al. Cytokine release syndrome. J Immunother Cancer 6, 

56 (2018). 
 
7. Santomasso, B.D. et al. Clinical and Biological Correlates of Neurotoxicity Associated 

with CAR T-cell Therapy in Patients with B-cell Acute Lymphoblastic Leukemia. Cancer 
Discov 8, 958-971 (2018). 

 
8. Kotch, C., Barrett, D. & Teachey, D.T. Tocilizumab for the treatment of chimeric antigen 

receptor T cell-induced cytokine release syndrome. Expert Rev Clin Immunol 15, 813-822 
(2019). 

 
9. Graham, C., Jozwik, A., Pepper, A. & Benjamin, R. Allogeneic CAR-T Cells: More than Ease 

of Access? Cells 7 (2018). 
 
10. Schietinger, A. et al. Tumor-Specific T Cell Dysfunction Is a Dynamic Antigen-Driven 

Differentiation Program Initiated Early during Tumorigenesis. Immunity 45, 389-401 
(2016). 

 
11. Bailey, S.R. & Maus, M.V. Gene editing for immune cell therapies. Nat Biotechnol 37, 

1425-1434 (2019). 
 
12. Harris, D.T. et al. Comparison of T Cell Activities Mediated by Human TCRs and CARs 

That Use the Same Recognition Domains. J Immunol 200, 1088-1100 (2018). 
 
13. Ayala Garcia, M.A., Gonzalez Yebra, B., Lopez Flores, A.L. & Guani Guerra, E. The major 

histocompatibility complex in transplantation. J Transplant 2012, 842141 (2012). 



56 

 
14. Chen, H. et al. Functional disruption of human leukocyte antigen II in human embryonic 

stem cell. Biol Res 48, 59 (2015). 
 
15. Qasim, W. Allogeneic CAR T cell therapies for leukemia. Am J Hematol 94, S50-S54 

(2019). 
 
16. Streltsova, M.A., Barsov, E.V., Erokhina, S.A., Sapozhnikov, A.M. & Kovalenko, E.I. 

Current Approaches to Engineering of NK Cells for Cancer Immunotherapy. Curr Pharm 
Des 24, 2810-2824 (2018). 

 
17. Ruggeri, L. et al. Effectiveness of donor natural killer cell alloreactivity in mismatched 

hematopoietic transplants. Science 295, 2097-2100 (2002). 
 
18. Miller, J.S. et al. Successful adoptive transfer and in vivo expansion of human 

haploidentical NK cells in patients with cancer. Blood 105, 3051-3057 (2005). 
 
19. Rezvani, K., Rouce, R., Liu, E. & Shpall, E. Engineering Natural Killer Cells for Cancer 

Immunotherapy. Mol Ther 25, 1769-1781 (2017). 
 
20. Fauriat, C., Long, E.O., Ljunggren, H.G. & Bryceson, Y.T. Regulation of human NK-cell 

cytokine and chemokine production by target cell recognition. Blood 115, 2167-2176 
(2010). 

 
21. Carlsten, M. & Childs, R.W. Genetic Manipulation of NK Cells for Cancer 

Immunotherapy: Techniques and Clinical Implications. Front Immunol 6, 266 (2015). 
 
22. Bachanova, V. et al. Clearance of acute myeloid leukemia by haploidentical natural killer 

cells is improved using IL-2 diphtheria toxin fusion protein. Blood 123, 3855-3863 (2014). 
 
23. Li, Y., Hermanson, D.L., Moriarity, B.S. & Kaufman, D.S. Human iPSC-Derived Natural 

Killer Cells Engineered with Chimeric Antigen Receptors Enhance Anti-tumor Activity. 
Cell Stem Cell 23, 181-192 e185 (2018). 

 
24. Klingemann, H., Boissel, L. & Toneguzzo, F. Natural Killer Cells for Immunotherapy - 

Advantages of the NK-92 Cell Line over Blood NK Cells. Front Immunol 7, 91 (2016). 
 
25. Imamura, M. et al. Autonomous growth and increased cytotoxicity of natural killer cells 

expressing membrane-bound interleukin-15. Blood 124, 1081-1088 (2014). 
 
26. Liu, E. et al. Cord blood NK cells engineered to express IL-15 and a CD19-targeted CAR 

show long-term persistence and potent antitumor activity. Leukemia 32, 520-531 
(2018). 

 



57 

27. Chu, Y. et al. Targeting CD20+ Aggressive B-cell Non-Hodgkin Lymphoma by Anti-CD20 
CAR mRNA-Modified Expanded Natural Killer Cells In Vitro and in NSG Mice. Cancer 
Immunol Res 3, 333-344 (2015). 

 
28. Shimasaki, N. et al. A clinically adaptable method to enhance the cytotoxicity of natural 

killer cells against B-cell malignancies. Cytotherapy 14, 830-840 (2012). 
 
29. Roda-Navarro, P. & Reyburn, H.T. Intercellular protein transfer at the NK cell immune 

synapse: mechanisms and physiological significance. FASEB J 21, 1636-1646 (2007). 
 
