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Abstract

Background & Aims: Glypican 3 (GPC3) is an oncofetal antigen involved in Wnt-dependent 

cell proliferation that is highly expressed in hepatocellular carcinoma (HCC). We investigated 

whether the functions of chimeric antigen receptors (CARs) that target GPC3 are affected by their 

antibody-binding properties.

Methods: We collected peripheral blood mononuclear cells from healthy donors and patients 

with HCC and used them to create CAR T cells, based on the hYP7 and HN3 antibodies, which 

have high affinities for the C-lobe and N-lobe of GPC3, respectively. NSG mice were given 

intraperitoneal injections of luciferase-expressing (Luc) Hep3B or HepG2 cells and after xenograft 

tumors formed, mice were given injections of saline or untransduced T cells (controls), or CAR 

(HN3) T cells or CAR (hYP7) T cells. In other NSG mice, HepG2-Luc or Hep3B-Luc cells were 

injected into liver, and after orthotopic tumors formed, mice were given 1 injection of CAR 

(hYP7) T cells or CD19 CAR T cells (control). We developed droplet digital PCR and genome 

sequencing methods to analyze persistent CAR T cells in mice.

Results: Injections of CAR (hYP7) T cells eliminated tumors in 66% of mice by week 3, 

whereas CAR (HN3) T cells did not reduce tumor burden. Mice given CAR (hYP7) T cells 

remained tumor free after re-challenge with additional Hep3B cells. The CAR T cells induced 

perforin- and granzyme-mediated apoptosis and reduced levels of active β-catenin in HCC cells. 

Mice injected with CAR (hYP7) T cells had persistent expansion of T cells and subsets of 

polyfunctional CAR T cells via antigen-induced selection. These T cells were observed in the 

tumor microenvironment and spleen for up to 7 weeks after CAR T cell administration. Integration 

sites in pre-infusion CAR (HN3) and CAR (hYP7) T cells were randomly distributed, whereas 

integration into NUPL1 was detected in 3.9% of CAR (hYP7) T cells 5 weeks after injection into 

tumor-bearing mice and 18.1% of CAR (hYP7) T cells at week 7. There was no common site of 

integration in CAR (HN3) or CD19 CAR T cells from tumor-bearing mice.

Conclusions: In mice with xenograft or orthoptic liver tumors, CAR (hYP7) T cells eliminate 

GPC3-positive HCC cells, possibly by inducing perforin- and granzyme-mediated apoptosis or 

reducing Wnt signaling in tumor cells. GPC3-targeted CAR T cells might be developed for 

treatment of patients with HCC.

Graphical Abstract
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Lay Summary:

We engineered immune cells to recognize and kill liver cancer cells and cause regression of liver 

tumors in mice. This approach might be useful for treating patients with liver cancer.

Keywords

hepatic; immunotherapy; tumor-specific T cells; lymphocyte

Introduction

Robust efficacy of chimeric antigen receptor (CAR) T cells targeting CD19 in B cell 

malignancies has led to the approval of two CD19 CAR T cell products by the Food and 

Drug Administration (FDA)1, 2. However, the translation of CAR T cells for solid tumors 

remains an unmet challenge. Glypican 3 (GPC3) is a glycosylphosphatidylinositol-anchored 

cell surface protein consisting of a core protein and two heparan sulfate (HS) chains3. GPC3 

is an oncofetal protein expressed in over 70% of hepatocellular carcinoma (HCC)4, 5 and 

other solid tumors including hepatoblastoma and lung squamous cell carcinoma6, 7. Its 

expression is not detected in nonmalignant adult tissues including normal liver6, 8. 

Mechanistically, GPC3 can promote tumor growth by modulating the Wnt/Frizzled signaling 

complex on HCC cells9–11. Various antibody-based therapies including immunotoxins12, 13, 

antibody-drug conjugates (ADCs)14, CAR T cells or bispecific antibodies targeting 

GPC315–21 have been developed. Recent evidence indicated that CAR T cells targeting 

GPC3 could inhibit the growth of HCC cells15, 16, 18. Preliminary results showed a modest 

response with GPC3-targeted CAR T cells in a Phase I trial of 13 patients in China22. To 

improve its anti-tumor activity, their research group is modifying the CAR construct via co-

expressing a soluble PD-1 protein21.

Considerable progress has been made in improving the signaling domains of CARs. 

However, another challenge in developing effective CAR T cell therapy is the functional 

optimization of antibody domains. We hypothesize that the function of CARs is affected by 

their epitope specificity, affinity, and functional activity. In the present study, we used the 

antibodies HN323 and humanized YP7 (hYP7)24, 25 with comparable high affinity for the N-

lobe and C-lobe of GPC3, respectively, to engineer CAR T cells and evaluated their 

antitumor properties. We developed the methods to analyze tissue persistence and genomic 

integration sites of the CAR T cells.
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Material and Methods

Generation of GPC3-targeted CAR T cells

The antigen recognition region from the HN3, hYP7, and the anti-CD19 antibody FMC63 

was subcloned into the 2nd generation (2G) CAR construct, which contains expressing 

cassettes encoding the CD8α hinge and transmembrane region, a 4–1BB costimulatory 

domain, the intracellular CD3ζ, the self-cleaving T2A sequence, and the truncated human 

epidermal growth factor receptor (hEGFRt) for cell tracking and ablation. The hEGFRt lacks 

the domains essential for ligand binding and tyrosine kinase activity, but it retains the 

binding epitope of anti-EGFR monoclonal antibody cetuximab26. A 3rd generation (3G) 

CAR (hYP7) construct containing both 4–1BB and CD28 costimulatory domains was also 

made. The CAR T cells were produced as described previously27.

