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ABSTRACT 

LEIDY DIANA CARABALLO GALVA 

Development of Novel Effective CAR-T Cell Therapy for Hepatocellular 

Carcinoma 

 Under the direction of DR. YUKAI HE 

Liver cancer, mainly hepatocellular carcinoma (HCC), is the sixth most common 

cancer worldwide and the fourth most common cause of cancer death. Treatments for HCC 

are limited and mostly ineffective. Over the last few years, chimeric antigen receptor 

(CART) immunotherapy, a therapy that modifies patients own T cells with synthetic 

receptors that target tumor associated antigens, has demonstrated impressive efficacy in 

hematological tumors, but not in solid tumors yet. Multiple immunotherapeutic approaches 

are being studied for HCC, including chimeric antigen receptor T cell (CART) therapy. 

Glypican 3 (GPC3) is expressed on the surface of about 70% of HCC tumor cells, but not 

in normal hepatocytes. Several anti-GPC3 CARTs have been studied, but clinical outcomes 

have been published only for CARTs developed from the GC33 antibody.    

Most GPC3 CARTs are constructed from high-affinity single chain variable 

fragments (scFvs) because high affinity CARs might generate better anti-tumor effects. 

However, they may also lead to on-target/off-tumor toxicity due to low expression of target 

antigens in normal cells; they may incur in higher T cell exhaustion and low persistence. 

Some studies have shown that the anti-tumor effect of low-affinity CARs can be 

potentiated by the addition of appropriate co-stimulatory domains. Furthermore, for this 

study, we aimed to develop novel and effective low-affinity GPC3-CARTs. We sought to 



 

identify the best costimulatory domains that would give our low-affinity CARTs enhanced 

persistence and expansion in GPC3+ tumors while generating potent anti-tumor effects. To 

attain this goal, three novel mAbs, (6G11, 8F8 and 12D7) specific for HCC, were used to 

generate second-generation CARTs bearing the 4-1BB co-stimulatory domain. 8F8 

CARTs showed the strongest in vitro and in vivo anti-tumor effects in subcutaneous 

tumors. Stimulated 8F8 CARTs also had higher production of IL-2 and IFN-gamma, and 

maintained their function after repetitive antigen stimulation. 8F8 binds an epitope close to 

that of GC33, but with 17X lower affinity, offering us the opportunity to comparatively 

study the effects of high- versus low- avidity CARTs. To further investigate whether 

replacing the co-stimulatory domain would enhance the effector functions and persistence 

of our novel CARTs, we built second-generation CARs using the co-stimulatory domains 

ICOS, CD28 and 4-1BB, known for their impact on CART persistence, effector function, 

and memory differentiation, respectively. We found that, in vitro, 8F8 and GC33 CARTs 

have similar function in the three different CAR designs that were tested (ICOSZ, CD28Z, 

and 4-1BBZ). 8F8 and GC33 had similar function, however, 8F8 BBZ CARTs exhibited a 

less apoptotic and less exhausted phenotype than GC33 CARTs. Furthermore, 8F8 CARTs 

expanded and persisted longer than GC33 when treating HepG2 tumors. Importantly, the 

tumor-infiltrating 8F8 CARTs maintained a better effector function for a longer time 

compared to high-avidity GC33 CARTs. 8F8 CARTs generated durable anti-tumor effects. 

Furthermore, our data suggest that our novel 8F8 CARTs might have the potential to 

generate potent anti-tumor effects in high-antigen clinical settings.  

KEY WORDS: Chimeric Antigen Receptor, Adoptive Cell Transfer, Cancer 

Immunotherapy, Solid tumor 
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I. INTRODUCTION 

A. Statement of the Problem 

Liver cancer is the fourth most common cancer in the world. The majority (80-90%) of 

liver cancers are hepatocellular carcinoma (HCC). HCC is the second leading cause of 

death in adult males, with a 5-year survival rate of 18%. Treatment options for liver cancer 

are limited. Thus, novel therapies are urgently needed. Chimeric antigen receptor T cells 

(CARTs) are being intensively studied for treating solid tumors including HCC (Hoseini 

SS, Cheung NV. 2017). Glypican 3 (GPC3) is a member of the heparin sulfate (HS) 

proteoglycan family and is expressed in about 70-80% of HCC tumor cells, but not in 

normal hepatocytes. Thus, GPC3 might be a good target for immunotherapy of HCC 

(Haruyama Y, Kataoka H. 2016). Several groups have been investigating the anti-tumor 

effects of high- affinity anti-GPC3 CARTs, GC33, YP7, and HN3. GC33 and YP7 bind to 

524-563 epitope and HN3 bind to a conformational N-terminus epitope (Li, D. et al. 2020), 

but clinical outcomes have been published only for GC33 CARTs, which showed only 

limited efficacy in which two out of thirteen patients only showed partial response (Shi, 

Donghua, et al. 2020).  

Most GPC3 CARTs are constructed from high-affinity single chain variable fragments 

(scFvs) because they might generate better antitumor effects. However, they may also lead 

to on-target/off-tumor toxicity due to low expression of tumor-associated antigens in 

normal cells (Majzner, R. G., & Mackall, C. L. 2018), and they may also induce higher T 

cell exhaustion and lower persistence (Hoseini, S. S. et al. 2017). Some studies have shown 

that the anti-tumor effect of low-affinity CARs can be potentiated by addition of 

appropriate co-stimulatory domains (Drent, E., et al. 2019). It has been shown that CAR T 
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cells bearing the 4-1BB costimulatory domain are less exhausted and possess longer in 

vivo persistence (Long, A. H. et al. 2020). In addition, 4-1BB has been associated with 

long persistence and memory differentiation (Long, A. H et al. 2015).  On the other hand, 

CD28 has been shown to enhance effector functions (Zhao, X et al. 2020). However, in a 

recent study, it was found that 4-1BB induced tonic signaling, which can induce toxicity 

of CARTs via TRAF2-dependent activation of nuclear factor kB (NF- kB) (Gomes-Silva, 

D. et al. 2017). Other studies have shown that ICOS co-stimulation might provide signals 

to activated T cells or memory T cells rather than to naïve cells. ICOS was also superior to 

CD28 in the enhancement of IL-10 and Il-17 production, and it augmented the production 

of IL-4, IL-5 and INF-gamma and TNF-alpha without enhancing IL-2 production. (Beier, 

K. C., et al. 2007 and Guedan, S. et al. 2014). All these studies suggest that each co-

stimulatory domain might affect CARTs differently, and that finding the right co- 

stimulatory domain for each CAR requires functional testing.  

Recently, Shi, D. et al. reported the results from a phase I clinical trial of GC33 28Z CARTs 

in a group of 13 patients with advanced GPC3-positive (GPC3+) HCC. Although an initial 

safety profile of the anti- GPC3 CAR T cell therapy was demonstrated, the authors  

observed only two objective responses (Shi, D. et al. 2020). Thus, the need exists for 

developing novel and more effective CARTs with the potential to generate strong anti-

tumor effects and proceed to clinical trials.  

As CART persistence is strongly correlated with its efficacy, and high-avidity CARTs may 

be subjected to antigen-induced CART exhaustion and death, we hypothesize that low 

avidity CARTs with proper intracellular domains may generate stronger anti-tumor effects 

in solid tumor therapy. These novel CAR T cells might have the potential to move to 



3 

 

 

clinical trials and generate better responses. To test our hypothesis, we divided our research 

into two specific aims:  

1. To identify novel low affinity CAR T cells, from mAbs antibodies developed in our 

laboratory, with in vitro and in vivo functions against HeG2 cells in a second-generation 

4-1BB-CAR design and confirm their epitope targets in CARTs.  

2. To study the synergistic effects of the properties of the scFvs and different co-stimulatory 

domains (ICOS, 4-1BB and CD28) on the functionality and characteristics of our novel 

CAR T cells in comparison with the already existing GC33 CAR.   

B. Literature Review 

Note: This chapter has been adapted from our review manuscript: Galva, L. D. C., Cai, L., 

Shao, Y., & He, Y. (2020). Engineering T cells for immunotherapy of primary human 

hepatocellular carcinoma. Journal of Genetics and Genomics, 47(1), 1-15. Permissions to 

use the content of the manuscript are found in Appendix 1.    

1. The liver, its functions and structure 

The liver is the largest gland and largest solid organ, weighting approximately 1.5kg 

(Ozougwu, J. C. 2017).  

The liver is involved in multiple physiological processes that are critical for a well-

functioning body, including the regulation of blood volume, immune system support, 

endocrine control, and lipid and cholesterol homeostasis (Figure 1). The liver is also 

responsible for the storage of glucose in the form of glycogen when feeding, and for the 

production of glucose via the gluconeogenic pathway when fasting (Figure 2A and 2B). It 

is also responsible for the majority of the proteins secreted in the blood (Elijah Trefts, 

2017). Thus, the liver is one of the vital organs of the human body, meaning that without a 

functional liver, human life is compromised.  
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Figure 1. Liver functions. Source: https://image.shutterstock.com/ 
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Figure 2. The liver in the fasted and fed state. Source: Elijah Trefts et al. 2017. Reproduced with 

permission from Elsevier and Copyright Clearance Center (see Appendix I).  A) Liver activities in the fasting 

state. During fasting, and due to low insulin levels, muscles, the gut, adipose tissue and stored glycogen serve 

as sources for the liver to elaborate key substances for a well-functioning body, such as proteins, ketones and 

glucose.  B) Liver activities in the feeding state. When feeding, and/or high insulin levels, the liver uptakes 
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glucose and stores it in the form of glycogen along with the production of protein, Very low density 

lipoprotein (VLDL) and other substances.  

2. Cellular composition of the liver 

The liver is composed of different cell types with unique functions that help regulate 

hepatic function at multiple levels (Figure 3). Hepatocytes are the primary epithelial cell 

population of the liver. They are responsible for the production of bile, plasma, protein, 

and amino acids. Hepatocytes are also involved in the metabolism of fat, carbohydrate, and 

protein, storage of glucose, vitamins, and iron; and the breaking down of metabolic waste 

products, drugs, and toxins (Ozougwu, J. C. 2017).  

Cholangiocytes are the second most abundant cell type in the liver. They line the lumen of 

the bile ducts. Stellate cells are the third group of cells forming the liver. They can exist in 

a quiescent or activated state. In the quiescent state, they store vitamin A in lipid droplets. 

In the event of liver damage, stellate cells are activated. They proliferate to the point of 

losing vitamin A stores. Then they deposit collagen in the injured liver, leading to scarring 

of the liver and eventually cirrhosis, which can lead to end-stage liver disease (Ozougwu, 

J. C. 2017). 

There are also resident macrophage cells in the liver called Kupffer cells. These cells can 

attain pro- or anti-inflammatory roles in liver wound healing.  

The last group of cells composing the liver is called liver sinusoidal endothelial cells, which 

have unique characteristics. They participate in the formation of liver sinusoids, which are 

unique capillaries that differ from other capillaries in the body, because of the presence of 

open pores or fenestrae lacking a diaphragm and a basal lamina underneath the 

endothelium. These liver capillaries perform filtration functions as well as endocytic 
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capacity for components of the extracellular matrix and immune complexes (Ozougwu, 

Jevas C. 2017).    

 

 

Figure 3. Cellular composition of the liver. Source: Abu Rmilah, Anan et al. 2019. Reproduced with 

permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

3. Liver disease and cellular origin of HCC 

Any disease that affects the liver is considered a liver disease. The disease can be classified 

as acute or chronic, depending on the onset of the symptoms. If the symptoms do not persist 

for more than six months, the patient is deemed to have an acute liver disease. In most 

cases, the acute disease is the result of hepatocyte inflammation or damage. Usually, acute 
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liver diseases resolve without causing further complications. This is possible due to the 

capacity the liver has to repair and regenerate itself.  

Patients with symptoms persisting longer than six months have chronic liver disease. This 

happens when the liver suffers permanent structural changes after longstanding hepatocyte 

damage.   

The main causes of liver disease are viruses, genetic factors, autoimmune diseases, 

excessive use of alcohol, poor diet and/or obesity, and some reactions to medications or 

toxic chemicals. Liver disease can progress from hepatitis to cirrhosis, and then liver 

cancer. In liver fibrosis there is swelling of the liver and hardening of liver cells. When 

diagnosed and treated early enough, fibrosis can be reversed and patients can regain healthy 

liver function. However, if fibrosis is severe and cannot be reversed with treatment, it can 

lead to cirrhosis, which is characterized by severe scarring of the liver cells (Figures 4 and 

5). Liver cirrhosis is not reversible and there is no cure for it. It can lead to liver failure and 

liver cancer (American Liver Foundation).  
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Figure 4. Healthy liver versus cirrhotic liver. Reproduced with permissions from the National Institute of 

Diabetes and Digestive and Kidney Diseases, National Institutes of Health.  

 

Figure 5. Stages of liver disease. Source: Regeneration Center of Thailand. Liver disease normally goes 

from fibrosis to cirrhosis, ending in carcinoma and/or liver failure. Reproduced with permissions from The 

Regeneration Center (See Appendix I).  

3.1 Cellular origin and composition of HCC 

The most common liver cancer is HCC, a malignant epithelial tumor originating in 

hepatocytes (Mizukoshi, E., & Kaneko, S. 2019).  
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HCC is highly heterogeneous at the cellular level. The mechanisms for liver cancer 

initiation, progression, propagation, and maintenance still need a deeper understanding. 

However, recent studies suggest that there are two major cell types, hepatocytes and hepatic 

progenitor cells, which are thought to be the main cell types whose transformation could 

lead to hepatocarcinogenesis.  

It was recently demonstrated that adult hepatocytes might initiate HCC after sequential 

genomic damage and differentiation into precursor cells that express progenitor cell 

markers (Schneller, D., & Angel, P. 2019).  

In vitro analysis of HCC cells have identified several genetic alterations in genes encoding 

proteins. These genes include P53, P16, P73, beta-catenin, APC, BRCA2, IGF-2, c-myc, 

PTEN, and cyclin D1 proteins. P53 is considered the most common mutated gene in HCC. 

These studies have also shown epigenetic changes that can be used for diagnosis and 

prognosis. These epigenetic changes include histone disruption, non-coding RNAs, and 

DNA hyper- and/or hypo-methylation (Daher, Saleh, et al.). 

Other reports have shown that the HCC microenvironment displays features reminiscent 

of fetal development, in which there is overexpression of multiple fetal proteins. This is 

the case of Alpha-fetoprotein and Glypican 3. The overexpression of these proteins 

correlates with HCC prognosis and diagnosis. Other onco-fetal proteins in HCC are 

associated with reprogramming of endothelial cells and tumor-associated macrophages, 

leading to an immunosuppressive onco-fetal ecosystem present in fetal liver and HCC 

(Sharma, A. et al. 2020).  

The tumor microenvironment in HCC is complex and immunosuppressant. Several cell 

types participate in the progression of the tumor, these include regulatory T cells, myeloid-
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derived suppressor cells (MDSCs), and macrophages (Figure 6). Molecules produced by 

these and other cell types, and the tumor cells themselves, contribute to the exhaustion and 

dysfunction of cytotoxic lymphocytes. During exhaustion, T cells lose their effector 

functions in a hierarchical manner. The first sign of exhaustion is the loss of IL-2 

production; followed by the reduction of TNF-alpha, IFN-gamma and other cytokines. In 

the exhausted state, T cells also alter their proliferative abilities, and they experience 

sustained upregulation of co-inhibitory receptors, such as PD-1, LAG3, CTLA-4 and other 

receptors.  This leads to immune tolerogenesis of HCC (Pinato, David J., et al. 2020). 

In addition, liver cells that would normally contribute to the homeostasis and healthy 

function of the liver contribute to the immunosuppressive environment. Kupffer cells, for 

example, along with liver sinusoidal epithelial and endothelial cells and hepatic stellate 

cells, as well as MDSCs are major players in the secretion of immunosuppressive 

molecules (TGF-beta, IL-10, PGE2) that activate T regulatory cells. At the same time, these 

immunosuppressive molecules act negatively on natural killer cells and TILs (Pinato, 

David J., et al. 2020). Molecules expressed by the tumor cells as well, such as PD-L1, also 

affect these TILs and render them non-functional (i.e. Exhausted) (Figure 6).  
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Figure 6. Cellular and functional heterogeneity of the HCC tumor microenvironment. Source: Pinato, 

David J., et al. 2020. Reproduced with permissions from Springer Nature (See Appendix I).  

4. Liver Cancer- Incidence, Epidemiology and Current Standard of Care 

Treatments 

As previously mentioned, liver cancer is the fourth  most common cancer worldwide, and 

approximately 80% to 90% of the 854,000 annual cases are primary hepatocellular 

carcinoma (HCC) (Global Burden of Disease Cancer et al., 2017). While HCC caused by 

virus infection has decreased as a result of hepatitis B virus  (HBV) vaccination (Chang et 

al., 2009), HCC incidence due to obesity and other metabolic diseases has increased 

dramatically (El-Serag et al., 2004;Welzel et al., 2013). In the majority of cases, HCC 

develops in the presence of an underlying liver disease, after viral hepatitis, with either 

hepatitis B or hepatitis C viruses, along with a non-viral chronic liver disease. (Daher, S., 

Massarwa, M., Benson, A. A., & Khoury, T. 2018).  
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Treatments for liver cancer are limited and mostly ineffective. Treatment options depend 

on multiple parameters, such as size, number, and location of tumors, and the presence or 

absence of cirrhosis.  