30. De Sanctis, J.B., Blanca, I., Rivera, H. & Bianco, N.E. Expression of low-density lipoprotein 

receptors in peripheral blood and tonsil B lymphocytes. Clin Exp Immunol 113, 206-212 
(1998). 

 
31. Bari, R. et al. A Distinct Subset of Highly Proliferative and Lentiviral Vector (LV)-

Transducible NK Cells Define a Readily Engineered Subset for Adoptive Cellular Therapy. 
Front Immunol 10, 2001 (2019). 

 
32. Sutlu, T. et al. Inhibition of intracellular antiviral defense mechanisms augments 

lentiviral transduction of human natural killer cells: implications for gene therapy. Hum 
Gene Ther 23, 1090-1100 (2012). 

 
33. Naeimi Kararoudi, M. et al. Generation of Knock-out Primary and Expanded Human NK 

Cells Using Cas9 Ribonucleoproteins. J Vis Exp (2018). 
 
34. Kajaste-Rudnitski, A. & Naldini, L. Cellular innate immunity and restriction of viral 

infection: implications for lentiviral gene therapy in human hematopoietic cells. Hum 
Gene Ther 26, 201-209 (2015). 

 
35. Zucchelli, E. et al. Codon Optimization Leads to Functional Impairment of RD114-TR 

Envelope Glycoprotein. Mol Ther Methods Clin Dev 4, 102-114 (2017). 
 
36. Fujisaki, H., Kakuda, H., Imai, C., Mullighan, C.G. & Campana, D. Replicative potential of 

human natural killer cells. Br J Haematol 145, 606-613 (2009). 
 
37. Imai, C., Iwamoto, S. & Campana, D. Genetic modification of primary natural killer cells 

overcomes inhibitory signals and induces specific killing of leukemic cells. Blood 106, 
376-383 (2005). 

 
38. Ikeda, Y. et al. Continuous high-titer HIV-1 vector production. Nat Biotechnol 21, 569-

572 (2003). 
 



58 

39. Humbert, J.M. et al. Measles virus glycoprotein-pseudotyped lentiviral vectors are highly 
superior to vesicular stomatitis virus G pseudotypes for genetic modification of 
monocyte-derived dendritic cells. J Virol 86, 5192-5203 (2012). 

 
40. Guven, H. et al. Efficient gene transfer into primary human natural killer cells by 

retroviral transduction. Exp Hematol 33, 1320-1328 (2005). 
 
41. Chien, M.L., Foster, J.L., Douglas, J.L. & Garcia, J.V. The amphotropic murine leukemia 

virus receptor gene encodes a 71-kilodalton protein that is induced by phosphate 
depletion. J Virol 71, 4564-4570 (1997). 

 
42. Garcia-Beltra, W. Discovery and characterization of the ligands of NK-cell receptors 

implicated in human diseases. Harvard Medical School Thesis (2016). 
 
43. Rossi, C.R. & Kiesel, G.K. Antibody to viruses affecting cattle in commercial tissue culture 

grade fetal calf serum. Appl Microbiol 27, 114-117 (1974). 
 
44. Powers, J.M. & Trobridge, G.D. Effect of fetal bovine serum on foamy and lentiviral 

vector production. Hum Gene Ther Methods 24, 307-309 (2013). 
 
45. Hirst, G.K. The nature of the virus receptors of red cells; effect of sodium periodate on 

the elution of influenza virus from red cells. J Exp Med 89, 233-243 (1949). 
 
46. Merten, O.W., Manuguerra, J.C., Hannoun, C. & van der Werf, S. Production of influenza 

virus in serum-free mammalian cell cultures. Dev Biol Stand 98, 23-37; discussion 73-24 
(1999). 

 
47. Picanco-Castro, V. et al. Establishment of a simple and efficient platform for car-t cell 

generation and expansion: from lentiviral production to in vivo studies. Hematol 
Transfus Cell Ther (2019). 

 
48. Sechler, J.M., Barlic, J., Grivel, J.C. & Murphy, P.M. IL-15 alters expression and function 

of the chemokine receptor CX3CR1 in human NK cells. Cell Immunol 230, 99-108 (2004). 
 
49. Streltsova, M.A., Barsov, E., Erokhina, S.A. & Kovalenko, E.I. Retroviral gene transfer into 

primary human NK cells activated by IL-2 and K562 feeder cells expressing membrane-
bound IL-21. J Immunol Methods 450, 90-94 (2017). 

 
50. Langereis, M.A., Rabouw, H.H., Holwerda, M., Visser, L.J. & van Kuppeveld, F.J. Knockout 

of cGAS and STING Rescues Virus Infection of Plasmid DNA-Transfected Cells. J Virol 89, 
11169-11173 (2015). 

 
51. Denman, C.J. et al. Membrane-bound IL-21 promotes sustained ex vivo proliferation of 

human natural killer cells. PLoS One 7, e30264 (2012). 