Animal studies

5-week-old female NOD/SCID/IL-2Rgcnull (NSG) mice (NCI Frederick) were housed and 

treated under the protocol (LMB-059) approved by the Institutional Animal Care and Use 

Committee at the NIH. For the peritoneal Hep3B model, 3 million luciferase-expressing 

Hep3B (Hep3B-Luc) cells were intraperitoneally (i.p.) injected into mice. Mice with 

established tumors were then randomly allocated into six groups and i.p. infused once with 

varying conditions as follows: (a) saline only (PBS); (b) 5 million un-transduced T cells 

(Mock); (c) 5 million CAR (HN3) T cells; (d) 5 million CAR (hYP7) T cells; (e) 10 million 

CAR (hYP7) T cells; (f) 20 million CAR (hYP7) T cells. For the peritoneal HepG2 model, 2 

million HepG2-Luc cells were i.p. injected into male mice. Mice with established tumors 

were randomly allocated into two groups and i.p. infused once with mock T cells or CAR 

(hYP7) T cells. For the orthotopic HepG2 or Hep3B model, mice were inoculated with 0.5 

million HepG2-Luc or Hep3B-Luc tumor cells in the liver. After 2 or 3 weeks of tumor 

establishment, mice were intravenously (i.v.) infused once with CAR (hYP7) T cells. The 

CD19 CAR T cells were used as control. For the Hep3B re-challenge model, 4 weeks after 

CAR (hYP7) T cell administration, mice were re-challenged with 0.5 million Hep3B-Luc 

tumor cells (i.p.) and followed for two weeks. Tumors were measured by total 

bioluminescent flux using a Xenogen IVIS Lumina (PerkinElmer).

Droplet digital PCR (ddPCR)

Genomic DNA from cells was isolated using the FlexiGene DNA kit (QIAGEN). ddPCR 

experiments were performed on a QX200 ddPCR system (Bio-Rad) according to the 

manufacturer’s instructions. CAR vector specific primers and probe were multiplexed with 

either a human (myocardin-like protein 2, MKL2) or mouse (Transferrin Receptor, Tfrc) 

reference gene assay. The primers and probes sequences were listed in Supplementary 

Methods.

Integration site analysis

CAR lentivector integration site analysis was performed using linker-mediated PCR adapted 

from a procedure described previously for measuring viral infection in HIV patients28. 

Briefly, sample DNA is randomly sheared, end-repaired, and ligated to a linker. The 
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integration site is amplified with one primer specific to the lentivector LTR and another 

primer specific to the linker. The amplified product is subjected to high-throughput Illumina 

Sequencing. Integration sites in the sample are identified and quantified for further analysis. 

The primer sequences designed for the present study are listed in Supplementary Methods. 

The raw data for all CAR integration sites identified in the present study are provided as 

Supplementary Data Sheets 1–3.

Results

CAR (hYP7) T cells are more potent than CAR (HN3) T cells

To evaluate the effect of GPC3 epitopes in CAR T cell killing, we compared the HN323 and 

hYP724, 25 antibodies that recognizes the N-lobe and C-lobe of GPC3, respectively (Figure 

1A). The HN313 and YP7 antibodies are highly tumor specific for their binding on tumor 

cells and tissues (Supplementary Figure 1 to 4). To produce CAR T cells for testing in HCC 

cell and animal models (Figure 1B), the antigen recognition region of the HN3 or the hYP7 

antibody was cloned into lentiviral vectors encoding either the 2G CAR with 4–1BB 

costimulatory domain or the 3G CAR with 4–1BB and CD28 costimulatory domains (Figure 

1C). The expression of CARs in transduced T cells was detected through recombinant GPC3 

protein staining and cell surface hEGFRt expression (Supplementary Figure 5). In view of 

potential off-target toxicity induced by the 3G CAR (hYP7) T cells (Supplementary Figure 

6A), the 2G CAR construct was used for the rest of our study unless otherwise noted.