The only treatments that could provide cure are surgical resection and liver transplantation. 

However, only 5–10% of HCC patients are candidates for surgical resection and roughly 

5% are suitable for liver transplantation.  These transplantation patients might have a 

chance to survival longer than five years (Figure 7). Even though liver resection is curative, 

the lack of adjuvant therapy becomes a critical barrier to the success of surgery, which 

results in ~70% five-year recurrence rate (Kao et al., 2011).  

HCC patients with cirrhosis, who are not candidates for surgical procedures, can be offered 

minimally invasive procedures performed with imaging control, which can achieve up to 

80% complete response rates. These techniques include radiofrequency ablation (RFA), 

highly focused ultrasound (HIFU), trans-arterial chemoembolization (TACE), irreversible 

electroporation (IRE), and microwave ablation (MWA).  (Daher, S., Massarwa, M., 

Benson, A. A., & Khoury, T. (2018).  

There are three first-line chemo treatments: sorafenib, lenvatinib, and atezolizumab plus 

bevacizumab, and eight second-line chemotherapeutic agents approved by the FDA for the 

systemic treatment of HCC (Cancer.gov.org).  

The response rate and the overall survival of these chemo drugs vary depending on the 

patient’s background (Figure 7). These drugs are considered the best options in advanced 

HCC; however, they can prolong a patient’s survival only for a few months (Figure 7). In 

addition, HCC patients with an HBV do not respond as well as patients with a non-viral 

background or with Hepatitis C Virus (HCV) background. Because of this lack of effective 
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drugs, researchers have been exploring alternative treatments, such as immunotherapy, 

which has demonstrated impressive efficacy for hematological tumors. Not surprisingly, 

multiple immunotherapeutic approaches are also being studied for HCC (Brar et al., 2018). 

 

Figure 7. Clinical Algorithm for the Management of Hepatocellular Carcinoma. Reproduced with 

permission from (Augusto Villanueva, NEJM, 2021), Copyright Massachusetts Medical Society. 

5. Immunotherapies for HCC 

Cancer immunotherapy can be defined as a therapy in which the immune system is either 

stimulated or repressed to help the body fight cancer. 

There are immunotherapies that target specific antigens, as well as those that are antigen-

independent (Lee et al., 2015). Antigen-specific therapies include adoptive cell therapy 
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(ACT) with genetically modified immune cells (TCR T cells and CAR T cells, and other 

immune cells, antibodies, immunotoxins and vaccines). Antigen-independent therapies or 

nonspecific therapies include cytokines (IL-2, IFN-gamma, TGF- inhibitors), checkpoint 

inhibitors (Anti-CTLA-4, anti-PD-1/PD-L1), ACT of TILs and NK cells, and oncolytic 

viruses. A brief summary of these therapies is shown in Figure 8.  

 

Figure 8. Current immunotherapies for HCC. GPC3, glypican 3; ACT, adoptive cell therapy; DC, 

dendritic cell; TCR, T cell receptor; CAR, chimeric antigen receptor. Source Galva, L. D. C., Cai, L., Shao, 

Y., & He, Y. (2020). Reproduced with permissions from Journal of Genetics and Genomics (See Appendix 

I).  

As explained previously, ACTs or cellular immunotherapy is a treatment that uses immune 

cells to treat cancer. Immune cells can be isolated directly from patients, then expanded ex 

vivo and re-infused to patients, or they can be genetically modified before reinfusion to 

enhance their capability of targeting and killing cancer cells.  
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Numerous studies have explored the potential of dendritic cells in cell-based therapy. Some 

methods fuse tumor lysates with dendritic cells to develop tumor vaccines. Results from 

clinical trials suggest that DC-based therapies are effective in prolonging overall survival.  

Some immune cells have the ability to recognize and eliminate infected or damaged cells, 

as well as cancerous cells. These cells include natural killer cells (NK) and cytotoxic T 

cells.  

Multiple studies have used NK to treat solid tumors, including HCC. Adoptive transfer of 

allogeneic NK cells in combination with percutaneous cryoablation prolonged the survival 

of patients with HCC (Mizukoshi, E., & Kaneko, S. 2019). ).  

Tumor-infiltrating lymphocytes (TILs) are also used for cell-based immunotherapy. TILs 

are isolated from tumors and cultured ex vivo and then transferred back into the patient. 

The efficacy of this approach has been demonstrated for malignant melanoma, but not for 

HCC (Mizukoshi, E., & Kaneko, S. 2019).  

6. Effector mechanisms of cytotoxic lymphocytes on tumor cells 

Using the same basic mechanism, upon recognition and antigen stimulation through 

specific receptors, cytotoxic T cells and natural killer cells secrete effector molecules that 

lead to the death of infected or damaged cells (Martínez-Lostao, L., Anel, A., & Pardo, J. 

2015). 

After antigen stimulation, cytotoxic lymphocytes also undergo activation. This process in 

initiated when a peptide is recognized by the T cell receptor (TCR). The peptide is 

presented to the TCR via a histocompatibility complex (MHC), which is specific for that 

particular TCR (Huse, M. 2009). This association of the TCR with the peptide-bearing 

MHC, and a co-stimulatory signal that is generated by the binding of costimulatory 
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receptors, leads to conformational changes in the Cluster of differentiation 3 (CD3) chains. 

This facilitates their phosphorylation and association with downstream proteins such as 

LCK, Syk, Zap70, and other proteins that participate in the phosphorylation cascade to 

transduce the activation signal to the nucleus (Figure 9). In the nucleus, the activation 

signal induces the production of cytokines, granules, and cytotoxic molecules. This also 

results in T cell expansion and proliferation (Huse, M. 2009). 

The signal transduction to the nucleus is mainly mediated by three transcription factors:  

activator protein 1 (AP1), nuclear factor-κB (NF-κB), and nuclear factor of activated T 

cells (NFAT). Under resting conditions, these transcription factors remain in the 

cytoplasm. They translocate to the nucleus only when their respective activation signal is 

present. For NFAT, an increase in intracellular calcium level leads to its dephosphorylation 

and nuclear translocation. NF-κB is sequestered in the cytoplasm by a protein complex 

(Figure 9) until the IκB kinase (IKK) complex phosphorylates the inhibitor complex 

leading to its degradation. This allows for the nuclear translocation of NF-κB. Mitogen-

activated protein kinase (MAPK) signaling cascades lead to the activation of Fos and Jun, 

which results in the formation of a heterodimer (AP1) of these two proteins (Huse, M. 

2009). AP1 participates in the expression of genes related to T cell activation.  

Stimulation through the TCR also leads to the production and release of death ligands like 

Fas ligand (FasL) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

(Figure 10). Activated T cells also experience the exocytosis of specialized cytoplasmic 

granules, such as cytolytic granules, towards the site of contact with the target cells (known 

as the immunological synapse). These death ligands and cytolytic granules can also be 

secreted in exosomes. Some of these granules are thought to act on target cells by 
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generating pores in their membranes (i.e. perforin), while others have been shown to induce 

apoptosis. Moreover, in later publications they have been found to also initiate necrosis. 

Particularly, granzyme B (GZMB) has been shown to be crucial for caspase-3 and BH3-

interacting domain death agonist (BID) activation, as well as the degradation of specific 

intracellular proteins. GZMB is considered the main cell death inductor in cytotoxic 

lymphocytes. Other GZMs like GZMA, GZMK, and GZMM may regulate the production 

of pro-inflammatory cytokines. 

 

Figure 9. Signaling through the T cell receptor. Source: Gaud, G., Lesourne, R., & Love, P. E. (2018). 

Reproduced with permissions from Springer Nature (See Appendix I). 
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Figure 10. Activation of the main effector mechanisms of cytotoxic lymphocytes. Source: Martínez-

Lostao, L., Anel, A., & Pardo, J. (2015). Reproduced with permissions from American Association for 

Cancer Research (See Appendix I). 

Perforin allows for the intracellular delivery of granzymes into the target cells (Figure 11). 

Once in the cytoplasm, granzyme B directly cleaves and activates effector caspases 3 and 

7, as well as the Bcl-2 (B-cell lymphoma 2) family protein Bid, which then continues with 

the cascade of caspases leading to the activation of the “apoptosome”. The death signal 

coming from the interaction of death receptors with their ligands can also trigger apoptosis 

via formation of the death-inducing signaling complex (DISC), which can lead to activation 

and cleavage of caspase-8. However, when caspase-8 is inactive, TRAIL and Fas receptors 

can recruit receptor-interacting protein (RIP) and RIP3, forming a “necrosome” (Figure 
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11). The downstream effects of this complex result in the permeabilization of the plasma 

membrane, leading to necrotic cell death (Martínez-Lostao, L., Anel, A., & Pardo, J. 2015).  

Furthermore, when cytotoxic lymphocytes are used in immunotherapy, signs of activation 

and effector functions are monitored through the measurement of cytokines and cytotoxic 

molecules. These molecules serve as indicators for the potential anti-tumor effects of the 

engineered lymphocytes.  

 

Figure 11. Effector mechanisms of cytotoxic lymphocytes on tumor cells. Source: Martínez-Lostao, L., 

Anel, A., & Pardo, J. (2015). Reproduced with permissions from American Association for Cancer Research 

(See Appendix I). 

7. AFP and GPC3 as TAAs in HCC  

Note: Reproduced with permissions from Journal of Genetics and Genomics (See 

Appendix I). 

Antigen-defined immunotherapies are dependent on tumor-associated antigens (TAAs).  
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Several TAAs have been identified in HCC. These include, alpha-fetoprotein (AFP), 

melanoma antigen gene-A (MAGEA), glypican-3 (GPC3), human telomerase reverse 

transcriptase (hTERT), squamous cell carcinoma antigen recognized by T cells (SART), 

p53, and multi drug resistance-associated protein 3 (MRP3),   and New York esophageal 

squamous cell carcinoma 1 (NY-ESO-1). Among these TAAs, AFP and GPC3 are the most 

studied (Mizukoshi, E., & Kaneko, S. 2019). 

7.1 AFP 

AFP is an oncofetal protein expressed during the fetal stage; it becomes undetectable after 

birth. AFP is highly re-expressed in HCC and its level is correlated to the severity of the 

disease. AFP has been used as an HCC tumor marker for many decades. 

As an immunotherapeutic target, it was first studied by Butterfield et al. who identified 

four human leukocyte antigen (HLA)-A2-restricted AFP epitopes (Butterfield et al., 1999, 

2001). These peptide-based vaccines did induce T cell responses in patients, but did not 

generate significant clinical benefits (Butterfield et al., 2006). 

A few AFP-specific T cell receptors (TCRs) were identified and are being tested in 

preclinical tumor models and in clinical trials.  

1) HLA-A2/AFP158-specific mouse TCRs: By using lentiviral vector priming and peptide 

boosting, our group generated a very high level of HLA-A2/AFP158-specific CD8 T cells 

in HLA-A2 transgenic mice (10-30% of CD8 T cells) (50). The easy availability of high 

numbers of AFP-specific T cells allowed us to study their antitumor effect in vitro, and in 

treating HCC xenografts in immune-compromised mice. We then identified three TCRs 

that have naturally high affinity. These TCRs generated potent antitumor effects in vitro 



22 

 

 

and in vivo. X-Scan data showed that the three TCRT groups have minimal or no cross-

reactivity against human cells (unpublished data).  

2) HLA-A2/AFP158-specific human TCRs: Recently, Docta et al. reported the 

identification and enhancement of a human TCR specific for HLA-A2/AFP158. They also 

conducted a systematic X-scan study and found no cross-reactivity with other peptides in 

the human protein databank. A clinical trial using a patient’s autologous T cells engineered 

with this AFP-specific TCR has been initiated and is underway (NCT03132792).  

3) HLA-A24/AFP357-specific human TCRs: While the HLA-A2 is very common among 

Caucasians, A24 is another subtype of HLA commonly found in Asians. Nakagawa et al 

recently reported a high affinity TCR that recognizes the HLA-A2402/AFP357 complex. 

However, the killing activity against HepG2 tumor cells by the TCRTs generated from the 

HLA-A2402/AFP357-specific TCRs was rather low. Nevertheless, they offer the potential 

of developing TCRTs for HCC patients with the HLA-A24 subtype. 

7.2 GPC3 

GPC3 is an oncofetal proteoglycan, attached to the cell membrane through a 

glycosylphosphatidylinositol (GPI) anchor (Figure 12A. It is secreted in two forms (N-

fragment or whole protein) (Zhou, Fubo, et al. 2018).  

GPC3 is highly expressed in fetal liver but becomes undetectable after birth (Figure 12B); 

it regains expression in the majority of HCC tumors (Nakatsura et al., 2004a; Filmus and 

Capurro, 2013). Basic and clinical data showed GPC3 is a highly specific diagnostic 

biomarker.  GPC3 is implicated in the WNT signaling pathway to promote proliferation of 

tumor cells and is associated with poor prognosis in HCC (Nakatsura et al., 2004a; Pez et 

al., 2013). In 2004, Nakatsura et al. reported that mouse GPC3 could activate T cell 
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responses in mice (Nakatsura et al., 2004). Then, they identified the HLA-A2-restricted 

GPC3144 epitope and the HLA-A24-restricted GPC3298 epitope in humans (Komori et 

al., 2006). These GPC3 vaccines generated some positive effects in clinical trials (Sawada 

et al., 2012). However, several more trials indicated that even though GPC3-specific 

immune responses are activated, the clinical benefits are minimal or uncertain in most 

advanced HCC patients (Shimizu et al., 2018). 

 

Figure 12. Characteristics of glypican-3 (GPC3). Source: Shimizu, Y., & Nakatsura, T. 2019. A) Diagram 

of the GPC3 protein. B) Frequency of GPC3 mRNA expression in HCC versus other tissues. C) Survival 

curves of GPC3 positive versus GPC3 negative HCC. Reproduced with permissions from Cancer 

Immunotherapy, Willey and Sons and Elsevier (See Appendix I). 

 As previously mentioned, both AFP and GPC3 have been targeted through immune cell 

engineering. This allows for the modification of immune cells to express exogenous 

receptors that recognize TAAs or epitopes. Recently, multiple groups have engineered 

natural killer cells, human macrophages, and primary T cells; overall, engineered primary 

T cells are the most common cell type used for adoptive cell therapy.  

T cell engineering focuses on the modification of primary T cells to express exogenous 

TCRs for tumor epitopes, or CARs to target TAAs.  
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8. T cell receptor T cells (TCRTs) vs chimeric antigen receptor T cells (CARTs)  

The T cell receptor (TCR) is a member of the immunoglobulin superfamily, consisting of 

the TCR and TCR chains, which confer specificity to the receptor. The TCR complex 

also includes the CD3ε, CD3, CD3, and CD3 chains (Figure 13) that play important 

roles in TCR signaling. T cells transduced with exogenous TCRs (TCRTs) can recognize 

both surface and intracellular antigens presented through major histocompatibility 

complexes (MHC). Thus, the recognition and binding of the TCRs to tumor peptides are 

MHC-restricted. In contrast, chimeric antigen receptors (CARs) are synthetic receptors 

consisting of an extracellular single-chain variable fragment of an antibody (scFv), a hinge, 

a transmembrane domain (TM), an intracellular signaling domain (ICD), and one or more 

co-stimulatory signaling domains (Figure 13). The CAR is introduced into T cells via 

genetic engineering to target TAAs. (Romello, M. C. et al. 2019).  Since ~90% of tumor 

antigens are intracellular proteins, TCRTs should have broader applications than CARTs. 

The binding affinity of CARs for surface antigens is higher than that of TCRs for binding 

MHC/peptide complexes. However, the advantages and disadvantages of high affinity 

binding CARs versus lower affinity binding TCRs are not known. In fact, the efficacy of 

CARTs in treating solid tumors has not yet been proven. On the other hand, NY-ESO-1- 

specific TCRTs generated significant antitumor effects in treating multiple myeloma 

(Rapoport et al., 2015) and synovial sarcomas (Robbins et al., 2015; D'Angelo et al., 2018). 
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Figure 13. Schematic diagram of TCR complex, CAR and TRUCK.  TCR, T cell receptor, CAR, chimeric 

antigen receptor; VL, variable region of light chain of antibody; VH, variable region of heavy chain of 

antibody; TM, transmembrane domain. Source:  Galva, L. D. C., Cai, L., Shao, Y., & He, Y. (2020). 

Reproduced with permissions from Journal of Genetics and Genomics (See Appendix I). 