59 

 
52. Streltsova, M.A. et al. Recurrent Stimulation of Natural Killer Cell Clones with K562 

Expressing Membrane-Bound Interleukin-21 Affects Their Phenotype, Interferon-gamma 
Production, and Lifespan. Int J Mol Sci 20 (2019). 

 
53. Carson, W.E., Haldar, S., Baiocchi, R.A., Croce, C.M. & Caligiuri, M.A. The c-kit ligand 

suppresses apoptosis of human natural killer cells through the upregulation of bcl-2. 
Proc Natl Acad Sci U S A 91, 7553-7557 (1994). 

 
54. Claus, M., Wingert, S. & Watzl, C. Modulation of natural killer cell functions by 

interactions between 2B4 and CD48 in cis and in trans. Open Biol 6 (2016). 
 
55. Bae, D.S. & Lee, J.K. Development of NK cell expansion methods using feeder cells from 

human myelogenous leukemia cell line. Blood Res 49, 154-161 (2014). 
 
56. Kweon, S. et al. Expansion of Human NK Cells Using K562 Cells Expressing OX40 Ligand 

and Short Exposure to IL-21. Front Immunol 10, 879 (2019). 
 
57. Handgretinger, R., Lang, P. & Andre, M.C. Exploitation of natural killer cells for the 

treatment of acute leukemia. Blood 127, 3341-3349 (2016). 
 
58. Jamieson, A.M. et al. The role of the NKG2D immunoreceptor in immune cell activation 

and natural killing. Immunity 17, 19-29 (2002). 
 
59. Diefenbach, A., Jamieson, A.M., Liu, S.D., Shastri, N. & Raulet, D.H. Ligands for the 

murine NKG2D receptor: expression by tumor cells and activation of NK cells and 
macrophages. Nat Immunol 1, 119-126 (2000). 

 
60. Patel, S.J. et al. Identification of essential genes for cancer immunotherapy. Nature 548, 

537-542 (2017). 
 
61. Chang, Y.H. et al. A chimeric receptor with NKG2D specificity enhances natural killer cell 

activation and killing of tumor cells. Cancer Res 73, 1777-1786 (2013). 
 
62. Xu, Y. et al. A novel antibody-TCR (AbTCR) platform combines Fab-based antigen 

recognition with gamma/delta-TCR signaling to facilitate T-cell cytotoxicity with low 
cytokine release. Cell Discov 4, 62 (2018). 

 
63. Bryceson, Y.T., March, M.E., Ljunggren, H.G. & Long, E.O. Synergy among receptors on 

resting NK cells for the activation of natural cytotoxicity and cytokine secretion. Blood 
107, 159-166 (2006). 

 
64. Klein, K.W., T; Garcia-Beltran, W. Applying CRISPR-based genetic screens to identify 

drivers of tumor-cell sensitivity towards NK-cell attack. BioRxiv (2019). 



60 

 
65. Mattapally, S. et al. Human Leukocyte Antigen Class I and II Knockout Human Induced 

Pluripotent Stem Cell-Derived Cells: Universal Donor for Cell Therapy. J Am Heart Assoc 
7, e010239 (2018). 

 
 

 

 

 

 

 

 

 

 

 



61 

APPENDIX: Supplementary Data 

  Supplemental 1.1 

Mixed T-lymphocyte reactions (MTLRs) serve as a surrogate for in-vivo allogeneic 

rejection mediated by T cells alone. Normal mixed leukocyte reactions (MLR) used in other 

studies 65 contain antigen presenting cells (APCs) and use proliferation as a readout. An MTLR, 

however, contains only purified T cells and does not contain any professional APCs. This 

drastically reduces T cell stimulation due to the lack of costimulatory molecules normally present 

on professional APCs. Thus, we sought to discover a sensitive read-out for allogeneic recognition 

of foreign T cells by T cells. We found that CD69 expression by flow cytometry at day 7 after MTLR 

was an adequate read-out for allogeneic recognition. “Donor 1” and “Donor 2” T cells were 

differentiated by CFSE staining of “Donor 1” T cells before co-incubation. In our MTLR assay, we 

included an anti-HLA-class-I blocking antibody to determine the requirement for TCR-HLA 

interactions, and found that blocking HLA class I was sufficient to ameliorate allogeneic 

recognition of foreign T cells by both CD4+ and CD8+ T cells, as determined by loss of CD69 

positivity. CD3/28 stimulation was used as a positive control for CD69 induction. 
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Supplemental 2.1 

Primary NK cells were thawed and incubated for 2 days in CytoMax media, after which NK 

cells were transduced with different concentrations of concentrated GALV pseudotyped virus. 

Afterwards, NK cells were cultured in R10+IL-2 (500 U/mL) for 3 days. Increasing the viral 

concentration during transduction led to more NK cells being transduced, but also to lower 

survival. We found that 6.25X lentiviral concentration led to one of the highest absolute number 

of viable transduced NK cells 
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