Next, we evaluated the expansion of GPC3-targeted CAR T cells from healthy donors and 

HCC patients (Supplementary Figure 6B). After expansion, CAR (hYP7) T cells derived 

from healthy donors were comprised of similar ratios of CD4+ and CD8+ T cell subsets 

(Figure 1D). Interestingly, we observed substantial variations in the frequency of CD4+ (43–

93%) and CD8+ T cells (7–57%) in HCC patients. We then compared the cytolytic 

capability of CAR (HN3) and CAR (hYP7) T cells in HCC cells. As shown in Figure 1E and 

F, CAR (hYP7) T cells displayed higher lytic activity than CAR (HN3) T cells in Hep3B 

cells. At the E:T ratio of 5, lytic activity of HCC patient-derived CAR (hYP7) T cells ranged 

from 34% to 73%, with an average of 54%, which was lower than the average activity (92%) 

of healthy donor-derived CAR (hYP7) T cells, possibly due to low CD8+ T cell number in 

HCC patients. Minimal cell lysis was observed in Hep3B cells treated with mock T cells 

(Supplementary Figure 6C) or the GPC3 knockout Hep3B cells treated with CAR (hYP7) T 

cells (Supplementary Figure 6D), demonstrating target-dependent specificity. Furthermore, 

additional liver cancer cell lines including HepG2 and Huh-7 were also lysed by CAR 

(HN3) and CAR (hYP7) T cells (Supplementary Figure 6E and F). CAR (hYP7) T cells 

were significantly more potent in eliminating HepG2 cells compared with CAR (HN3) T 

cells during the period of 140 hours (Figure 1G). In addition, CAR (hYP7) T cells produced 

more cytokines and chemokines than CAR (HN3) T cells in the presence of Hep3B or 

HepG2 cells (Supplementary Figure 7). Collectively, CAR (hYP7) T cells exhibit better 

cytolytic ability than CAR (HN3) T cells. CAR T cells derived from HCC patients are able 

to kill GPC3-positive HCC cells.
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CAR (hYP7) T cells are highly polyfunctional

Polyfunctional T cells, a subset of T cells capable of co-producing two or more cytokines/

chemokines at the single-cell level, are recently reported for their association with long-term 

immune responses in the clinical settings29–31. Here, we used the 32-plex panel that 

included the key immune elements of T cells (Figure 2A). The polyfunctional strength index 

(PSI) values are defined by cytokine function to highlight the contribution of each group to 

the overall polyfunctionality of the sample29. As shown in Figure 2B and C, CAR (hYP7) T 

cells from a healthy donor showed remarkably higher PSI than CAR (HN3) T cells when 

stimulated with Hep3B (11-fold) or G1 (77-fold) cells, whereas no increase of PSI was 

shown in CAR (hYP7) T cells stimulated by antigen-negative A431 (Figure 2C). Moreover, 

CD8+ CAR (hYP7) T PSI is 8 and 11 times higher than CD4+ CAR (hYP7) T PSI when co-

cultured with Hep3B and G1 cells, respectively, indicating CD8+ CAR T cells were more 

polyfunctional than CD4+ CAR T cells. To distinguish the polyfunctional subsets within 

each sample, we used a polyfunctional heat map visualization to display major secreted 

functional subsets. As shown in Figure 2D, a 4-plex group containing granzyme B, INF-γ, 

perforin and s4–1BB was only expressed by a small subset of CD8+ CAR (hYP7) T cells 

upon Hep3B stimulation. The G1-stimulated CD8+ CAR (hYP7) T cells were more 

polyfunctional with a small subset secreting a 7-plex group containing granzyme B, INF-γ, 

CCL-3, CCL-4, perforin, TNF-α and s4–1BB (Figure 2E).

We also examined the polyfunctionality of CAR T cells from a HCC patient (#3, 

Supplementary Table 1) after stimulated with Hep3B cells. Consistent with polyfunctional 

profiles of healthy donor-derived CAR T cells, the pronounced upregulation of 

polyfunctional groups was only found in CAR (hYP7) product, predominantly in CD8+ T 

cells, but not in CAR (HN3) product from the HCC patient (Figure 2F). Interestingly, the 

HCC patient-derived polyfunctional CD8+ CAR (hYP7) T cells were not only composed of 

effector cytokines (granzyme B, INF-γ, perforin), but also additional cytokines/chemokines 

(TNF-α, MIP-1β and IL-8) that were not secreted by CD8+ CAR (hYP7) T cells from the 

healthy donor (Figure 2D). Taken together, CAR (hYP7) derived from both the healthy 

donor and the HCC patient stimulated robust activation and expansion of polyfunctional T 

cells, particularly through small subsets of CD8+ cytotoxic T cells which lyse tumor cells by 

inducing perforin/granzyme apoptosis pathway.

CAR T cells targeting GPC3 inhibit Wnt signaling in HCC

Previous studies have shown that GPC3 interacts with Wnt ligands and promotes HCC cell 

proliferation by facilitating Wnt/Frizzled binding9–12. To determine if GPC3-targeted CAR 

T cells affected Wnt signaling in HCC cells, we measured active- and total β-catenin levels. 

CAR (hYP7) T cells from a healthy donor significantly reduced the expression of active-β-

catenin and total β-catenin after co-cultured with Hep3B cells, while CAR (HN3) T cells 

and CD19 CAR T cells failed to inhibit β-catenin expression (Figure 3A). Interestingly, we 

found that CAR (hYP7) T cells from the #3 HCC patient dramatically suppressed the 

expression of active-β-catenin to a greater extent than the healthy donor-derived CAR 

(hYP7) T cells (Figure 3B). In addition, CAR (hYP7) T cells were able to inhibit β-catenin 

expression in HepG2 cells (Figure 3C), but not GPC3-negative A431 cells (Figure 3D). 