9. CAR immunotherapies for HCC  

Note: Reproduced with permissions from Journal of Genetics and Genomics (See 

Appendix I). 

Majority of CAR therapies against HCC are CAR-T therapies. Approximately 18 are 

undergoing clinical trial (Table 1).  
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Table 1. Current clinical trials targeting GPC3 in HCC. Reproduced with permission from 

https://www.frontiersin.org/. Open-access article distributed under the terms of the Creative Commons 

Attribution License (CC BY). Huang, Shao-Li, et al. "Mechanisms and Clinical Trials of Hepatocellular 

Carcinoma Immunotherapy." Frontiers in Genetics 12 (2021): 1159. 

9.1 GPC3-specific CARTs 

The antibody variable region is a critical component of a CAR. A number of antibodies 

have been developed against human GPC3 (Feng and Ho, 2014). As mentioned earlier, one 

of the antibodies, GC33 (binding to the membrane-proximal C-terminal epitope of GPC3) 

has advanced to clinical trials and has proven to be safe. However, it failed to generate 

significant antitumor effects (Abou-Alfa et al., 2016). Several groups then utilized the 

GC33 antibody to develop CARTs (Gao et al., 2014; Jiang et al., 2016; Krenciute et al., 

2017; Li et al., 2017b; Alizadeh et al., 2019), and their antitumor effects are being 

investigated in clinical trials. In addition, CARTs derived from antibodies YP7 (also 

binding to membrane-proximal epitope) and HN3 (binding conformational epitope) (Li et 
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al., 2018), and 32A9 (Sun, L. et al. 2021) are being studied.  To improve CART safety, 

Chen et al. recently developed GPC3-ASGR1 dual CARTs (Chen et al., 2017). 

Presumably, these dual CARTs will improve safety, as they will kill tumor cells expressing 

both GPC3 and ASGR1 antigens. Furthermore, the dual CARTs persisted longer and 

generated stronger antitumor effects in animal models. 

9.2 GPC3-CAR-NK 

In one study (Yu et al., 2018), the authors utilized natural killer (NK) cells as the host cells 

and created CAR-NK cells. In the study, a different GPC3 antibody (9F2) variable chain 

was used to build the CAR. It is not clear whether the CAR-NK cells would be more 

effective and safer than CARTs, as no comparative study was done. 

9.3 MHC/AFP158 complex-specific CARTs 

By far, most CARTs target cell-surface antigens. However, 90% of tumor antigens are 

intracellular proteins. All antigens, regardless of location, can be loaded onto MHC 

molecules and be presented on the cell surface during their synthesis and degradation. 

Thus, MHC/peptide complexes are accessible to CARs. Nevertheless, in this situation, the 

CAR binding to peptides will be MHC-restricted. Several of such CARs were designed 

and tested (Maruta et al., 2017; Rafiq et al., 2017). Liu et al. explored this novel concept, 

developed an antibody (ET1402L1) against the HLA-A2/AFP158-166 peptide complex, 

then created CARTs, and demonstrated their antitumor efficacy in a preclinical study (Liu 

et al., 2017). A Phase 1 trial (NCT03349255) is underway in China, and preliminary data 

showed no severe side effects. In addition, the Fab fragment of this antibody was fused 

with a TCR chain to develop antibody TCR mimics (Ab-TCR mimics) to take advantage 

of the natural TCR assembly and signaling pathway (Xu et al., 2018). Recently, two clinical 



28 

 

 

trials based on these Ab-TCR mimics were initiated in China (NCT03965546) and in the 

USA (NCT03998033) to study their safety and effectiveness in treating advanced HCC. 

10. Efficacy of CAR T cell therapy in hematological tumors vs solid tumors 

Several CART therapies have been successful in the treatment of hematological cancers. 

Treatment with anti CD19 CAR T cells has resulted in excellent response rates of up to 

93% in acute lymphoblastic leukemia (ALL ) and of up to 54% in diffuse large B cell 

lymphomas (DLBCL). This has led to the approval of the therapy by the FDA in 2017 and 

by the EMA in 2018. However, many other CARTs, especially those for solid tumors, have 

not yet proven effective.  Most outcomes from clinical trials using CAR T cells against 

solid tumors have reported stable disease or a partial response, and several have reported 

no objective clinical response (Umut, Ö. et al. 2021). Furthermore, only a minimal number 

of patients have shown evidence of regression. In addition, some clinical trials have been 

terminated when safety concerns have arisen. Thus, it is evident that improvements of the 

safety and efficacy of CARTs are needed, especially for solid tumors (Umut, Öykü, et al. 

2021). 

11. Parameters governing the antitumor efficacy of CARTs 

Note: Reproduced with permissions from Journal of Genetics and Genomics (See 

Appendix I). 

Multiple parameters affect CART efficacy in vivo. These parameters include, but are not 

limited to, T cell subsets, CAR design, CAR affinity, gene delivery method and the CAR 

T cell manufacturing process (Yan and Liu, 2019). 

An ideally engineered CART should respond to and expand in an antigen-dependent 

manner without incurring rapid T cell exhaustion. In the absence of antigen, CARTs should 
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have “zero” or very low, background activation (tonic signaling). In addition, CARTs 

should infiltrate into and expand with proper function within the tumor lesion to generate 

significant antitumor effects. They should also be long-lasting (develop memory) to 

prevent tumor recurrence. Furthermore, each of the parameters affecting CART function 

should be considered when developing novel CAR T therapies.  

11.1 T cell subsets 

Most CARTs are generated using bulk T cells (Jensen and Riddell, 2014) composed 

entirely of CD4 and CD8 T cells at different activation and differentiation stages. These T 

cells may vary significantly among different donors, especially for cancer patients 

undergoing heavy chemo and radiation treatments. Recent studies suggest that T cell 

subsets selected to be engineered with CARs could greatly affect the antitumor effect of 

the CARTs by contributing to T cell expansion, effector function, and long-term 

persistence in vivo. Such defined T cell subsets may become particularly important for 

treating solid tumors.  

1) CD4 vs CD8: Using unfractionated total T cells, Louis et al. showed that higher initial 

percentage of CD4 T cells was associated with longer persistence of GD2-specific CARTs 

(Louis et al., 2011). Compared to CD4+ CARTs, CD8+ CARTs exhibited higher lytic 

activity, weaker proliferation, and lower cytokine production in response to target tumor 

cell stimulation (Sommermeyer et al., 2016). The study also confirmed that CD4+ CARTs 

survived longer than CD8+ CARTs, even though CD8+ CARTs were as good as CD4+ 

CARTs in treating B cell leukemia in an animal model (Sommermeyer et al., 2016). In a 

different preclinical study, using an IL13Ra2-specific (IL13-41BB-CD3z) CAR for brain 

tumors, Wang et al. showed that these glioblastoma-targeted CD4+ CARTs not only kill 
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tumor cells directly, but they were also essential for long-term effects and outperformed 

CD8+ CARTs (Wang et al., 2018).  

Using isolated T cell subsets for CARTs, one study showed that repetitive stimulation with 

tumor cells resulted in exhaustion of CD8+ CARTs, but not of CD4+ CARTs. Importantly, 

the mixture of CD4+ and CD8+ CARTs resulted in less anti-tumor activity than CD4+ 

CARTs alone. The anti-tumor effects of CD4+ and CD8+ CARTs may vary among 

different tumors, but the overall impression is that CD4+ CARTs may persist longer in 

vivo and generate durable anti-tumor effects. Two clinical trials showed that it is possible 

to generate sufficient CARTs from defined CD4 and CD8 T cells subsets (Turtle et al., 

2016a, 2016b). Further studies are needed to determine the antitumor efficacy of a defined 

combination of CD8+ and CD4+ CARTs in other tumor models. 

2) Tcm and Tn: T cell subsets in peripheral blood are found in different differentiation 

stages, which include Tn (naïve), Tscm (stem-like memory), Tcm (central memory), and 

Tem (effector memory). They also possess different capacities of effector functions, 

proliferation, and persistence after adoptive transfer (Berger et al., 2008; Gattinoni et al., 

2011; Wang et al., 2011). CD19 CARTs generated from unfractionated T cells have 

achieved high response rates in treating B cell leukemia. As unfractionated T cells, 

regardless of their heterogeneity, should contain all subsets at different differentiation 

stages, it seems that no isolation of T cell subsets is needed. However, recent studies 

showed that memory T cells could drive the differentiation of naïve T cells and impair their 

antitumor effects (Klebanoff et al., 2016; Xu and Dotti, 2016). Thus, purification of desired 

T cell subsets prior to CAR transduction and expansion may generate better CARTs. In 

addition, a precise composition of the T cell products and enrichment with the highest 
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potential for engraftment and persistence may become particularly relevant in the setting 

of solid tumors (Hou et al., 2019). Using second-generation CD19- 4-1BB-CD3z and 

ROR1-4-1BB-CD3z CARs, Sommermeyer et al. studied whether CARTs generated from 

defined T cell subsets possessed different proliferation, survival capacity, and effector 

functions (Sommermeyer et al., 2016). They found that Tn-derived CD4+ CARTs and 

CD8+ CARTs produced the highest levels of cytokines and that CD4+ CARTs generated 

from Tn and Tcm cells enhanced the antigen-driven proliferation of CD8+ CARTs in 

culture. Remarkably, the combination of Tn- or Tcm-derived CD4+ CARTs with Tcm-

derived CD8+ CARTs generated the strongest antitumor effects. Another study also 

showed that T cell subsets at different differentiation stages were equally transduced by 

CARs and that Tn-derived CARTs exhibited the greatest rate of proliferation but lowest 

cytokine production and killing activity (Schmueck-Henneresse et al., 2017). Clinical trial 

data also showed that adoptive transfer of a defined combination of CD4+ CARTs and 

CD8+ CARTs (as few as 1x 105 cells/kg for CD4 and CD8) resulted in complete tumor 

remission in bone marrow in 93% of patients (Turtle et al., 2016a). However, because of 

the high complete response rate, it was not possible to compare the antitumor efficacy of 

bulk CD8+ CARTs with the Tcm-derived CD8+ CARTs. In addition to CARTs from Tn 

and Tcm, a recent study showed that mesothelin-specific CARTs created from CD26hi 

(effector memory marker) CD4 T cells produced higher amounts of IL17, could survive 

and persist longer in vivo, and possess potent antitumor effects (Bailey et al., 2017). Thus, 

the consensus view is that CARTs generated from defined (Tn or Tcm) CD4 and CD8 T 

cell subsets will generate strong antitumor effects, but the optimal T cell subsets for each 

particular CAR may require experimental data to be determined.  
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11.2 CAR design 

Each component of a CAR potentially affects the function of the CARTs (Guedan et al., 

2019).  

scFv: Most scFvs in CAR designs are derived from mouse or human antibodies, even 

though some studies do use nanobodies from Camilidae (De Munter et al., 2018).  

Targets: Ideally, the scFv should target tumor-specific antigens. However, such tumor-

specific antigens are rare if not impossible to find. Instead, overexpressed tumor-associated 

antigens are frequently used as targets. Due to the differential levels of antigen expression 

between tumor cells and normal cells, a treatment window exists that can kill tumor cells 

without significant toxicity to normal cells.  

Epitope location: The antibody binding sites on a target antigen also play an important 

role in determining CART efficacy. ScFvs targeting membrane-proximal epitopes may 

generate more effective CARTs (Hombach et al., 2007; James et al., 2008) than those 

targeting membrane- distant ones. A possible cause for this is that they form better 

immunological synapses and stronger signaling (Li et al., 2017a; Xiong et al., 2018). 

However, stronger signaling may accompany higher tonic signaling, which may predispose 

CARTs to exhaustion. 

Order of the variable region of the light chain (VL) and the variable region of the 

heavy chain (VH), and the choice of the linker: Both configurations, VL-linker-VH and 

VH-linker-VL, have been used to create scFvs (Burns et al., 2010; Desplancq et al., 1994). 

Studies found that, depending on the CAR, the linker and the order of the VL and VH 

regions could affect the expression and the binding of the target antigen by the CAR. 

Although, Burns et al. (2010) showed that the VL-linker-VH configuration bearing the 



33 

 

 

linker sequence GSTSGSGKPGSEGS generated better CART function than the VH-

linker-VL configuration bearing a GS linker (GGGGSGGGGSGGGGS). Most recent 

studies still use the GS linker (Rafiq et al., 2017; Richman et al., 2018). 

Hinge: The hinge is a spacer that separates the scFv from the transmembrane domain. It 

confers stability to the CAR and the flexibility to bind target antigens on tumor cells. 

Currently, there are two classes of hinges used to develop CARs: the Fc-containing IgG1, 

G2, and G4 antibody-derived hinges, and the native CD28- and CD8-derived hinges. Most 

CARs utilize CD8a and CD28 spacers. Longer Ig-derived hinges offer more flexibility, but 

their Fc region may interact with FcR+ myeloid cells and result in activation induced T cell 

death (Hudecek et al., 2015) or possible tonic signaling (Frigault et al., 2015). Mutation of 

the IgG4 Fc spacer avoided FcR binding and improved T cell persistence and antitumor 

efficacy (Jonnalagadda et al., 2015). The choice of the length of the hinge may be affected 

by the location of the CAR-targeted epitope. To help CARs reach membrane-proximal 

epitopes, longer hinges may be required (Guest et al., 2005). In contrast, a short hinge may 

be more effective for binding membrane-distal epitopes (Hudecek et al., 2013, Hudecek et 

al., 2015). The length of the hinge may also affect the formation of the immunological 

synapse (Srivastava and Riddell, 2015). Thus, the choice of the hinge and its length need 

to be optimized for each CAR in order to develop effective CARTs. 

TM: The TM domain is mainly taken from CD8a and CD28, possibly because it may 

increase CAR expression compared to the original CD3z TM (Zhang et al., 2012). Some 

recent studies also used inducible T cell cos-timulator (ICOS) TM (Guedan et al., 2018). 

The TM domain may be involved in bringing the CAR molecules close to each other, which 

may help in the formation of the immunological synapse (Bridgeman et al., 2010). The 
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selection of the TM is normally associated with the membrane-proximal costimulatory 

molecules, which may favor CART activation (Guedan et al., 2018). 

Intracellular domain (ICD): The ICD is a critical component of a CAR that properly 

transmits the signal and activates the CARTs. Most CAR ICDs include CD3z, 4-1BB, 

and/or CD28 signaling domains, even though other tumor necrosis factor (TNF) receptor 

family (OX40 and CD27) and ICOS have also been used. Based on the ICD, there are three 

generations of CARs (Figure 12). The first generation of CARs contains the CD3z only, 

the second-generation contains CD3z combined with 4-1BB or CD28 endodomains, and 

the third-generation contains CD3z with a combination of two signaling domains. The 

consensus is that CD28 CARTs expand fast but persist for a short time, while the 4-1BB-

containing CARTs expand slower, but persist longer (Zhao et al., 2015). It is not clear 

whether the same trend will be true for CARTs targeting solid tumors. In a comparative 

study, a third-generation ICOS-BB-z CAR targeting mesothelin showed enhanced 

persistence of CD4+ and CD8+ CART cells, better antitumor effects and T cell survival in 

solid tumor models compared to BBZ CARTs (Guedan et al., 2018). In addition, 

adjustment of the number of immunoreceptor tyrosine-based activation motifs (ITAMs) in 

the ICD can modulate tonic signaling and CART activation and exhaustion, thus affecting 

their fate and antitumor effects (Feucht et al., 2019). 

11.3 Vector and promoter 

Both retroviral and lentiviral vectors are being used to deliver CAR or TCR genes into T 

cells to generate TCRTs and CARTs. However, the retroviral vector integration and the 

use of the long-terminal repeat (LTR) promoter may lead to silencing of the delivered genes 

(Ellis, 2005). Non-viral vectors, like the piggyback (Morita et al., 2018) and sleepy beauty 
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vector systems (Singh et al., 2013), are also being used for CAR gene transfer. Currently, 

lentiviral vectors are the most widely used vehicles for TCR and CAR gene transfer. 

Several promoters have been used to drive CAR and TCR gene expression. The retroviral 

LTR promoter drives higher CAR expression but also leads to T cell exhaustion due to 

tonic signaling (Gomes-Silva et al., 2017). Compared to CMV and PGK promoters, the 

EF1a promoter generated the highest CAR expression (Milone et al., 2009). While one 

study reported that high-CAR expressing populations expanded after antigen stimulation 

and possessed stronger function (Chang et al., 2015), most studies have showed that high 

CAR expression levels may be detrimental to CART function (Frigault et al., 2015; Long 

et al., 2015; Guedan et al., 2018). One study found that low CAR-expressing T cells driven 

by a short truncated PGK promoter persisted longer and generated better antitumor effects 

than the longer version of the promoter (Frigault et al., 2015). Inserting the CAR gene into 

the locus of endogenous T cell receptor (TRAC), and thus putting the CAR gene under the 

control of the TCR promoter (Eyquem et al., 2017), generated uniform CAR expression 

and enhanced CART potency. 