Furthermore, previous reports have shown that GPC3 regulates the expression of Yes-
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associated protein (YAP), a key effector molecule in the Hippo pathway in HCC23, 32. Here, 

we observed the increased phosphorylated YAP (p-YAP) and reduced total YAP (T-YAP) 

expression in Hep3B cells treated with CAR (hYP7) T cells from the HCC patient (Figure 

3E). Together, our results indicate that targeting GPC3 by CAR (hYP7) T cells can suppress 

the Wnt/β-catenin and Yap signaling in HCC cells.

CAR (hYP7) T cells suppress the growth of HCC xenografts in mice

To evaluate the antitumor activities of GPC3-specific CAR T cells in vivo, NSG female mice 

were intraperitoneally (i.p.) injected with Hep3B-Luc cells (Figure 4A). Various doses of 

CAR (hYP7) T cells all showed reduced tumor burden compared with the mock group 

(Figure 4B and C). No significant tumor growth inhibition was seen in the mice treated with 

CAR (HN3) T cells. Mice receiving 20 million CAR (hYP7) T cells were all alive without 

recurrence by day 70, compared with 50% survival in the 5 million CAR (hYP7) T cell 

group (Figure 4D). Although GPC3-targeted CAR T cells initially caused a loss in body 

weight, mice gradually regained weight (Supplementary Figure 8). Moreover, the serum 

alpha-fetoprotein (AFP) levels in mice treated with 5 million (mean: 429 ng/mL) or 10 

million (mean: 296 ng/mL) CAR (hYP7) T cells were significantly lower than the levels in 

mock T cell-treated mice (mean: 21,467 ng/mL) after 2 weeks of administration (Figure 4E). 

Notably, the AFP levels in mice treated with 20 million CAR (hYP7) T cells were in the 

range of 25–78 ng/mL, which is close to the cut-off value (20 ng/mL) in human adults33. 

Robust in vivo expansion and survival of genetically modified T cells are considered critical 

predictors of durable clinical remissions in cancer patients. We assessed the percentage of 

CAR T cells using ddPCR, which allows measurement of absolute gene copy number to 

determine CAR vector-positive cells. As shown in Figure 4F, 10.1% of cells were CAR 

vector-positive in the 5 million CAR (hYP7) group, whereas only 1.3% of cells were CAR 

vector-positive in the 5 million CAR (HN3) group after 3 weeks of administration. In the 10 

million CAR (hYP7) group, 26.5% of CAR vector-positive cells were detected, 

demonstrating an inverse correlation between tumor burden and T cell persistence over time.

Consistent with the inhibitory effect of silencing GPC3 on Wnt signaling in vitro, CAR 

(hYP7) T cell administration downregulated active- and total-β-catenin levels compared 

with the mock group in vivo (Figure 4G). From the peritoneal Hep3B xenograft mouse 

model, we found that mice developed tumor lesions on the liver and other organs within the 

abdominal cavity (Figure 4H). Interestingly, Hep3B tumors in the mice treated with 5 

million CAR (hYP7) T cells grew locally and were restricted to the adipose tissue away 

from the mouse liver, suggesting that a low dose of CAR (hYP7) T cells can prevent tumors 

from seeding and growing in the liver as well as spreading to other organs.

A previous report showed that HCC tumors grew faster and had a higher volume in male 

than female NSG mice34, which underlines the need for using male mice in liver cancer 

studies. To evaluate the efficacy of CAR (hYP7) T cells in another liver cancer xenograft 

mouse model, we i.p. inoculated HepG2 cells into male NSG mice (Figure 5A). 

Encouragingly, CAR (hYP7) T cells were able to regress tumor growth (Figure 5B and C), 

indicating that efficacy of GPC3-targeted CAR T cells is gender independent. After 5 weeks 

of CAR (hYP7) T cell administration, ddPCR detected 35.6% and 19.5% of CAR vector-
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positive cells from tumor and mouse spleen, respectively (Figure 5D). By contrast, we did 

not detect CAR vector-positive cells in either tissue from CD19 CAR T cell-treated mouse. 

Furthermore, we found that human HepG2 cells migrated to the mouse liver and CAR 

(hYP7) T cells restricted the liver metastasis of tumor cells (Figure 5E), which was similar 

to our observation in the peritoneal Hep3B xenograft mouse model.

CAR (hYP7) T cells cause tumor regression in orthotopic xenograft models

We further examined antitumor activity of CAR (hYP7) T cells in an orthotopic HCC mouse 

model. Hep3B-Luc cells were injected into the liver of NSG mice, healthy donor derived-

CAR (hYP7) T cells were i.p. or i.v. infused 21 days after tumor inoculation (Figure 6A). 

Although both routes of administration of CAR (hYP7) T cells led to a reduction in tumor 

size and suppressed tumor growth compared to the control group, i.v. injection of CAR T 

cells (hYP7 IV) resulted in greater tumor regression than i.p. injection of CAR T cells 

(hYP7 IP) (Figure 6B), possibly because of preferred localization of CAR T cells to the liver 

via blood circulation35. At the end of this study, 75% of mice in the hYP7 IV group were 

tumor free, whereas all mice in the mock group carried large tumors. Consistently, higher 

percentage of CAR vector-positive cells were detected in spleen and tumor 

microenvironment from the hYP7 IV group than tissues from the hYP7 IP group 

(Supplementary Figure 9). We also conducted toxicology analysis of CAR (hYP7) T cells by 

examining blood counts, serum chemistry and organ weights in mice (Supplementary Table 

2).

Next, we compared the efficacy of healthy donor-derived CAR (HN3) and CAR (hYP7) T 

cells in the same orthotopic Hep3B xenograft mouse model (Figure 6C). As shown in Figure 

6D, CAR (hYP7) T cells suppressed tumor growth and eliminated the tumor in 66% of mice 

by week 3, whereas CAR (HN3) T cells failed to reduce tumor burden. To determine the 

ability of persistent CAR (hYP7) T cells to prevent tumor relapse, mice that cleared initial 

tumor burden were re-challenged with Hep3B tumor cells (Figure 6E). While tumors grew 

rapidly in control mice, mice previously treated with CAR (hYP7) T cells remained tumor 

free after Hep3B tumor re-challenge (Figure 6F). Moreover, efficacy of CAR (hYP7) T cells 

was also validated in another orthotopic (HepG2) xenograft mouse model (Figure 5F–H).

To analyze the molecular determinants of CAR (hYP7) T cell efficacy and persistence, we 

analyzed the integration sites from the spleens of mice (showed in Figure 6D) treated with 

CAR (hYP7) T cells (n=8), CAR (HN3) (n=3) and CD19 CAR (n=2) from 3 to 7 weeks. As 

we expected, the integration sites from pre-infusion CAR (HN3) and CAR (hYP7) T cells 

were randomly distributed (Figure 6G). The integration into NUPL1 was detected at a 

frequency of 3.9% 5 weeks after injection and increased to 18.1% at week 7, whereas no 

integration site was shared and enriched in mice treated with CAR (HN3) T cells. Analysis 

of all the integration sites from each individual mouse identified 11 integration sites shared 

among different mice from 5 to 7 weeks (Figure 6H, Supplementary Table 3 and 

Supplementary Data Sheet 1). Some of these integration sites (e.g. NUPL1 and RABEP1) 

were enriched from 5 to 7 weeks, while some (e.g. REV3L and RPA1) became gradually 

diminished. We also found largely different integration sites between a complete responder 

and a partial responder after 7 weeks of CAR (hYP7) T cell injection (Supplementary Figure 
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10 and Supplementary Data Sheet 2). Interestingly, the two shared integration sites (NUPL1 
and RABEP1) decreased in the partial responder at week 7.

Finally, to evaluate the efficacy of CAR (hYP7) T cells derived from HCC patients, we again 

chose to use primary T cells isolated from the #3 HCC patient, who was a 64-year-old male 

that had been treated with sorafenib for 6 months until his disease progressed. We produced 

CAR (hYP7) and CD19 CAR T cells from this HCC patient and used these cell products to 

treat mice engrafted orthotopically with Hep3B-Luc cells (Figure 7A). The patient-derived 

CAR (hYP7) T cells effectively eradicated Hep3B tumors in 77% of mice, whereas mice 

treated with CD19 CAR T cells succumbed to tumors 3 weeks post T cell transfusion 

(Figure 7B). The same HCC patient-derived CAR (hYP7) T cells were able to eliminate 

Hep3B tumors in 75% of mice from a repeated experiment (Supplementary Figure 11). 

Furthermore, we characterized the function of persistent CAR (hYP7) T cells recovered 

from the spleen of treated mouse named as mCAR (hYP7) T cells. As shown in Figure 7C, 

CD8+ mCAR (hYP7) T cells exhibited significantly higher lytic activity than CD4+ mCAR 

(hYP7) T cells against Hep3B cells. Furthermore, we found a profound increase of 

polyfunctionality in CD8+ mCAR (hYP7) T cells (Figure 7D). The polyfunctional CAR T 

cell subsets with combination of 3 or more cytokine secretions (MIP-1β, IL-8, granzyme B, 

INF-γ, perforin, TNF-α) in both CD4+ and CD8+ T cells are largely increased only when 

co-cultured with Hep3B cells and not with GPC3 knockout Hep3B cells, further 

demonstrating the specificity of CAR (hYP7) after in vivo passage.

We also analyzed the integration sites in mice treated with this HCC patient-derived CAR 

(hYP7) T cells from 3 to 7 weeks. As shown in Figure 7E, CAR (hYP7) showed a strong 

integration preference into distinct genes between responders and non-responder. Notably, 

the integrated sites were largely shared between different tissues (e.g. spleen, liver) of the 

same mouse, indicating clonal expansion of CAR (hYP7) T cells in mice. Comparing with 

low abundancy at 5 weeks post infusion, CAR (hYP7) integration into particular genes (e.g. 