11.4 CART production process 

The T cell production process also affects the quality of the CARTs. The process includes 

in vitro activation of T cells, transduction, and expansion of the transduced cells. It is not 

clear whether the type of culture media affects CART survival and persistence. However, 

there are reports showing that addition of IL7 and IL15 increases the frequency of 

CD8+CD45RA+CCR7+ central memory T cells during the ex vivo expansion of CARTs 

(Xu et al., 2014). This suggests that the duration of the ex vivo culture and specific antigen 
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expansion before adoptive transfer should be optimized to maximize the in vivo persistence 

and function of CARTs. 

11.5 Strategies to develop effective CARTs 

The aforementioned parameters (T cell subsets, CAR molecule design, CAR gene delivery 

vector, promoters, and the CART production process) can be manipulated and optimized 

to enhance the antitumor efficacy of CARTs. Additional factors may also be incorporated 

into the generation of CARTs to improve their function. The ultimate goal is to create 

CARTs that can survive and persist longer, be able to home into tumor lesions, undergo 

antigen driven-expansion, resist immune suppression of the tumor milieu, and maintain 

better effector function without becoming exhausted.  

11.6 Development of CARTs with better survival and persistence 

Based on previous analysis, CD4 and CD8 subsets with Tn or Tcm phenotypes should be 

isolated and separately transduced to create CARTs. CARs with 4-1BB and ICOS 

costimulatory domains may help CART survival and persistence. The ICOS domain 

skewed CD4 T cells toward the Th17 subset and enhanced the function of CD8þ CARTs 

by increasing their survival (Guedan et al., 2018). The promoter used to drive CAR 

expression should be selected experimentally. The addition of IL7 and IL15 in the 

production media may also help generate younger CARTs that survive and persist better. 

A previous study showed that co-expression of a constitutively activated form of STAT5 

(CA-STAT5) promoted long-lived TCRTs and increased their antitumor effects after 

adoptive transfer in an animal model (Grange et al., 2012). It is likely that co-expression 

of CA-STAT5 may also help CARTs survive and persist longer. Several studies have tested 

the co-expression of cytokines and cytokine receptors, including the membrane-bound 
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IL15/IL15Ra fusion protein (Hurton et al., 2016) and the IL4/IL21 receptor (Wang et al., 

2019) in CARTs. Co-expression of the IL4/21 receptor enhanced IL17 production and 

increased CD26 expression, two of the hallmarks of long survival (Bailey et al., 2017; 

Bowers et al., 2017). One recent report showed that one single CART cell clone from a 

complete responder patient contained an insertional disruption in the TET2 gene. This 

CART clone had a significantly long life span, which might be the reason of the enhanced 

antitumor effect of the therapy (Fraietta et al., 2018). It would be interesting to study 

whether knocking out the TET2 gene could enhance CART survival. 

11.7 Enhancement of CART homing into tumor lesions 

One major difference between hematological cancer and solid tumors, such as HCC, is that 

CARTs need additional steps to migrate and infiltrate into tumor lesions to generate 

antitumor effects. One recent study found that co-expression of CCL19 and IL7 increased 

CART migration into solid tumor lesions (Adachi et al., 2018). Some conventional cancer 

therapies may significantly affect the microenvironment in tumor lesions to co-opt CART 

and TCRT therapy. For example, ionizing irradiation increases IL8 production in glioma 

cells. Huang and colleagues recently took advantage of the irradiation treatment-induced 

IL8 production in brain tumors and designed CD70 CARTs to co-express IL8 receptors, 

CXCR1 and CXCR2. Expression of these IL8 receptors on CARTs significantly enhanced 

CART infiltration and anti-tumor effects in brain tumors in mice (Jin et al., 2019). 

11.8 Overcoming T cell exhaustion 

T cell exhaustion is a major hurdle in CART and TCRT therapies, especially for solid 

tumors. T cell exhaustion is a state of T cell loss of effector function in a hierarchical 

manner. The first sign of T cell exhaustion is the loss of IL-2 production, then TNF, 
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followed by INF and -chemokines (Wherry, 2011). The exhausted state is also 

accompanied by reduced proliferative abilities, upregulation of exhaustion markers such 

as PD-1, TIM3, LAG3, and CTLA-4, and altered metabolic fitness. T cell exhaustion is 

thought to be induced by excessive or chronic TCR stimulation with robust co-inhibitory 

signaling, or restricted co-stimulation (Hashimoto et al., 2018). Recent studies have 

demonstrated that exhausted CAR-T cells, similar to exhausted T cells, possess unique 

transcriptional and epigenetic signatures (Chen et al., 2019; Lynn et al., 2019; Seo et al., 

2019). Philip et al. recently described two states of T cell dysfunction in mice. Only the T 

cells in the “plastic (CD101low CD38low CD5high)” dysfunctional state could be rescued 

(Philip et al., 2017), while cells in the “fixed (CD101highCD38highCD5low)” state no 

longer reacted to cytokine supplementation or antigen stimulation. Here we briefly 

summarized approaches to reduce exhaustion and ways to rescue exhausted T cells.  

Reduction of tonic signaling: Antigen-independent tonic signaling is one of the factors that 

predisposes CARTs and TCRTs to exhaustion and short duration of survival. Many factors 

previously discussed may affect tonic signaling and thus T cell exhaustion (Martinez and 

Moon, 2019). Those factors include the density and affinity of CAR molecules on T cells 

and the choice of costimulatory domain (41BB generates less tonic signaling than CD28 

ICD (Long et al., 2015)), the hinge, the gene expression vector, and even the order of the 

ICDs (41BB versus ICOS) in the generation of CARs. Reducing the duration of the ex vivo 

culture may also help CART function (Ghassemi et al., 2018). 

11.9 Tuning of scFv affinity 

CARTs constructed from high-affinity scFv might mediate better antitumor reactivity 

(Hudecek et al., 2013), but may also kill normal cells expressing low levels of the target 
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antigen. In addition, high-affinity scFvs may generate higher background tonic signaling 

(Lynn et al., 2019). Thus, scFv affinity may be tuned to maximize the differential effects 

of CARTs against tumor targets from normal cells (Liu et al., 2015) and to minimize the 

tonic signaling.  

In most cases, lowering the affinity of the scFv of a CAR is intended to reduce on-

target/off-tumor toxicities. In addition, it has been shown that lowering the affinity can lead 

to a higher threshold for CAR T activation and a decrease in effector function and cytokine 

production.  

Using high-resolution microscopy, Beppler, Casey, et al. 2021, study the immune synapse 

induced by high versus low affinity HER2 CARs. They found that low affinity CARs 

rescued the dynamics of the synapse generated by the TCRs. They also found that low 

affinity CARs improved antigen discrimination and reduced early signals of exhaustion 

while maintaining their effector function.  

Furthermore, some studies have shown that the anti-tumor effect of low-affinity CARs can 

be potentiated by the adding of the appropriate co-stimulatory domains. For example, 

Drent, Esther, et al. found that addition of CD28 to very low-affinity CARs enhanced the 

cytotoxicity and cytokine production of the CARTs, whereas 4-1BB in the same CARs 

possessed weaker functions. The study also demonstrated that the combination of CD28 

with 4-1BBL in the same very low affinity CARs provided the CARTs superior 

proliferative capacity, preservation of a central memory phenotype, and better in vivo anti-

tumor effect, while discriminating between low and high antigen levels in target cells.  

 For this study, we aimed to develop novel effective low affinity GPC3-CARTs.  
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To this purpose, we transduced human primary T cells (bulk CD4 and CD8) with second 

generation CARs developed in our lab that bear CD28, 4-1BB, or ICOS co-stimulatory 

domains. We sought to identify the best co-stimulatory domain that would confer our low-

affinity CART cells enhanced persistence and in vivo anti-tumor effects. 
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II. MATERIALS AND METHODS 

1. List of antibodies  

The antibodies and proteins used for flow cytometry were purchased from Biolegend, 

Jackson Immuno Research and Acro Biosystems as follows:  

PE-cy7-anti-human CD45 antibody, clone HI30 (Biolegend) 

PE-cy7-anti-human LAG3 antibody, clone 11C3C65 (Biolegend) 

PE-cy7-anti-human CCR7 antibody, clone G043H7 (Biolegend) 

PE-anti-human CD8 antibody, clone HIT8a (Biolegend) 

PE- anti-human PD-1 antibody, clone EH12.2H7 (Biolegend) 

FITC- anti-human CD8 antibody, clone HIT8a (Biolegend) 

FITC- anti-mouse Fab2 fragment, code number: 115-095-006 (Jackson ImmunoResearch) 

FITC- anti-human Annexin V antibody, catalog number: 640945 

FITC-anti-human CD3 antibody, clone UCHT1 (Biolegend) 

FITC-hGPC3 protein, catalog number GP3-HF2H1 (Acro Biosystems) 

APC- anti-human CD8 antibody, clone HTT8a (Biolegend) 

APC-anti-mouse CD45 antibody, clone 30-F11 (Biolegend) 

APC-anti-human CD62L antibody, clone DREG-56 (Biolegend) 

Alexa Fluor647-anti-mouse Fab2 antibody, code number: 115-605-006 (Jackson 

ImmunoResearch) 

PerCP-Cy5.5-anti-human CD45RA, clone HI100 (Biolegend) 

Pacific blue-anti-human CD4 antibody, clone OKT4 (Biolegend) 
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2. Primary cells 

 

Human primary lung, kidney, and mammary epithelial cells were purchased from Cell 

Biologics (Chicago, IL).  

 

3. Cell lines 

PBMC buffy coats were purchased from the blood bank, separated by Ficoll-Hypaque (GE 

Health). Jurkat, HEK293T, HepG2 and Hep3B cells were from American Type Culture 

Collection (ATCC). Dr. Satyanayana Ande of the Georgia Cancer Center provided Huh7 

cells. Cells were cultured according to ATCC recommendations, and no more than 10 

passages was used to assure authenticity. HepG2-Luc and HepG2-GFP cells were created 

in the lab by transduction of original HepG2 (passage 3) with lentivector expressing IRFP-

Luciferase or GFP. Positive cells were sorted for GFP or IRFP. 

4. Animals 

NOD-scid-IL2Rgamma-null (NSG) mice were from Jackson Laboratory and bred in house. 

The Institutional Animal Care and Use Committee (IACUC) of Augusta University 

approved animal protocol. 

5. Construction of lentiviral vectors encoding CARs 

The second generation CAR construct includes the leader sequence of the CD8 molecule, 

the VL and VH of each mAb, a glycine and serine (GS) linker between the VL and VH, 

CD8 hinge, the transmembrane domain of CD28, and one of the co-stimulatory domains 

from ICOS, 4-1BB, or CD28, and CD3 ζ chain signaling domains. In some cases, mCherry 

is fused to the C-terminus of the CD3ζ chain to tag the CAR. The entire expression cassette 

was inserted behind the EF1α promoter in the pCDH lentivector (Addgene), which was 

produced and concentrated as described previously (Y. He, et al. 2005 and Y. He et al. 

2006). 
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6. Lentivirus production 

Lentiviral particles were produced in HEK293 cells. Twenty million cells were seeded the 

day before transfection in RMPI medium plus 10% FBS in T150 flasks. On the following 

day, medium was replaced by fresh medium, and DNA was transfected using 

Polyethylenimine Hydrochloride (PEI-MAX) from Polysciences. After 24 and 48 hrs, the 

supernatant was collected, filtered, and concentrated with a PEG-based Lenti concentrator. 

Concentrated lentiviral particles were stored at -80oC until used. The lentivector titers were 

determined by the transduction of Jurkat cells with a serial dilution of virus stock. 

7. Isolation, activation, transduction, and expansion of human T cells 

Human primary T cells were isolated with and activated with CD3/CD28 Dynabeads using 

a  2:1 beads: cell ratio (Fisher Scientific) for 24 hrs, and transduced by lentivectors at 20 

Multiplicity of Infections (MOI) as previously described (W. Zhu et al. 2018). The beads 

were removed after another 24 hrs. Forty units of IL‐2 was in the culture medium 

throughout the process. CAR expression was detected by flow cytometry using anti-mouse 

Fab2-FITC and Alexa Fluor-647 (From Jackson) and/or by detection of mCherry. 

8. Killing assay 

To carry out in vitro and in vivo experiments: human primary T cells were isolated from 

human peripheral mononuclear cells and then activated with anti-CD3/CD28-coated 

magnetic beads for 24 hrs. On day 1, human T cells were transduced with lentivirus 

containing the specific CAR RNA and incubated for 24 hrs, before removing the beads. 

On day 3, CAR expression was detected by flow cytometry. On day 6, HepG2 cells were 

seeded into flat-bottom 96-well well plates (for killing assay) or 6-well plates (for 

stimulation assay) and incubated overnight. On day 7, the HepG2 medium was removed,  

and CAR T cells were added in different effector-to-target ratios: 2:1, 1:1,  and 0.5:1. These 

were incubated for 20, 24, 48 or 72 hrs before performing lactate dehydrogenase (LDH) 
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and enzyme-linked immunosorbent assay (ELISA) assays or calculating CAR T cell 

expansion.  

For the in vivo experiments, 5x106 HepG2 cells were inoculated subcutaneously into NSG 

mice. On day 7 to day 10, 10-day-old (from activation day) CAR T cells were injected 

intravenously. Calipers were used to measure tumor size using the following formula: 

volume= ½ width x length x height. Tail blood was collected weekly for the detection of 

human T cells in mouse blood was done weekly. 

For the killing and stimulation assays, as well as in vivo experiments, non-transduced T 

cells were included as controls. For CAR detection, I included unstained and fluorescence 

minus one (FMO) as well as single-color controls. 

9. Flow cytometry analysis 

Cells were stained with the indicated antibodies, and analyzed LSR (BD Bioscience) or 

NovoCyte Quanteon and Penteon flow cytometers (Agilent). 

10. Confirmation of scFvs epitopes in CAR T cells 

To confirm epitope specificity, we fractionated recombinant hGPC3 into long peptides for 

both the N-terminus and the C-terminus of the protein. Then we coated Elispot plates with 

the peptides overnight. On the next day, we removed the peptides and added CAR T cells 

for overnight incubation at 37oC. After this, we collected the medium and performed 

ELISA to detect IFN-gamma.  

11. Cytokine release assays 

Cytokines in the supernatants collected from the cytotoxicity assay were detected by 

ELISA (Biolegend) and the Luminex Assay. 

10.1 Luminex assay  

Simultaneous quantification of cytokines in supernatants was performed using 

LEGENDplex Human CD8/NK Panel (13-plex) with V-bottom Plate (BioLegend Cat# 
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740267) according to manufacturer’s instructions. In brief, samples were thawed 

completely, mixed, and centrifuged to remove particulates prior to use. Supernatants were 

diluted with Assay Buffer, and standards were diluted with culture media, accordingly. 

Standards and samples were plated with capture beads for TNF-α, IFN-γ, IL-4, IL-2, IL-6, 

IL-10, IL-17A, sFas, sFasL, Granzyme A, Granzyme B, perforin, and granulysin and 

incubated for 2 hrs at room temperature on a plate shaker (800 rpm). After washing the 

plate with wash buffer, detection antibodies were added to each well. Plates were incubated 

on a shaker for 1 hr at room temperature. Finally, without washing, SA-PE was added and 

incubated for 30 min. Samples were collected using a CytoFLEX flow cytometer 

(Beckman Coulter Life Sciences). Standard curves of the proteins and protein 

concentrations were calculated using R package DrLumi (Sanz et al., 2017) installed on R 

3.5.2 (https://www.r-project.org/). Limit of detection was calculated as average of 

background samples plus 2.5 x SD. The assay and data calculations were performed in The 

Immune Monitoring Shared Resource (Georgia Cancer Center). IFNγ production was 

determined by ELISA (Biolegend). Multiple cytokines were assayed by Luminex. 

12. Xenograft models of human hepatocellular carcinoma 

Subcutaneous (SC) and intraperitoneal (IP) tumors were established by inoculating 3 to 

5x106 tumor cells, accordingly. SC tumors were measured with a caliper, and tumor 

volume was calculated as ½(LxWxH).  

13. Bioluminescence imaging 

The HepG2-Luc tumors were also measured by bioluminescent intensity (BLI) using the 

Ami X spectral imaging system. BLI values (total photon/s) were analyzed using Amiview 

software. 
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14. Tumor infiltrating lymphocytes 

For ex vivo analysis of CARTs in the tumor lesions, mice were euthanized, solid tumor 

tissue was collected, washed in PBS, mechanically dissociated and digested with digestion 

medium (RPMI supplemented with 0.1% collagenase type V (Sigma C9263), 0.1% 

hyaluronidase (Sigma H6254), and 100 unit/ml DNase I (Sigma D4527)) for 30-45 minutes 

at 37oC. After RBC lysis, the single cell suspension was ready for co culture with tumor 

cells and staining with the different antibodies. 