AP2A1, CCNY) were enriched at 7 weeks while some integration events (e.g. INPP5K, 

NDFIP2) became diminished at 7 weeks. The details of all 23 shared integrated genes can be 

found in Supplementary Table 4 and Supplementary Data Sheet 3. Moreover, the CAR 

(hYP7) integration into DENND1B became the most dominant event at 7 weeks (spleen 

21.4% and liver 15.6%) (Figure 7F). Taken together, we found that persistent CAR (hYP7) T 

cells had integration sites related to specific genes shared in different mice at different time 

points, indicating a potential selection pressure for integration sites in the genome for CAR 

T cell activation, survival and clonal expansion in vivo.

Discussion

In the present study, we used the antibodies hYP7 and HN3 specifically for a membrane-

proximal C-lobe epitope and a membrane-distal N-lobe epitope of GPC3 to make CAR T 

cells and analyzed their antitumor activities. The CAR (hYP7) T cells targeting the C-lobe 

of GPC3 close to the cell membrane showed superior antitumor activity by producing CAR 

T cells that not only induce perforin/granzyme-mediated apoptosis, but also inhibit Wnt/β-

catenin signaling in tumor cells. We also used ddPCR and genomic sequencing methods to 
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analyze the persistence of CAR T cells in mice and demonstrated a subset of the CAR 

(hYP7) T cell clones that were enriched and expanded over 7 weeks after injection.

Various antibody-based therapeutic strategies including immunotoxins and ADCs targeting 

GPC3 have been developed for treating HCC12–14. The immunogenicity of immunotoxins 

and the likelihood of multidrug resistance to ADC treatment are potential limitations for 

them to be used as single agents for reaching long-term tumor remission. An optimized 

GPC3-targeted CAR T cell therapy for treating liver cancer may hold greater potential for 

achieving sustained tumor remission despite the current challenge for treating solid tumors 

in general. The GPC3-targeted CAR T cells based on the GC33 antibody36 have been made 

and are currently being tested for the treatment of HCC15, 18, 22. Although GC33 and YP7 

are known to bind the C-lobe of GPC3, they recognize two distinct epitopes (Supplementary 

Figure 12A). Specifically, the GPC3 fragment (amino acid 521–530) is crucial for the 

binding ability of YP7, while GC33 does not bind to the same fragment. The CAR (hYP7) 

expressed on Jurkat T cells bind to GPC3 with higher affinity than GC33 CAR 

(Supplementary Figure 12B). We have compared 2G CAR (hYP7) and CAR (HN3) with the 

reported 3G CAR (GC33)15 using the Huh-7 i.p. dissemination xenograft mouse model. We 

found that the CAR (hYP7) T cells reduced tumor burden more effectively than CAR 

(GC33) T cells (Supplementary Figure 13). It would be interesting to compare the efficacy 

and safety of CAR (hYP7) T cell therapy with CAR (GC33) T cell therapy in future clinical 

studies.

Using single cell-based functional analysis, we found that the CD8+ T cells showed a greater 

increase in polyfunctionality than CD4+ T cells in CAR (hYP7) T cells from healthy donor 

and HCC patient. Moreover, HCC patient-derived CD8+ CAR (hYP7) T cells recovered 

from mouse spleen showed a greater increase in percentages of polyfunctional T cells than 

the same patient-derived CD8+ CAR (hYP7) T cells cultured in vitro by Hep3B stimulation 

(Figure 2F and 7D). Future studies of evaluating HCC patient-derived CAR T cells in the 

same patient-derived xenograft (PDX) model, as well as a murine HCC model37 by 

hydrodynamic injection of oncogenes (e.g., MYC) and GPC3, may further validate the 

efficacy of GPC3-targeted CAR T cells in the tumor microenvironment.

Membrane-proximal epitopes can facilitate efficient T cell synapse formation38, 39, which 

may explain the superior efficacy of CAR (hYP7) compared with CAR (HN3). In addition to 

its unique epitope specificity, the YP7 antibody may have the highest binding affinity among 

all known GPC3 antibodies, including GC33, which may also contribute to the potent 

efficacy of CAR (hYP7). Furthermore, CAR (hYP7) T cells have significantly higher 

polyfunctionality than CAR (HN3) T cells. Moreover, a subset of distinct integration sites in 

the T cell genome are selected and enriched in different mice at different time points after a 

single injection of CAR (hYP7) T cells, not CAR (HN3) T cells. Taken together, differences 

in persistence, integration site preferences, and T cell polyfunctionality may contribute to the 

discrepancy between efficacies of these two CAR constructs. Lastly, it has been shown that 

GPC3 may function as a co-receptor for Wnt and facilitate the Wnt/Frizzled signaling 

complex in HCC cells9, 10. Wnt/β-catenin signaling is frequently upregulated in HCC and is 

implicated in the maintenance of tumor initiating cells, immune escape and resistance37, 40. 