15. Statistical analysis 

Statistical analyses were performed using Student’s two-tail t-test or two-way ANOVA 

using the Prism software (GraphPad Inc.) or special software indicated on the figures.  
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16. Plasmids generated for this study 

 

Table 2. List of plasmids 

                                                  

 

 

 

 

 

 

 

Plasmid name

1   pLC1-pUC-12D7-CAR

2 pLC2-pUC-GC33-CAR

3 pLC3-Lv-pEF1-12D7-CAR

4 pLC4-Lv-pEF1-GC33-CAR

5 pEF1-6G11CAR-28BBZ-mCherry

6 pEF1-8F8CAR-28BBZ-mCherry

7 pEF1-GC33CAR-28BBZ-mCherry

8 pEF1-6G11CAR-ICOS-BBZ-mCherry

9 pEF1-8F8CAR-ICOS-BBZ-mCherry

10 pEF1-GC33CAR-ICOS-BBZ-mCherry

11 pEF1-6G11CAR-Myc-41BB-Z

12 pEF1-8F8CAR-Myc-41BB8-Z

13 pEF1-GC33CAR-Myc-41BB-Z

14 pEF1-6G11CAR-Myc-28Z

15 pEF1-8F8CAR-Myc-28Z

16 pEF1-GC33CAR-Myc-28Z

17 pEF1-6G11CAR-Myc-ICOS-Z

18 pEF1-8F8CAR-Myc-ICOS-Z

19 pEF1-GC33CAR-Myc-ICOS-Z

20 pEF1-6G11CAR-41BB-Z-mCherry

21 pEF1-8F8CAR-41BB-Z-mCherry

22 pEF1-GC33CAR-41BB-Z-mCherry

23 pEF1-6G11CAR-28Z-mCherry

24 pEF1-8F8CAR-28Z-mCherry

25 pEF1-GC33CAR-28Z-mCherry

26 pEF1-6G11CAR-ICOS-Z-mCherry

27 pEF1-8F8CAR-ICOS-Z-mCherry

28 pEF1-GC33CAR-ICOS-Z-mCherrry

29 pCDH-NFAT-eGFP

30 pCDH-PolyA-NFAT-BFP
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17. Cells lines generated in this study  

 

  

Table 3. List of cell lines 

 

 

 

 

 

 

 

 

Name Cell type

1 Lv-pEF1-8F8-CAR T Cell

2 Lv-pEF1-6G11-CAR T Cell

3 Lv-pEF1-12D7-CAR T Cell

4 Lv-pEF1-GC33-CAR T Cell

5 Lv-pEF1-6G11CAR-41BBZ-mCherry T Cell

6 Lv- pEF1-8F8CAR-41BBZ-mCherry T Cell

7 Lv-pEF1-GC33CAR-41BBZ-mCherry T Cell

8 Lv-pEF1-6G11CAR-28Z-mCherry T Cell

9 Lv-pEF1-8F8CAR-28Z-mCherry T Cell

10 Lv-pEF1-GC33CAR-28Z-mCherry T Cell

11 Lv-pEF1-6G11CAR-ICOSZ-mCherry T Cell

12 Lv-pEF1-8F8CAR-ICOSZ-mCherry T Cell

13 Lv-pEF1-GC33CAR-ICOSZ-mCherrry T Cell

14 Lv-pEF1-6G11CAR-28BBZ-mCherry T Cell

15 Lv-pEF1-8F8CAR-28BBZ-mCherry T Cell

16 Lv-pEF1-GC33CAR-28BBZ-mCherry T Cell

17 Lv-pEF1-6G11CAR-ICOS-BBZ-mCherry T Cell

18 Lv-pEF1-8F8CAR-ICOS-BBZ-mCherry T Cell

19 Lv-pEF1-GC33CAR-ICOS-BBZ-mCherry T Cell

20 Lv-pEF1-6G11CAR-Myc-41BBZ T Cell

21 Lv-pEF1-8F8CAR-Myc-41BB8Z T Cell

22 Lv-pEF1-GC33CAR-Myc-41BBZ T Cell

23 Lv-pEF1-6G11CAR-Myc-28Z T Cell

24 Lv-pEF1-8F8CAR-Myc-28Z T Cell

25 Lv-pEF1-GC33CAR-Myc-28Z T Cell

26 Lv-pEF1-6G11CAR-Myc-ICOSZ T Cell

27 Lv-pEF1-8F8CAR-Myc-ICOSZ T Cell

28 Lv-pEF1-GC33CAR-Myc-ICOSZ T Cell

29 Lv-NFAT-eGFP Jurkat

30 Lv-NFAT-eGFP-Lv-8F8-41BBZ-mCherry Jurkat

31 Lv-NFAT-eGFP-Lv-6G11-41BBZ-mCherry Jurkat

32 Lv-NFAT-eGFP-Lv-GC33-41BBZ-mCherry Jurkat

33 Lv-NFAT-eGFP-Lv-8F8-28Z-mCherry Jurkat

34 Lv-NFAT-eGFP-Lv-6G11-28Z-mCherry Jurkat

35 Lv-NFAT-eGFP-Lv-GC33-28Z-mCherry Jurkat

36 T2-rhGPC3 T2 Cell

37 Lv-EF1-8F8-BBZ Jurkat

38 Lv-EF1-GC33-BBZ Jurkat

39 PolyA-NFAT-BFP Jurkat

40 PolyA-NFAT-BFP-Lv-8F8-BBZ-mCh Jurkat

41 PolyA-NFAT-BFP-Lv-GC33-BBZ-mCh Jurkat

42 PolyA-NFAT-BFP-Lv-8F8-28Z-mCh Jurkat

43 PolyA-NFAT-BFP-Lv-GC33-28Z-mCh Jurkat

44 HepG2-EFP HepG2

45 Huh7-EGFP Huh7

46 HepG2-IRFP-Luciferase HepG2

47 Huh7-IRFP-Luciferase Huh7

48 Hep3B-IRFP-Luciferase Hep3B

Name Cell type

1 Lv-pEF1-8F8-CAR T Cell

2 Lv-pEF1-6G11-CAR T Cell

3 Lv-pEF1-12D7-CAR T Cell

4 Lv-pEF1-GC33-CAR T Cell

5 Lv-pEF1-6G11CAR-41BBZ-mCherry T Cell

6 Lv- pEF1-8F8CAR-41BBZ-mCherry T Cell

7 Lv-pEF1-GC33CAR-41BBZ-mCherry T Cell

8 Lv-pEF1-6G11CAR-28Z-mCherry T Cell

9 Lv-pEF1-8F8CAR-28Z-mCherry T Cell

10 Lv-pEF1-GC33CAR-28Z-mCherry T Cell

11 Lv-pEF1-6G11CAR-ICOSZ-mCherry T Cell

12 Lv-pEF1-8F8CAR-ICOSZ-mCherry T Cell

13 Lv-pEF1-GC33CAR-ICOSZ-mCherrry T Cell

14 Lv-pEF1-6G11CAR-28BBZ-mCherry T Cell

15 Lv-pEF1-8F8CAR-28BBZ-mCherry T Cell

16 Lv-pEF1-GC33CAR-28BBZ-mCherry T Cell

17 Lv-pEF1-6G11CAR-ICOS-BBZ-mCherry T Cell

18 Lv-pEF1-8F8CAR-ICOS-BBZ-mCherry T Cell

19 Lv-pEF1-GC33CAR-ICOS-BBZ-mCherry T Cell

20 Lv-pEF1-6G11CAR-Myc-41BBZ T Cell

21 Lv-pEF1-8F8CAR-Myc-41BB8Z T Cell

22 Lv-pEF1-GC33CAR-Myc-41BBZ T Cell

23 Lv-pEF1-6G11CAR-Myc-28Z T Cell

24 Lv-pEF1-8F8CAR-Myc-28Z T Cell

25 Lv-pEF1-GC33CAR-Myc-28Z T Cell

26 Lv-pEF1-6G11CAR-Myc-ICOSZ T Cell

27 Lv-pEF1-8F8CAR-Myc-ICOSZ T Cell

28 Lv-pEF1-GC33CAR-Myc-ICOSZ T Cell

29 Lv-NFAT-eGFP Jurkat

30 Lv-NFAT-eGFP-Lv-8F8-41BBZ-mCherry Jurkat

31 Lv-NFAT-eGFP-Lv-6G11-41BBZ-mCherry Jurkat

32 Lv-NFAT-eGFP-Lv-GC33-41BBZ-mCherry Jurkat

33 Lv-NFAT-eGFP-Lv-8F8-28Z-mCherry Jurkat

34 Lv-NFAT-eGFP-Lv-6G11-28Z-mCherry Jurkat

35 Lv-NFAT-eGFP-Lv-GC33-28Z-mCherry Jurkat

36 T2-rhGPC3 T2 Cell

37 Lv-EF1-8F8-BBZ Jurkat

38 Lv-EF1-GC33-BBZ Jurkat

39 PolyA-NFAT-BFP Jurkat

40 PolyA-NFAT-BFP-Lv-8F8-BBZ-mCh Jurkat

41 PolyA-NFAT-BFP-Lv-GC33-BBZ-mCh Jurkat

42 PolyA-NFAT-BFP-Lv-8F8-28Z-mCh Jurkat

43 PolyA-NFAT-BFP-Lv-GC33-28Z-mCh Jurkat

44 HepG2-EFP HepG2

45 Huh7-EGFP Huh7

46 HepG2-IRFP-Luciferase HepG2

47 Huh7-IRFP-Luciferase Huh7

48 Hep3B-IRFP-Luciferase Hep3B
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III. RESULTS 

As previously explained in the Introduction, to test our hypothesis that novel low-avidity 

CARTs would generate strong anti-tumor effects, divided our research into two specific 

aims: 

  

1. To identify novel low affinity CAR T cells, from mAbs antibodies developed in our 

laboratory, with in vitro and in vivo functions against HeG2 cells in a second-generation 

4-1BB-CAR design and confirm their epitope targets in CARTs.  

2. To study the synergistic effects of the properties of the scFvs and different co-stimulatory 

domains (ICOS, 4-1BB and CD28) on the functionality and characteristics of our novel 

CAR T cells in comparison with the already existing GC33 CAR.   

To achieve Aim 1, we developed novel CARTs from mAbs previously generated in our 

laboratory. In this section of the results, we will focus on Aim 1 Data.  

1. 6G11, 8F8, and 12D7 mAbs bind to different hGPC3 epitopes with distinct 

affinities 

Recently, in our laboratory, Dr. Xiaotao Jiang generated 22 mAbs by immunizing BALB/c 

mice with the recombinant hGPC3 amino acid (AA) 25-560 fragment. Three of these 

antibodies (6G11, 8F8 and 12D7) were specific for HCC; they stained only HCC tumors 

and not the adjacent healthy tissue or the healhy liver tissue, as demonstrated by 

immunohistochemistry staining of HCC tumors, normal tumor adjacent tissue and healthy 

liver tissue. Dr. Jiang also determined the affinity and epitopes of these antibodies in their 

natural structure. 6G11 and 12D7, which were IgM, have higher affinity and bound to N-

terminal epitopes, while 8F8, which was IgG, and bound to a C-terminal epitope (Figure 

14C). Later, to perform a fair comparison between the antibodies, Dr. Huajun Zhang 
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generated recombinant mAbs by fusing the original VL and VH regions (Figure 14A) of 

the antibodies with human IgG, H and L constant regions. Dr. Zhang also generated a 

recombinant antibody for GC33 and compared the affinity of the four recombinant 

antibodies for hGPC3 by BioLayer Interferometry. Out of the novel Abs 6G11 has the 

highest affinity (KD =7.4nM), followed by 12D7 and 8F8, with KD = 9.8 nM and 22.9 nM, 

respectively. The affinity of GC33 was KD= 1.38 nM, 17 times higher than our lowest 

affinity Ab, 8F8 (Figure 14D). Dr. Zhang also found that 8F8 has much lower association 

and faster dissociation rates, as compared to GC33. We found that 6G11 binds to the N-

terminal epitope amino acid (aa) 25-39 ;  8F8 binds to the C-terminal epitope aa 463-500 , 

which is close to the GC33 epitope aa (524-563) and 12D7 binds to a conformational N-

terminal epitope for which we could not detect the specific aa. 
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Figure 14. Identification of the binding epitopes and affinity of new hGPC3-specific mAbs.  A) The 

schematic structure of the recombinant mAbs. SP: signal peptide of human IgG; VL: variable region of light 

chain; VH: variable region of heavy chain; CL: constant region of human IgG light chain; CH: constant 

region of human IgG heavy chain. B) PAGE analysis of the purified recombinant mAbs under reduced and 

non-reduced condition. mAbs were purified from the 293T cells after co-transfection of the L and H chain 

expressing plasmids. Gel was stained with SimplyBlue SafeStain. C) The binding epitopes of mAbs are 

illustrated on a schematic structure of hGPC3 derived from Haruyama and Kataoka.  As a reference, GC33 

mAb’s epitope was indicated. The potential disulfide bonds between N-fragment and C-fragment of hGPC3 

were shown.  D) The KD, Kon, and Koff value of each mAbs were determined by Biolayer interferometry.  

The data from one representative experiment was shown. The error refers to the deviation between the fitting 

curve and the test curve.  The measurement of affinity was repeated 3 times with similar data. Reproduced 

with permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

2. 8F8 CART generates stronger in vitro antitumor effects than 6G11 and 12D7 

CARTs 

Based on the results from the affinity assays, we hypothesized that CARTs generated from 

these three antibodies would generate anti-tumor effects against HCC tumor cells.  
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For specific Aim 1 (described earlier in this section), we constructed second-generation 

CAR T cells from the three novel mAbs, sharing the 4-1BB co-stimulatory domain. We 

aimed to identify CARTs with in vitro and in vivo anti-tumor effects against HepG2 cells. 

To achieve this, first we determined the DNA sequence of the scFvs of the three novel 

mAbs that were specific for HCC and cloned these scFvs into a lentivector following a 

second-generation CAR design:  EF-1 promoter- CD8 leading peptide- scFv- CD8 

transmembrane domain- 4-1BB co-stimulatory domain- CD3 zeta chain (Figure. 15A). 

We hypothesized that the 8F8 CART would generate stronger antitumor effects than 6G11 

and 12D7 as reports showed that CARTs targeting membrane-proximal epitopes were more 

effective than those targeting membrane-distant epitopes (S. E. James et al. 2008).  

Primary human T cells were activated with anti-CD3/CD28 coated beads, then transduced 

with lentivectors and cultured with IL-2 for 7 to 10 days before being used for in vitro and 

in vivo studies.  

Using transduced CAR T cells (Figure 15B), we set up overnight co-cultures with the tumor 

cells at different effector-to-target (E:T) ratios to measure their killing capacity and 

cytokine production by LDH and ELISA assays respectively.   

8F8 CARTs showed stronger in vitro killing and cytokine production than 6G11 and 12D7 

CARTs. Surprisingly, despite their high affinity for GPC3, 12D7 CARTs did not induce 

killing or IL-2 and IFN-gamma production when co-cultured with the target cells (Figure 

15C).  

To further investigate the CART function of these novel CARs, we set up stimulations of 

the CARTs with HepG2 cells at an E:T ratio of 0.5:1. The day before stimulation, 0.5M 

HepG2 cells were seeded in 6-well plates and were incubated overnight to ensure 
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adherence to the plate surface. Then the medium was removed and 0.25x106 CAR+ T cells 

were added to the corresponding wells in RPMI medium supplemented with IL-2.  

The stimulated cells were cultured for six days and were subsequently analyzed for CART 

expansion. When analyzed by flow cytometry using anti-mouse Fab2 staining, we observed 

that all three CARTs expanded after antigen stimulation (Figure 15D). In contrast to the 

effector functions observed in the previous experiment, 6G11 and 12D7 experienced the 

highest CART cell expansion, while 8F8 showed the lowest increase in CART cells. This 

led us to ask whether these novel CARTs would resist persistent antigen stimulation.  

To address this question, we performed two rounds of sequential stimulation with tumor 

cells at the same 0.5:1 E:T ratio, and then compared the killing activity and cytokine 

production of freshly transduced (or Non-stim) cells with CAR T cells that had undergone 

one or two stimulations.  

 

Figure 15. 8F8 CARTs generate stronger in vitro antitumor effects than 6G11 and 12D7 CARTs.  A) 

Schematic structure of the second- generation CARs built from 6G11, 8F8, and 12D7. S: CD8 signal peptide, 

TM: CD28 transmembrane domain. Human T cells were isolated from donor PBMC and activated by 

CD3/CD28 beads on D -1. T cells were transduced on D0 and beads were depleted on D1. CAR was detected 

on D7 by anti-Fab2 staining and in vitro assay was done between D7-10. B) Representative dot plots of 
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CARTs. C) Cytotoxicity and cytokine production of CARTs after co-culture with HepG2 cells. Statistics 

were done with ANOVA. Experiment was repeated three times with similar observations. D) The in vivo 

experiment plan and gating strategy of analyzing CARTs in the blood. Mouse endogenous mCD45 was 

stained as internal reference. E) Tumor growth curve, the percentage of hCD45+, and percentage of CARTs 

after ACT.  No human T cells were detected in the blood on Day 4 after ACT. The percentage of CAR+ T 

cells prior to ACT was used on Day 4 time point. Four mice were in each group. A summary of mean+/-SD 

of each group was also presented. F) Summary of the antitumor results from three experiments of treating 

HCC xenografts with different dose of CARTs.  The numbers of tumor cells and CARTs were the initial 

numbers when they were injected into mice. The statistical analysis was done by NCSS software (Utah, 

USA). *: P<0.05; **: p<0.01. Reproduced with permissions from John Wiley and Sons and Copyright 

Clearance Center (See Appendix I). 