We previously demonstrated that GPC3 affected Wnt/β-catenin signaling and that GPC3 
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knockout inhibited HCC tumor growth in cell and mouse models11. In the present study, we 

found significantly more reduction of GPC3 protein levels induced by the co-culture with 

GPC3 (hYP7) CAR T cells than GPC3 (HN3) CAR T cells. More reduction of active β-

catenin in HCC cells was also observed when co-cultured with GPC3 (hYP7) CAR T cells 

than the GPC3 (HN3) CAR T cells. Surprisingly, hYP7 showed greater reduction in active 

β-catenin than HN3 in the CAR format, despite HN3 blocking the Wnt binding site on 

GPC3 as a naked antibody11, 12. We speculate that the inhibition of Wnt/β-catenin signaling 

by GPC3-targeted CAR T cells is likely due to the decrease of GPC3 levels in HCC cells via 

an unknown mechanism rather than the impairment in the direct interaction between GPC3 

and Wnt. Interestingly, it has been recently demonstrated that CAR T cells can provoke 

reversible antigen loss through the trogocytosis mechanism41. The reduction of Wnt 

signaling in tumor cells may further explain how CAR (hYP7) T cells could eradicate the 

HCC xenografts in mice.

Recent reports showed CAR T cell associated clonal expansion in a complete remission in 

patients with leukemia42,43 suggesting it is important to investigate candidate factors driving 

successful expansion in responders. In the present study, we analyzed the integration sites of 

CAR (hYP7) from a healthy donor and a HCC patient in mice. Many shared integrated 

genes were observed in different tissues on the same mouse, likely due to the expansion of 

selected clones. Several integration events (e.g. NUPL1, DENND1B) have become highly 

abundant in multiple mice at week 5 and 7 after infusion. Interestingly, some of these 

integrations were located in the same orientation as the corresponding genes, which could 

lead to alternative splicing and affect their functions. NUPL1 encodes a nucleoporin in the 

nuclear pore complex. Interestingly, deletion of NUPL1 was found in some colorectal 

cancers and knockdown of NUPL1 could promote cell growth44. Therefore, the insertion of 

CAR (hYP7) into NUPL1 may potentially promote CAR T cell growth. DENND1B plays an 

important role in regulating TCR internalization in TH2 cells45. The clinical relevance of 

these integration sites remains unclear. Future studies analyzing persistent CAR T cells in 

HCC patients will validate shared integration sites (‘hotspots’) in the T cell genome.

In conclusion, we have demonstrated that CAR (hYP7) T cells can induce sustained HCC 

tumor regression in mice as a GPC3-targeted CAR T cell therapy that might be developed 

for treatment of patients with HCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT YOU NEED TO KNOW:

BACKGROUND AND CONTEXT:

Glypican 3 (GPC3) is an oncofetal antigen that promotes Wnt-dependent cell 

proliferation and is highly expressed in hepatocellular carcinoma (HCC). Chimeric 

antigen receptors (CARs) that target GPC3 are in development for treatment of HCC.

NEW FINDINGS:

In mice with xenograft or orthoptic liver tumors, GPC3-targeted CAR T cells reduced 

Wnt signaling in HCC cells and caused tumor regression.

LIMITATIONS:

This study was performed in mice; studies are needed in humans.

IMPACT:

GPC3-targeted CAR T cells might be developed for treatment of patients with HCC.
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Figure 1. 
GPC3-targeted CAR T cells kill GPC3-positive HCC cells in vitro. (A) The binding of two 

antibodies to GPC3. HN3 binds to the N-lobe of GPC3 around residue 41 (phenylalanine). 

YP7 binds to the C-lobe of GPC3 (residue 521–530). (B) Schematic of CAR T cell 

production and evaluation in mouse models. (C) Schematic of the 2nd generation (2G) and 

3rd generation (3G) CAR constructs. (D) CD4+ and CD8+ T cell analysis of CAR (hYP7) T 

cells from 6 healthy donors and 6 HCC patients. (E-F) Cytolytic activity of CAR (HN3) T 

cells and CAR (hYP7) T cells from healthy donors (E) and HCC patients (F) after 24 hours 

of co-culture with Hep3B cells. (G) GPC3-targeted CAR T cells-mediated killing of HepG2 

cells as determined by using IncuCyte zoom. HepG2 cells were incubated with CAR T cells 

at the E:T ratio of 2:1 up to 140 hours. GFP, green fluorescent protein. Values represent 

mean ± SEM. ***P < .001, ns, not significant.