Similarly, to non-stimulated CARTs, stimulated 8F8 CAR T cells showed higher killing 

activity and cytokine production than 6G11 and 12D7 CAR T cells after one or two 

stimulations (Figure 16), with the exception of IL-2 production in the first round of 

stimulation. Stimulated 12D7 had some killing effect with minimal cytokine production. 

Therefore, we   hypothesized that 8F8 CARTs might have the strongest anti-tumor effect 

in vivo, while 12D7 CAR T cells might have minimal or null anti-tumor effects in a 

subcutaneous tumor model in NSG mice. 

 

Figure 16. Stimulated 8F8 CAR T cells preserved their killing and cytokine production. A) Cytotoxicity 

of stimulated CAR T cells on HepG2 cells after overnight co-culture. B) and C) IL-2 and INF-gamma 

production of overnight co-culture.  

3. 8F8 CAR T cells exhibited the strongest in vivo anti-tumor effects on HepG2 

cell tumors 

To test the in vivo function of our CARTs, we inoculated NSG mice with 5x106 HepG2 

cells subcutaneously and treated them with daily IV injections of CARTs from Day 4 to 
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Day 7 after tumor inoculation. We collected mouse-tail blood every week to detect 

circulating hCD45+ CAR + T cells to determine CART expansion and persistence.  

Similar to the in vitro results, 8F8 also showed the strongest in vivo anti-tumor effect in 

mice, whereas 12D7 only had a minimal in vivo anti-tumor effect (Figure 17C and 17D), 

which corresponded to the low percentage of human T cells detected in the blood of the 

12D7 group (Figure 17E. ). 

To get a deeper analysis of the in vivo function of the CARTs, we performed experiments 

with different numbers of the CARTs while keeping a constant tumor cell number.  

In all experimental settings, 8F8 CARTs outperformed 6G11 and 12D7 CARTs. In 

addition, similar to previous observations, 12D7 CARTs showed minimal effect (Figure 

17B, F).  

Based on these, we chose 8F8 and 6G11 CARTs for use in Aim 2, where we proposed to 

identify the proper co-stimulatory domain that would empower these CARTs with 

enhanced in vivo expansion and persistence.  

Before moving on to Aim 2, however, we needed to confirm that the novel CARTs would 

maintain the same order of affinity and epitope specificity as their original antibodies.  
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Figure 17. 8F8 CARTs generate stronger in vivo antitumor effects than 6G11 and 12D7 CARTs. A) 

The in vivo experiment plan and gating strategy of analyzing CARTs in the blood. Mouse endogenous 

mCD45 was stained as internal reference. (B) Summary of the antitumor results from 3 experiments of 

treating HCC xenografts with different dose of CARTs.  The numbers of tumor cells and CARTs were the 

initial numbers when they were injected into mice. (C) Tumor growth curve. (D) The % of hCD45+. (E) The 

% of CARTs after ACT.  No human T cells were detected in the blood on Day 4 after ACT. The % of CAR+ 

T cells prior to ACT was used on Day 4 time point. 4 mice were in each group. A summary of mean+/-SD 
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of each group was also presented. (F) Representative pictures of mice at the end of one experiment. 

Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

4. CAR T cells maintained specificity for the corresponding GPC3 epitopes 

identified in mAbs 

To confirm the epitope specificity, we fractionated recombinant hGPC3 into long peptides 

for both the N-terminus and the C-terminus of the protein (Figure 18A). Then we coated 

ELISPOT plates with the peptides overnight. The next day, we removed the peptides and 

added the CAR T cells for overnight incubation at 37oC. After this, we collected the 

medium and performed ELISA to detect IFN-. We used the unfractionated protein as a 

positive control. As expected, 6G11 and 8F8 showed IFN- production only when 

incubated with the entire GPC3 protein or their target epitope (Figure 18B and 18C). We 

failed to confirm the target epitope for 12D7 CAR T cells due to their lack of cytokine 

production. 

 

Figure 18. 8F8 and 6G11 CAR-T cells preserved the target epitope of their corresponding mAbs. A) 

Peptides used for epitope mapping. B) 6G11 CARTs activation with N peptides. C) 8F8 CARTs activation 

with C peptides. CAR T cells were incubated with the unfractionated GPC3, with the different peptides of 

without peptides as control. Eli spot plates were coated with PBS-diluted peptides overnight. CAR-T cells 
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were added and incubated overnight for medium collection. IFN-gamma was detected by ELISA assay. One-

way ANOVA was performed for significance: ns (no significant); * (<0.05); ** (<0.01); *** (<0.001); **** 

(<0.0001).  

To confirm the affinity order, we stained the CARTs with either mFab2 or soluble rhGPC3-

FITC (Figure 19). Then, we compared the percentage of CAR+ T cells in each staining. 

We noticed that in 6G11 CARTs, the soluble protein could bind to 87% of the CAR 

molecules stained by mFab2, followed by 12D7 CARTs cells with 55% binding and 8F8 

with 40% binding to the CAR molecules stained by rhGPC3-FITC (Figure 19). Together, 

these results suggest that the CARTs conserve both their specificity and the affinity order 

for their respective target epitope.  

 

Figure 19. Binding of CAR-T cells to soluble rhGPC3-FITC followed same order as the affinity order 

of scFvs. A) Staining with mFab2-FITC. B) Staining with rhGPC3- FITC.  CAR T cells were stained with 

either mFab2 or rhGPC3-FITC in PBS. Non-transduced primary T cells were also stained as controls. 

5. Addition of mCherry to CARs enhanced CAR detection and CAR T expansion 

without affecting CAR T cell functionality 

As described in Aim 1, we identified a low affinity CAR, 8F8, which targets a membrane- 

proximal epitope, and a high affinity CAR, 6G11, which targets a membrane- distal epitope 

of GPC3.  For Aim 2, we sought to identify a costimulatory domain that would confer our 

strongest CART, 8F8, with superior antitumor effects and persistence over the current 
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clinically tested GC33 CARTs. To this purpose, we built second-generation CARs bearing 

different co-stimulatory domains, i.e. 4-1BB, CD28, or ICOS (Figure 20). Since previous 

studies by others indicated that 4-1BB and ICOS have the capacity to enhance CAR-T cell 

persistence and differentiation into a memory-like phenotype, we hypothesized that CAR-

T cells expressing 4-1BB and ICOS would be less exhausted and apoptotic, while CARTs 

expressing CD28 would possessed  stronger anti-tumor effects.  

As observed in previous experiments, mFab2 staining did not sufficiently distinguish CAR-

positive from CAR-negative cells (Figure 21B, C, D). This distinction was critical in order 

to get more accurate cell numbers for the in vivo treatments and to ensure a fair comparison 

between our novel low-affinity CARTs with GC33 CARTs. First, we analyzed whether 

addition of a mCherry tag to the CAR construct could improve CAR detection without 

affecting CART function. Indeed, we found that incorporation of the mCherry tag did 

enhance CAR detection without affecting the activity of the CARTs on the tumor cells 

(Figure 21D). We also observed that mFab2 staining of these mCherry-tagged CARTs was 

also improved, allowing for a better separation. 

Next, knowing that the functionality of our CARTs was not affected, we tested the killing 

function of 8F8-BBZ-mCherry CARTs towards HepG2 cells in four different donors 

(Figure 22A). MCherry-tagged 8F8 CARTs were successfully transduced and showed 

strong killing activity against the different donors (Figure 22B). 
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Figure 20. Diagram of second generation CARs for aim 2 

 

Figure 21. mCherry tag enabled clear identification of CARTs without affecting their function. A-C) 

mCherry tag enables a clear separation of CAR+ cells. Primary T cells were transduced with 8F8 or GC33 

BBz CARs with or without mCherry tag. On D3 and D7 after transduction, cells were stained with anti-Fab 

antibody. Cells were analyzed for mCherry+ and Fab+ T cells. D) mCherry tag did not significantly affect 

the cytotoxicity of both 8F8 and GC33 CARTs. Data are shown as Mean +/- SD. CARTs were co-cultured 

with HepG2 cells at indicated E:T ratios for 20hrs. LDH assay was conducted using the media. Triplicate 
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wells were used at each time point. The experiment was repeated 3 times with similar observation.  

Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

 

 

Figure 22. Multiple donor T cells can be transduced by 8F8-BBz CAR with mCherry tag. A) Primary 

human T cells from four donors were activated and transduced by 8F8-BBz CAR with mCherry tag at MOI 

20. The mCherry+ CARTs were monitored for 2 weeks. B) The cytotoxicity of 8F8-BBz CARTs from 4 

donors were determined on D10 after transduction. Statistics were done by ANOVA. Reproduced with 

permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

 

6. 8F8 CARmCherry T cells possess similar in vitro killing activity as GC33 

CARmCherry T cells in 28Z and BBZ CAR designs  

 

Similar to the in vitro killing activity described in Aim 1, we set up overnight co-cultures 

with the different CARTs and HepG2 cells at three E:T ratios. On the next day, we collected 

the supernatants and performed the LDH assay. We also stimulated the CARTs with the 

tumor cells for 6 days and determined T cell expansion.  

We found that 8F8 CARTs exhibited similar killing activity on HepG2 cells as in GC33 

CARTs in the 28Z and BBZ CAR designs, but had lower killing than GC33 in the ICOSZ 

design.  Similar to our previous data, 6G11 CARTs showed lower cytolytic activity than 

8F8 CARTs in each configuration (Figure 23A, 23B and 23C). Interestingly, 6G11 and 

8F8 showed higher antigen-driven expansion than GC33 in 28Z and BBZ CARs. In 

general, ICOSZ CARTs had the lowest antigen-driven expansion.  
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Figure 23. In vitro activity of CARmCherry T cells. A and B) Cytotoxicity of ICOSZ and CD28Z 

CARmCherry T cells on HepG2 cells; C and D) Cytotoxicity of BBZ CARmCherry T cells on HepG2 and 

Huh7 cells; E) Expansion of ICOSZ, 28Z and BBZ mCherry CAR T cells. Growth fold change= final cell 

total number/ initial cell total number. For the killing assay, CAR T cells were co-cultured with tumor cells 

overnight. LDH assay was performed according to the instructions of the manufacturer.  The percentage of 

killing was calculated with the formula: % killing= ((sample – effector spontaneous- target spontaneous)/ 

(Target maximum-target spontaneous)) x 100. Statistics were done by ANOVA. 

 

To further distinguish between the killing effects of 8F8 CARTs versus GC33 CARTs, we 

developed a HepG2-EGFP cell line and set up co-cultures at different E:T ratios. Then we 

analyzed their killing over time with an IncuCyte system. We observed that, similar to the 

overnight co-culture, ICOSZ CARTs had the weakest anti-tumor effect and that 8F8 and 

GC33 had similar effects in the BBZ and 28Z designs (Figure 24).  
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Figure 24. Real-time cell analyzer showed 8F8 and GC33 CARTs have similar cytotoxicity.  Analysis 

of CTL activity of different CARTS by IncuCyte real-time cell analyzer. 10,000 HepG2-GFP cells were 

plated onto flat 96 well plate overnight, the next day, CARTs were added at indicated ET ratios and let the 

cells co-cultured for 3 days. Every 3 hours, five picture were taken for each well. Each data point represents 

10 pictures from two duplicate wells. The loss of GFP+ tumor cells was recorded by photos and analyzed 

with the software provided by the vendor. Reproduced with permissions from John Wiley and Sons and 

Copyright Clearance Center (See Appendix I). 

 

7. 8F8-BBZ CAR-T cells produced higher levels of cytotoxic molecules, but lower 

levels of cytokines than GC33 CAR-T cells. 

The supernatant from the overnight co-culture was also used to detect cytotoxic molecules 

(granzymes, perforin) and cytokines.  

Surprisingly, despite its lower affinity, 8F8, 28Z and BBZ CARTs showed higher 

production of cytotoxic molecules (perforin and granzymes) than GC33 CARTs and 

similar Fas and FasL generation (Figure 25). However, 8F8 CARTs produced lower levels 

of effector and stimulatory cytokines such as IL-2, IFN-gamma, and TNF-alpha (Figure 

26.) than GC33 CARTs. 
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Figure 25. Cytotoxic molecules and cytokines produced by stimulated CAR-T cells. CAR-T cells were 

stimulated with HepG2 cells for 48 hrs. Then the medium was collected for detection via Luminex. MFI fold 

difference was calculated by dividing MFI of sample/Mean MFI of group. Bars show relative means of two 

independent experiments. 

 

Figure 26. Cytokines produced by stimulated CAR-T cells. CAR-T cells were stimulated with HepG2 

cells for 48 hrs. Then the medium was collected for cytokine detection via Luminex. MFI fold difference was 

calculated by dividing MFI of sample/Mean MFI of group. Bars show relative means of two independent 

experiments.  

 

8. 8F8 mCherry CAR T cells possess similar in vivo anti-tumor activity towards 

GC33 in the different CAR designs in subcutaneous tumors.  

To study the in vivo function of 8F8 and GC33 CARTs in the 28Z and BBZ designs, we 

implanted subcutaneous HepG2 tumors in NGS mice and treated day 4 to day 18 tumors 

with intravenous CART injections.  

We observed that 8F8 and GC33 CARTs had similar anti-tumor effects in the different 

costimulatory domains (Figures 27 and Figure 28C). Similar to the in vitro results, ICOSZ 

CARTs showed weaker anti-tumor effects in vivo. We observed tumor regrowth on Day 

25 for 8F8 CARTs and on Day 30 for GC33 CARTs. 8F8 28Z CARTs and 8F8 BBZ 
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CARTs showed higher number of circulating hCD45-positive and CAR-positive T cells in 

mouse blood, while ICOSZ CARTs did not show in vivo expansion (Figure 27D).  

 

Figure 27. 8F8 and GC33 CARTs generate similar anti-tumor effects in vivo. A, B C) Average tumor 

volume for ICOSZ, 28Z and BBZ groups on Day 43, Day 43 and Day 49, respectively, after tumor 

inoculation. ACT was administered on Day 4, Day 7, and Day 18 respectively. Statistics were done by 

ANOVA.  

 

Figure 28. 8F8 and GC33 (BBz and 28z) CARTs generate potent antitumor effects in subcutaneous 

tumors, correlating to their expansion. A) Experimental scheme was presented. HepG2 tumors were 

established for the indicated days before adoptive transfer of different CAR-Ts. Tumor growth and CAR-T 

in the blood were monitored. B) The gating strategy of analyzing CARTS in NSG mouse blood. Staining of 

mouse endogenous CD45+ cells was used as the reference for the percentage of hCD45. C) Tumor growth 
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curves are from three independent experiments. The start of treatment was indicated by arrow. Each line 

represent one mouse tumor. D) The hCD45+ T cells in the blood were monitored in the NSG mice at indicated 

time points. Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See 

Appendix I). 

 

9. 8F8 mCherry CAR T cells possess longer anti-tumor effect than GC33 in BBZ 

and 28Z CAR designs in small IP tumors.  

 

To confirm the results obtained in subcutaneous tumors, and to evaluate mouse survival 

and CART persistence, we inoculated intraperitoneal tumors with HepG2-Luciferase cells, 

and treated 10-day old and 22-day old tumors (Figure 29A and 30A). Remarkably, 8F8 

BBZ CARTs showed prolonged anti-tumor effect in 10-day old tumors (Figure 29B and 

29C) and higher CART persistence and expansion than GC33 CARTs (Figure 29E). We 

also observed that 28Z CARTs had weaker anti-tumor effects for both 8F8 and GC33 CAR 

Ts. This was also reflected in the percentage of circulating hCD45+ and CAR+ T cells, 

which was lower for the 28Z groups (Figure 29C and 29E).  

When treating 22-day old tumors (Figure 30B), we noticed that even though none of the 

CARTs could completely eradicate the tumors, the 8F8 BBZ group had a significantly 

higher survival rate than the other groups (Figure 30C). Importantly, the survival rate 

correlated with the percentage of circulating hCD45+ T cells in mouse blood (Figure 30D). 
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Figure 29. 8F8 and GC33 (BBz and 28z) CARTs generate potent antitumor effects in small IP tumors. 
A) Overall experimental scheme was presented. HepG2 tumors were established for the indicated days before 

adoptive transfer of different CAR-Ts. B) Tumor growth were monitored. C) Tumor growth curves are from 

3 independent experiments. The start of treatment was indicated by arrow. Each line represents one mouse 

tumor. D) The gating strategy of analyzing CARTS in NSG mouse blood. Staining of mouse endogenous 

CD45+ cells was used as the reference for the % of hCD45.  (E) The hCD45+ T cells in the blood were 

monitored in the NSG mice at indicated time points. Reproduced with permissions from John Wiley and 

Sons and Copyright Clearance Center (See Appendix I). 
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Figure 30. 8F8 BBZ CARTs showed enhanced survival in large IP tumors. A) Experimental scheme. 

HepG2 tumors were established for the indicated days before adoptive transfer of different CAR-Ts. Tumor 

growth and CAR-T in the blood were monitored. B) Tumor growth was monitored weekly. C) Survival 

curves.  D) The hCD45+ T cells in the blood were monitored in the NSG mice at indicated time points. 

Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

10. 8F8-BBz CARTs infiltrate more and persist longer in the tumor mass than 

other CARTs 

 

Since our results from the IP tumors indicated that 8F8 BBZ might possess superiority over 

GC33 CARTs in terms of their in vivo expansion and persistence, Mohamed Hussain and 

Dr. Rui Mao in our laboratory studied the infiltration and functionality of the different 

CARTs in tumor lesions.  
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To obtain sufficient tumor-infiltrating CARTs, they established subcutaneous tumors with 

HepG2-Luciferase cells and waited until the tumors reached approximately1cm in 

diameter. Then they performed IV injections of the CARTs. Before collecting the tumors, 

they detected the percentage of circulating hCD45+ T cells in mouse blood and measured 

Bioluminescent Imaging (BLI).  They matched the percentage of hCD45+ T and the BLI 

of the different groups to collect tumors that were similar in size and in percentage of 

hCD45+ cells (Figure 31B and 31C). After collecting the tumors, they took approximately 

one-third of the area of the tumor for IHC staining and the rest of the tumor for single cell 

suspension of the TILs. Tumor collections were performed on Days 35, 42, 49, and 52 after 

tumor inoculation; in other words, tumors were collected on Days 6, 13, 18, and 21 after 

ACT (Figure 31D).  

IHC staining showed that there were more 8F8 BBZ TILs in tumor lesions than GC33 on 

Days 13 and 18 after ACT (Figure 31D.). Single-cell suspension from tumors also 

demonstrated that there were more 8F8 BBZ TILs in tumors than GC33 TILs (Figure 31F).  

Ex vivo assays revealed that 8F8 BBZ TILs were able to kill tumor cells and were less 

exhausted and apoptotic, as indicated by a lower expression of PD-1, LAG3 and Annexin 

V, while GC33 BBZ TILs had lower killing and higher expression of the exhaustion and 

apoptotic markers (Figure 32A, B).  

Interestingly, 28Z TILs from 8F8 and GC33 lost effector function and expressed high 

levels of PD-1, LAG3, and Annexin V (Figure 32A, B, C). 

Bulk RNAseq of sorted CARTs provided evidence that genes related to T cell exhaustion 

had lower RNA expression in 8F8 TILs than in GC33 TILs (Figure 32D). In contrast, RNA 

expression of genes related to effector function, memory, and stem memory-like phenotype 
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were higher in 8F8 CARTs than in GC33 CARTs (Figure 32D). These data suggest that 

even though 8F8 did not generate a stronger antitumor effect when treating large tumors, 

8F8 TILs preserved a more functional and memory-like phenotype than GC33 TILs. 

 

Figure 31. 8F8-BBz CARTs infiltrate more and persist longer in the tumor mass than other CARTs. 

A) Experimental plan. B) The change of hCD45+ T cells in the blood from D12 to D16 after ACT. C) Tumor 

BLI kinetics after CART treatment. Each line represented an individual tumor. D) Representative IHC 

staining of tumor infiltrating CD8 T cells at indicated time points after ACT. Tumor tissues were collected 

at indicated time points after ACT and stained for human CD8 T cells. To cover more area, small 

magnification lenses (10X) were used. (E) The gating strategy for enumerating the tumor infiltrating CARTs. 

The viable cells from the single tumor cell suspension were counted by Trypan blue. The CART number in 

the tumor was calculated by the total viable cells in the tumor x % of hCD45 x % of CAR+.  (F) Summary 

of the tumor infiltrating CART numbers of 5 mice from 3 time points (D13, D18 and D21). The number was 

normalized by dividing the total CART number in the tumor by the corresponding tumor mass BLI. 

Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 
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Figure 32. 8F8-BBz CARTs in tumors are less exhausted and more functional. A) The exhaustion and 

apoptosis of tumor-infiltrating CARTs at D21 after ACT. The CARTs from the tumor single cell suspensions 

were stained and gated as Fig 6E and analyzed for PD1, LAG3, or Annexin-V. FMO (Fluorescence Minus 

One) was used to set up the gate. B) Summary of the exhaustion and apoptosis of tumor infiltrating CARTs. 

Statistical analysis was done by t-test. C) Cytotoxicity of CARTs isolated from tumors on D21 after ACT. 

Each data point was calculated from 10 datasets of the HepG2-GFP area from two repeating wells. The lower 

tumor area indicates more killing by CARTs. The experiment was repeated twice with similar observation. 

D) Heatmaps show differentially expressed genes between 8F8 and GC33 CART cells. Genes coordinately 

up or down regulated at least 1.2-fold between 8F8 and GC33 CART cells were plotted in the heatmaps. 

Labels highlight genes involved in memory and effector differentiation or exhaustion, and apoptosis 

pathways. Reproduced with permissions from John Wiley and Sons and Copyright Clearance Center (See 

Appendix I). 

11. 8F8 and GC33 CARTs do not kill normal primary human cells 

 

My colleagues, Mohamed Hussain and Dr. Rui Mao, also investigated whether 8F8 or 

GC33 CARTs would kill primary human cells. 
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They selected three primary human cells that are known to express GPC3 at the RNA level: 

mammary, lung, and kidney epithelial cells. They set up overnight co-cultures with the 

different primary cell lines and with HepG2 cells as positive control. 

Both 8F8 and GC33 CARTs showed killing against only HepG2 cells and not against any 

of the primary human cells that were tested (Figure 33).   

 

Figure 33. 8F8 and GC33 CARTs do not kill normal primary human cells. A) Killing on HepG2 cells. 

B) Killing activity in primary human cells (Primary human cells were co-cultured with CARTs for 24hrs and 

the media were used for LDH assay. HepG2 cells were used as positive control. Reproduced with permissions 

from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

12. Stimulated 8F8 CARTs are less exhausted and apoptotic, and contain more 

Tcm and Tnaive/Tscm like T cells in vitro.  

 

 To further study the higher antigen-driven expansion and less exhausted phenotype of 8F8 

BBZ CARTs, we detected memory, exhaustion, and apoptotic markers in stimulated 

CARTs in vitro (Figure 34A). We set up stimulations at two E:T ratios (2:1 and 0.5:1). 

Once the killing of the tumor cells was initiated, we collected CARTs and performed 

staining of the different markers at several time points. We noticed that 8F8 BBZ CARTs 

had a lower percentage of PD-1 and LAG3-positive cells than GC33 CARTs, and even if 

this percentage decreased over time, it remained lower for 8F8 (Figure 34D and 34E). A 

similar pattern was observed when we compared the stimulations with the two E:T ratios. 
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For both 0.5:1 and 2:1 ratios, stimulated 8F8 CARTs showed lower expression of 

exhaustion and apoptotic markers than GC33 CARTs (Figure 35A, B, C).  

Furthermore, we observed that 8F8 had a higher percentage of central memory T cells 

(CD62L+ CCR7+) in the BBZ design, and it had a higher percentage of naïve-like T cells 

(CD45RA+CD62L+) in the 28Z design (Figure 34F). 

 

Figure 34. 8F8 CARTs are less exhausted and apoptotic, and contain more Tcm and Tnaive/Tscm like 

T cells.  A) Experimental scheme. HepG2 cells and CAR-Ts were co-cultured at 2:1 ratio. Cells were 

analyzed for apoptosis, exhaustion, and memory markers at indicated time points. B) The gating strategy and 
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kinetics of CAR+ changes were shown.  C) The apoptosis staining of CAR- and CAR+ T cells after HepG2 

stimulation. The dynamic changes of apoptosis was also summarized. D and E) The % and MFI of exhaustion 

markers, and the % of PD1 and LAG3 double positive cells after HepG2 stimulation were presented. F). The 

% of Tcm and Tnaive cells in the CAR+ cells after HepG2 co-culture were shown. Each data point represents 

mean+/-SD of triplicate wells. Statistics was done with ANOVA. *: <0.05; **: <0.01. The experiments were 

repeated 3 times with similar observation. Reproduced with permissions from John Wiley and Sons and 

Copyright Clearance Center (See Appendix I). 

 

 

Figure 35. 8F8-28z CART is less exhausted and apoptotic than GC33-28z CART after co-culture with 

tumor cells. CART and HepG2 tumor cells were co-cultured for 2 days at indicated ratios, apoptosis and 

exhaustion markers were stained. The gating strategy is the same as Fig.7. (A and B). Exhaustion marker of 

PD1 an LAG3 were presented on CAR- and CAR+ T cells. FMO: fluorescent minus one (PD1 or LAG3).  
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(C). (D and E) Annexin V expression in  8F8-BBZ CARTs before and after stimulation. (F and G) Annexin 

V expression in GC33-BBZ CARTs before and after stimulation. Gated on mCherry+ cells. Apoptosis on 

CAR- and CAR+ T cells were shown. Reproduced with permissions from John Wiley and Sons and 

Copyright Clearance Center (See Appendix I). 

13. 8F8 CARTs showed in vitro anti-tumor effect against low antigen cell lines 

One disadvantage of low affinity CARs is that they might not have sufficient engagement 

with low antigen cells. Thus, we wanted to test whether 8F8 CARTs are able to kill low 

antigen cells. Data from Dr. Rui Mao showed that we had three levels of GPC3 expression 

in the HepG2, Huh7 and Hep3B  cell lines, with Hep3B being the lowest in GPC3 

expression (Figure 36A). 

The data presented thus far demonstrate that 8F8 BBZ CARTs do have strong anti-tumor 

effect and that this effect is accompanied by a less exhausted and apoptotic phenotype than 

GC33 CARTs. However, these results have been obtained with HepG2 cells, a cell line 

that expresses high levels of GPC3.  

Similar to our previous experiments, we performed in vitro killing and detected IL-2 and 

IFN-gamma with the three cell lines. 

Results from the LDH assay showed that 8F8 and GC33 CARTs have similar killing on 

Hep3B cells in 28Z and BBZ designs, and that 8F8 CARTs have lower killing than GC33 

on Huh7 cells. GC33 CARTs were able to attain up to 85 percent killing in the 2:1 ratio, 

while the maximum killing for 8F8 CARTs was below 60 percent (Figure 36B). In 

particular, 8F8 BBZ had the lowest killing on Huh7 cells.  Cytokine analysis showed that 

8F8 BBZ CARTs possess similar or weaker stimulation and effector function in the 

presence of low antigen levels as GC33 (Figure 36C and 36D). In fact, 8F8 BBZ CARTs 

produced much lower IL-2 and IFN-gamma than GC33 when co-culture with Huh7 cells. 

In contrast, 8F8 CARTs expressed similar levels of IFN-gamma in co-culture with Hep3B 
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cells. IFN-gamma production with Hep3B cells was the lowest for both 8F8 and GC33 

CARTs (Figure 36D).  

 

Figure 36. The effector function of CARTs on target tumor cells with different level of hGPC3. A) The 

hGPC3 level on 3 HCC cell lines was detected by using recombinant 8F8 mAb and secondary anti-human 

kappa chain antibody (Data from Dr. Rui Mao). B-D) Cytotoxicity, IL2, and IFNg production of CAR-Ts 

after co-culture with different target cells analyzed by LDH and ELISA, respectively.  Each data point was 
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in triplicate. This experiment was repeated 3 times with similar observations. Reproduced with permissions 

from John Wiley and Sons and Copyright Clearance Center (See Appendix I). 

14. 8F8 CARTs showed in vivo anti-tumor effect against low antigen cell lines in 

subcutaneous tumors 

We also studied the in vivo anti-tumor effect of our CARTs against the same low antigen 

cell lines, Huh7 and Hep3B. We inoculated subcutaneous tumors with both cell lines in 

NSG mice. We treated these mice with the different CARTs or with non-transduced T cells 

as control (Figure 37A). 

Similar to the in vitro results, 8F8 and GC33 CARTs had similar in vivo anti-tumor effects 

against Hep3B cells and weaker effects against Huh7 cells (Figure 37B and 37D). 

However, both 8F8 and GC33 showed similar persistence of CARTs in mouse blood 

(Figure 37C and 37E ). 
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Figure 37. 8F8 CARTs showed in vivo anti-tumor effect against low antigen cell lines in subcutaneous 

tumors. A) Experiment design. B) Average tumor size in Hep3B tumors, n= 3. C and E) CARTs in hC45+ 

cells collected from mouse blood. D) Average tumor size in Huh7 tumors, n= 5.  Tumors were measured 

with a caliper. Tumor volume was calculated with the formula V=0.5xWxLxH. Due to limitations in mouse 

number, only BBZ CARTs were tested for Huh7 tumors. Data are shown as Mean+/-SD for each group. 

Statistics were calculated with ANOVA.  

To validate these in vivo results, we also tested the CARTs in IP tumors. In both cell lines, 

8F8 CARTs seem to have weaker anti-tumor effect than GC33 (Figure 38B and Figure 

39B). However, this difference did not achieve statistical significance. Interestingly, 8F8 

CARTs had higher persistence of hCD45+ T cells in mouse blood and similar percentage 

of CAR+ T cells (Figure 38D). However, this phenomenon was also observed with Huh7 

cells (Figure 39D), in which the percentage of hCD45+ T cells correlated with the 

percentage of CAR+ T cells in mouse blood. 
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Figure 38. Therapeutic effects of CAR-Ts in treating Hep3B IP tumors. A) Experimental design. B) The 

BLI of each mouse in different groups were presented, six mice in each group. C) A summary of the BLI 

kinetics. Both 8F8 and GC33 CARTs generated significant antitumor effects in treating hGPC3-low Hep3B 

tumors. Similar to HepG2 tumors, some of GC33 CART treated mice showed tumor re-growth at later time 

points. D) The kinetics of CARTs in the NSG mouse blood after ACT. 8F8 CARTs had enhanced expansion, 

especially the 8F8-28z CARTs. This experiment was repeated twice with similar observations. Statistical 

analysis was done with ANOVA. Reproduced with permissions from John Wiley and Sons and Copyright 

Clearance Center (See Appendix I). 
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Figure 39. 8F8 CARTs showed modest in vivo anti-tumor effect against Huh7 cells in IP tumors. A) 

Experimental design. B) The BLI of each mouse in different groups were presented, five mice were treated 

in each group. C) A summary of the BLI kinetics. Both 8F8 and GC33 CARTs generated antitumor effects 

in treating hGPC3-low Huh7 tumors. D) The kinetics of CARTs in the NSG mouse blood after ACT.  

15. NFAT-EGFP Jurkat reporter lines can be activated with PMA + Ionomycin  

 

To better understand the stimulation and strength of signal induced by each CAR design, 

we generated Jurkat NFAT-EGFP CAR cells.  

As described previously, upon antigen stimulation, calcium levels increase in the 

cytoplasm, allowing the NFAT transcription factor to be released and translocated to the 
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nucleus. In the nucleus, NFAT binds to the IL-2 promoter to induce IL-2 production. Thus, 

the intensity of the EGFP signal could serve as an indicator of the level of stimulation and 

signal strength.  

Briefly, we transduced Jurkat cells with an NFAT-EGFP vector that contains four NFAT 

binding sites upstream of a minimal CMV promoter driving EGFP. Then we tested the 

activation of these cells with three concentrations of PMA and ionomycin. After the 

activation was confirmed, we transduced the Jurkat-NFAT-EGFP cells with the different 

CAR-mCherry vectors.  

We observed that the activation of the Jurkat-NFAT-EGFP cells was dependent on the 

concentration of PMA+ ionomycin (Figure 40A and 40B). This was a good indicator that 

this cell line would help us to compare the stimulation level and signal strength upon 

antigen stimulation through the CARs. 

 

Figure 40. NFAT-EGFP Jurkat reporter lines can be activated with PMA + Ionomycin. A) Histograms 

of basal EGFP expression of WT Jurkat versus no activated NFAT-EGFP Jurkat cells. B) EGFP expression 

on NFAT-EGFP Jurkat cells after overnight activation with PMA+Ionomycin. As presented in the graph, 
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three concentrations of PMA + Ionomycin were used. After activation, cells were washed with PBS and run 

on a flow cytometer. No activated cells were used as control. 

16. Huh7 cells and T2-GPC3 cells activated Jurkat-NFAT-EGFP-CAR cells  

 

We wanted to test the Jurkat cell lines with solid tumor cells, and with suspension cells to 

study whether expression of GPC3 by leukemia-like tumors would also affected CART 

stimulation. Thus, for the activation assays, we transduced T2 cells with recombinant 

GPC3 (Figure 41), and along with Huh7 cells, these cells served as a target for the Jurkat-

NFAT-EGFP-CAR cells. 

 

Figure 41. Transduced T2 cells expressed GPC3. T2 cells were transduced with lentivirus to express 

GPC3. After transduction, T2 cells were washed and stained with a primary antibody targeting GPC3, 

followed by secondary antibody labeled with FITC. Wild type T2 cells and unstained T2-GPC3 cells were 

used as controls. FITC expression was detected on a flow cytometer. 

For the activation with Huh7 cells, target cells were seeded in flat-bottom 96-well plates 

one day before adding CAR Jurkat cells. On the next day, the medium was removed and 

Jurkat cells were added at a 1:1 ratio. For activation with T2-GPC3 cells, target cells and 

effector cells were prepare separately 0.1 ml of RPMI medium.  Target cells were added to 

u-bottom 96-well plates followed by the addition of the effector cells. The co-cultured cells 
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were incubated for 24 hrs. Similar to the activation with Huh7 cells, Jurkat cells were 

collected and run on the flow cytometer at different time points.  

Results from both target cell lines followed the same trend (Figure 42). Compared to 8F8 

BBZ Jurkat cells, GC33 BBZ Jurkat cells expressed higher EGFP levels (Figure 42A and 

42D),  while for the 28Z CAR design, it was the opposite case (Figure 42B and 42E). In 

all cases, the activation was more apparent 24hrs after co-culture (Figure 42C and 42F). 

 

Figure 42. Huh7 cells and T2-GPC3 cells activated Jurkat-NFAT-EGFP-CAR cells. A and B) GFP 

expression of BBZ and 28Z CAR Jurkat cells after co-culture with Huh7 cells. C) Kinetics of GFP expression 

on activated CAR Jurkat cells with Huh7 cells. D and E) GFP expression of BBZ and 28Z CAR Jurkat cells 

after co-culture with T2-GPC3 cells. F) Kinetics of GFP expression on activated CAR Jurkat cells with T2-

GPC3 cells. After activation, CAR Jurkat cells were run of the flow cytometer to detect GFP expression. 

17. New PolyA-NFAT-BFP reporter vector reduces the background, but required 

higher concentration of PMA+ Ionomycin for its activation 

 

To rule out any impact of the high basal expression of EGFP on Jurkat-NFAT cells (Figure 

40A), following a similar strategy as that described in Uchibori, R. et al. 2019, we cloned 
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a new NFAT reporter that contains a modified PolyA sequence upstream up the NFAT 

binding sites. A minimum promoter driving BFP (Figure 43A and 43B) follows the NFAT 

sites. Again, we transduced WT Jurkat cells with lentivirus containing the new vector. We 

activated both reporter lines with two concentrations of PMA+ ionomycin (Figure 43C and 

43D). We used WT Jurkat and the Jurkat reporter lines without activation as controls. As 

expected, the PolyA-NFAT-BFP reporter line showed minimal basal BFP expression 

(Figure 43D). However, this reduced background signal was accompanied by a lower 

activation signal (Figure 43G). Indeed, the PolyA-NFAT-BFP cell line showed 

considerable activation with only the highest concentration of PMA + ionomycin (Figure 

43G). In addition, in contrast to the NFAT-EGFP line, only around 60 percent of the 

PolyA-NFAT-BFP cells were activated (Figure 43C and 43D).  When co-culture with 

Huh7 cells, the PolyA-NFAT-BFP CAR cells also expressed lower levels of BFP, but 

followed the same trend of activation that was observed with the NFAT-EFP CAR cells 

(Figure 43E). GC33 BBZ CAR Jurkat cells showed higher stimulation than 8F8 BBZ cells, 

but lower stimulation than 8F8 in the 28Z design (Figure 43E). These results suggest that 

in low-antigen levels, GC33 BBZ CAR cells experience stronger stimulation and activation 

than 8F8 BBZ cells, while in the 28Z design; 8F8 seems to be more activated and 

stimulated. 
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Figure 43. New PolyA-NFAT-BFP reporter vector reduced background, but required higher 

concentration of PMA+ Ionomycin. A) Diagram of NFAT-EGFP vector. B) Diagram of PolyA-NFAT-

EBFP vector. C and D) Activation of NFAT-EGFP cells and PolyA-NFAT-EBFP cells with PMA+ 

Ionomycin. E and F) BFP expression of BBZ and 28Z CAR Jurkat cells after co-culture with Huh7 cells. G) 

Comparison of NFAT-EGFP versus PolyA-NFAT-EBFP activation. 250, 000 jurkat cells were activated 

overnight with two different concentrations of PMA and Inomycin.  Concentration: 1 Iono (300ng/mL) + 

PMA (200ng/mL), Concentration 2: Iono (600ng/mL) + PMA (400ng/mL). For the activation with Huh7 

cells, only PolyA-NFAT-BFP Jurkat were used in this experiment. The activation with Huh7 cells was 

performed following the same protocol described previously. 
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IV. DISCUSSION 

Hepatocellular carcinoma (HCC) is a major cause of cancer death worldwide. Treatments 

for HCC are limited, and the most effective ones, such as liver transplant and resection are 

not suitable for most candidates. In recent years, immunotherapy in the form of immune 

checkpoint inhibitors (anti PD-1 and anti CTLA-4) has shown promising outcomes. 

However, similar to other immunotherapies that depend on the presence of tumor 

infiltrating lymphocytes in tumor lesions, the efficacy of these therapies is being affected 

by the immunosuppressive tumor microenvironment present in HCC. This approach 

known as CART consist of modifying human T cells with chimeric antigen receptors 

(CARTs) and has generated impactful responses in hematological cancers. Unfortunately, 

this has not been the case for solid tumors. Several factors affect CART effectiveness in 

solid tumors. The major ones are related to the CAR T cells’ ability to infiltrate the tumor 

microenvironment and to be able to expand and persist in such milieu as to generate potent 

anti-tumor effects. Another challenge in the development of safe CART therapies is the 

identification of tumor-specific antigens. In most cases, the targeted antigens are tumor-

associated proteins that are expressed at lower levels in healthy tissues. Glypican 3 (GPC3) 

is a GPI-anchored protein that is expressed during fetal development but not in adult 

tissues. It has been shown that several cancers overexpress GPC3, including 70 to 80 % of 

HCC cases. Thanks to this tumor-specific expression, multiple CARTs have been 

developed to target GPC3, but only one, GC33, has generated clinical data. However, this 

high-affinity CAR has not proven clinically effective. Results from the clinical trial showed 

that only two patients experience a partial response after treatment with GC33 CARTs; 

thus, there is a high need for the development of novel more effective CARTs for HCC. 
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Several groups have demonstrated that low-affinity CARs can discriminate between high 

and low antigen levels on target cells, such as reducing the risk of on-target/off-tumor 

effects.  These low-affinity CARs could also generate potent anti-tumor effects while 

inducing less cytokines production. Thus, lowering the risk of cytokine release syndrome 

(CRS), one o of the toxicities related to CART therapies. Low-affinity CARs also have the 

potential to expand and persist longer in vivo. Thus, we hypothesized that novel 

intermediate-affinity CARs with the appropriate costimulatory domain could generate 

more effective anti-tumor effects than the high-affinity CARs in HCC cell lines. We 

divided our investigation into two aims. In Aim 1, we generated three novel CARTs 

(6G111, 8F8 and 12D7) from antibodies previously developed in our lab. Two of the novel 

CARTs, 6G11 and 12D7, have high affinity for GPC3, while 8F8 has much lower affinity 

for the same antigen. 6G11 and 8F8 generated in vitro and in vivo anti-tumor effects against 

Hep2 cells. Among the two, 8F8 generated the strongest anti-tumor effect and induced the 

highest cytokine production. In Aim 2, we compared our novel CARs to the GC33 CAR in 

different second-generation designs bearing either ICOS, CD28, or 4-1BB co-stimulatory 

domains. We found that our novel lower affinity CAR, 8F8, generated similar in vitro and 

in vivo anti-tumor effects on HepG2 cells, while maintaining a less exhausted and less 

apoptotic phenotype than GC33 CARTs. 8F8 BBZ CARTs were also more persistent than 

GC33 CARTs in subcutaneous and IP tumor models. In addition, stimulated 8F8 CARTs 

generated more central memory- and naïve-like T cells than GC33. On the other hand, 

when tested in low-antigen tumor cells, we observed that 8F8 had similar in vitro killing, 

but lower in vivo anti-tumor effects. This was also revealed by the IL-2 and IFN-gamma 

production in the presence of the low-antigen cell lines. Our data suggest that our novel 
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anti GPC3 CAR, 8F8, might have the potential to generate durable anti-tumor effects, with 

high expansion and persistence in clinical settings in high antigen density. 

The stronger effect of 8F8 versus 6G11 CARTs could be explain by the proximity of its 

target epitope to the plasma membrane. It targets is found in the C-terminus at aa 463-496, 

whereas 6G11’s target is found in the N-terminus, a portion of GPC3 that can get released 

in the plasma, at aa 25-39. This finding is in agreement with the results of James, S. E et 

al, who showed that chimeric TCRTs targeting membrane-proximal epitopes generated 

stronger anti-tumor effects than those targeting farther epitopes. Based on this, we 

compared 6G11 and 8F8 only in terms of their anti-tumor effects and cytokine production. 

Besides, to have better compare 6G11 with 8F8 would need 6G11 to bind the same, or an 

epitope closer to the one of 8F8.  

As already mentioned, in Aim 2, we built second generation CARs bearing three different 

costimulatory domains and added an mCherry tag to the CD3 zeta region of the CAR. This 

mCherry tag did not affect CAR T cell expansion and function. We selected ICOS, CD28, 

and 4-1BB based on studies showing that ICOS is related to better persistence of the T 

cells. Similar to ICOS, 4-1BB has been associated with better persistence of T cells, and 

longer persistence and induction of memory like differentiation of CAR T cells. This led 

us to the hypothesis that if 8F8 could generate similar or better anti-tumor effect than GC33 

with 4-1BB co stimulation, it could also have better expansion and persistence in vivo. On 

the other hand, CD28 has been shown to enhance effector functions and cytokine 

production. When comparing 8F8 to GC33 in the different CAR designs, we found that, 

among the three co stimulatory domains, ICOS generated the weakest in vitro and in vivo 

effects. This might explain the reason why most studies using ICOS in CAR T cells do not 
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use ICOS in second generation CARs. Instead, they normally use ICOS in third generation 

CARs followed by 4-1BB or another member of the same family. In all three costimulatory 

domains, we saw similar anti-tumor effects for 8F8 and GC33 CARTs in vitro and in vivo 

in subcutaneous tumors with HepG2 cells. However, when we treated IP tumors with the 

same cells, 8F8 BBZ CARTs showed a more durable anti-tumor effect and the CARTs 

were more persistent in mouse blood. Thus, this confirmed observations about CD28 and 

4-1BB found in the literature.  

Even though our data from these co stimulatory domains are strong, there are other co 

stimulatory domains, such as OX40, CD40 and CD7, which might generate different 

results. Future studies aim to identify a particular co-stimulatory domain or a combination 

of them that provides  8F8 with stronger anti-tumor effects, while preserving its less- 

exhausted and apoptotic phenotype in low-antigen settings. In fact, Drent, Esther, et al. 

2019, showed that very low affinity CARs (KD<1.9x10-6mol/L) co-expressing CD28 and 

4-1BBL were superior in in vivo function and expansion and preserved a central memory 

phenotype while maintaining their ability to discriminate between low and high antigen 

levels. We also demonstrated the safety of our novel 8F8 CARTs, which did not kill the 

human primary cells that were tested.   

Higher CART infiltration and persistence was also observed in the context of high-antigen 

density, which might favor our low-affinity CAR; however, this does not seem to be the 

case with low-antigen levels, where we saw a weaker anti-tumor effect and in vivo 

persistence of our CARTs. This can be explained by the nature of the interaction between 

the low-affinity CAR and low-antigen density. In fact, Mackhall and colleagues have 

shown that CARTs require high-antigen densities to fully activate and generate in vivo 
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functions. They have also demonstrated that the anti-tumor effects of BBZ CARTs against 

low-antigen levels can be enhanced by engineering the intracellular domains of the CAR. 

This suggests that in order to enhance 8F8 function on low-antigen targets, it might need 

some engineering or the incorporation of a combination of cos-stimulatory domains that 

could improve its effector function. As explained earlier, there are other factors affecting 

CAR T cell function as well, like the hinge, the transmembrane domain, the T cell subsets, 

and others. Furthermore, these other parameters could be explored in addition to the type 

of co-stimulatory domains.  

When we studied the signal strength through the NFAT Jurkat reporter lines, we saw that 

in the BBZ design, GC33 generated a stronger response than 8F8 at low-antigen densities, 

but in the 28Z design, 8F8 induced a stronger response than GC33. However, these results 

with CARs in Jurkat cells might not completely reflect the intensity of the signal 

transduction generated by antigen stimulation in the CARTs. Jurkat cells might have 

mutations that could lead to a certain tuning of the activation to prevent cell exhaustion and 

death. In addition, we studied only one transcription factor, NFAT. To get an exhaustive 

analysis, other transcription factors should be included, as well as a measurement of 

phosphorylated proteins known to be involved in T cell activation. To avoid factors coming 

from the tumorigenic nature of Jurkat cells, these experiments might need to be performed 

in CAR T cells directly.   

Another limitation of our study is the lack of tumor microenvironment in our tumor models.  

We implanted only tumor cells, either subcutaneously or IP and analyzed the tumor 

infiltrating CAR T cells in these tumors. A deeper analysis can be performed using patient-

derived xerographs and/or orthotopic tumor models.  
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V. SUMMARY 

In summary, in this study we aimed to generate low-affinity anti-GPC3 CAR T cells with 

strong anti-tumor effects. Using monoclonal antibodies previously developed in our lab, 

we generated three novel anti-GPC3 CARTs (6G11, 8F8, and 12D7) that bind to different 

hGPC3 epitopes with distinct affinities. 6G11 and 12D7 have high affinities, KD= 7.4 X10-

9 and 9.7 x10-9 M, respectively.  8F8 has a lower affinity, KD= 2.29 x10-8M.  

We found that 8F8 CART generated stronger in vitro and in vivo antitumor effects than 

6G11 and 12D7 CARTs on HepG2 cells. Stimulated 8F8 CAR T cells showed stronger 

killing and cytokine production than 6G11 and 12D7 CAR T cells and remained functional 

after repeated antigen stimulation. We also observed that our CARTs conserved both their 

specificity and their affinity order for the GPC3 target epitope. When compared to the 

GC33 CAR, 8F8 CARTs possessed similar in vitro killing activity in the ICOS, 28Z, and 

BBZ CAR designs. Moreover, 8F8 BBZ CARTs produced higher levels of cytotoxic 

molecules than 6G11 and GC33 CARTs did. 8F8 BBZ and ICOSZ CARTs produced lower 

cytokine levels than GC33 CARTs. In the in vivo studies, 8F8 CARTs possessed similar 

in vivo anti-tumor effects but persisted longer than GC33 in the different CAR designs in 

subcutaneous tumors. Furthermore, 8F8 CARTs generated a more prolonged anti-tumor 

effect than GC33 in BBZ and 28Z CAR designs in small IP tumors. Colleagues from the 

lab, Mohamed Hussain and Dr. Rui Mao, showed that 8F8 BBz CARTs infiltrated more 

and persisted longer in the tumor mass than other CARTs. TILs from the 8F8 BBZ group 

were more functional than the rest of the other groups. When stimulated in vitro, 8F8 BBZ 

CARTs were less exhausted and apoptotic, and contained more Tcm and Tnaïve-like T 

cells. When exposed to low-antigen cell lines, 8F8 CARTs showed similar in vitro anti-
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tumor effects than GC33 CARTs, but produced lower levels of IL-2 and IFN-gamma, 

especially in co-culture with Huh7 cells. In in vivo settings, 8F8 BBZ CARTs were less 

effective in eradicating low-antigen tumors and showed higher expansion in only the 28Z 

CAR design. Furthermore, analysis of the signal strength induced by each CAR design in 

Jurkat reporter cell lines confirmed that GC33 BBZ CARTs induced stronger activation 

than 8F8 BBZ CARTs in co-culture with Huh7 and T2-GPC3 cells, while 8F8 28Z CARTs 

induced stronger signal than GC33. This might explain the weaker anti-tumor effect of 8F8 

on Huh7 and Hep3B cells. Both CARs, 8F8 and GC33 induced weaker signals in the 28Z 

design than the BBZ CARs. Altogether our results suggest that our novel low-avidity CAR, 

8F8 generates durable anti-tumor effects while resisting exhaustion and apoptosis, and 

thus, has a great potential to generate good clinical outcomes. 
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