Li et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cytokine/chemokine profiles of polyfunctionality of T cells redirected with GPC3. (A) The 

validated 32-plex panel including five groups of cytokines: effector, stimulatory, 

chemoattractive, regulator and inflammatory. (B-C) PSI computed for healthy donor-derived 

GPC3-targeted CAR T cells co-cultured with Hep3B (B) and G1/A431 (C) cells for 20 hours 

at the single-cell level. (D-E) Polyfunctional heat map displaying major functional 

cytokines/chemokines secreted across GPC3-specific CAR T cells from healthy donor upon 

Hep3B (D) and G1/A431 (E) cell stimulation. (F) Polyfunctional heat map of HCC patient-

derived GPC3-specific CAR T cells upon Hep3B and GPC3 knockout Hep3B cell 

stimulation for 20 hours.
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Figure 3. 
Inhibition of Wnt/β-catenin and YAP signaling by CAR (hYP7) T cell administration. (A) 

CAR (hYP7) T cells from healthy donor suppressed the expression of β-catenin in Hep3B 

cells after 6 hours of administration. (B) CAR (hYP7) T cells from healthy donor and HCC 

patient inhibited the expression of β-catenin in Hep3B cells in a time-dependent manner. (C-
D) CAR (hYP7) T cells from healthy donor suppressed the expression of β-catenin in 

HepG2 cells (C), but not in A431 cells (D). (E) CAR (hYP7) T cells from HCC patient 

inhibited YAP signaling as evidenced by the increase of phospho-YAP expression and 

decrease of total-YAP expression after co-culture with Hep3B cells.
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Figure 4. 
CAR (hYP7) T cells eradicate tumors in the peritoneal Hep3B xenograft mouse model. (A) 

Experimental schematic. Hep3B tumor-bearing NSG mice were i.p. injected with mock T 

cells (mock), 5 million CAR (HN3) T cells (HN3–5M), and 5, 10 and 20 million CAR 

(hYP7) T cells (hYP7–5M, hYP7–10M, hYP7–20M). (B) CAR (hYP7) T cells regressed 

established Hep3B xenografts at high dose (20M) and inhibited tumor growth at low doses 

(5M and 10M), whereas CAR (HN3) T cells did not inhibit tumor growth. Symbol ‘ƗƗƗ’ 
indicated that mice were euthanized in advance for analysis. (C) Tumor bioluminescence in 

mice treated in Figure 4B. (D) Kaplan–Meier survival curve of mice after infusion. (E) AFP 

levels in serum collected from groups shown in Figure 4B after 2 weeks of injection. (F) 

Detection of CAR vector-positive cells in xenograft tumor tissues after 3 weeks of injection. 

(G) CAR (hYP7) T cells caused the reduction of active- and total-β-catenin levels as 

compared with mock T cell-treated mice. (H) Representative pictures of mouse from mock 
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and hYP7–10M group. Values represent mean ± SEM. *P < .05, **P < .01, ***P < .001, ns, 

not significant.
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Figure 5. 
CAR (hYP7) T cells eliminate tumor cells in the HepG2 xenograft mouse models. (A) 

Experimental schematic of the peritoneal HepG2 xenograft mouse model. HepG2 tumor-

bearing male NSG mice were i.p. injected with 20 million mock T cells or CAR (hYP7) T 

cells. (B) CAR (hYP7) T cells demonstrated potent antitumor activity and mediated 

eradication of HepG2 xenograft tumors. (C) Tumor bioluminescence in mice treated in 

Figure 5B. (D) Detection of CAR vector-positive cells in tumor and spleen from mice after 5 

weeks of injection. (E) Representative pictures of mouse from mock and hYP7 groups. (F) 

Experimental schematic of the orthotopic HepG2 xenograft model. HepG2 tumor-bearing 

female NSG mice were infused with 10 million CD19 CAR T cells and CAR (hYP7) T 

cells. (G) CAR (hYP7) T cells regressed growth of orthotopic HepG2 tumors. (H) Tumor 

bioluminescence in mice treated in Figure 5G. Values represent mean ± SEM. **P < .01.
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Figure 6. 
Tumor eradication in the orthotopic Hep3B xenograft mouse model by CAR (hYP7) T cells 

from a healthy donor. (A) Experimental schematic. The orthotopic Hep3B tumor-bearing 

NSG mice were i.p. or i.v. injected with 20 million CAR (hYP7) T cells. (B) Mice treated 

with CAR (hYP7) T cells via tail vein (hYP7 IV) demonstrated tumor eradication, while 

intraperitoneal infusion (hYP7 IP) resulted in tumor growth inhibition. (C) Experimental 

schematic. The orthotopic Hep3B tumor-bearing NSG mice were i.v. injected with 10 

million CD19 CAR, CAR (HN3) and CAR (hYP7) T cells. (D) CAR (hYP7) T cell 

administration regressed Hep3B tumor growth in mice, while CAR (HN3) T cells failed to 

inhibit tumor growth. (E) Experimental schematic of Hep3B tumor re-challenge. CAR 

(hYP7)-treated mice that showed no detectable tumor were i.p. implanted with 0.5 million 

Hep3B cells. As control, naïve mice were implanted with Hep3B cells following an injection 

of mock T cells. (F) CAR (hYP7)-treated mice resisted Hep3B tumor re-challenge. (G) 
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Frequency of integrated genes in spleen (S) of mice treated with CAR (HN3) and CAR 

(hYP7) T cells at 3 weeks, 5 weeks and 7 weeks post-infusion. The top twenty genes were 

listed. (H) Distribution of integration sites in spleen of mice treated with CD19 CAR, CAR 

(HN3) and CAR (hYP7) T cells over 3–7 weeks. The shared integrated genes in mice after 5 

to 7 weeks of CAR (hYP7) T cell injection was highlighted in a separate heatmap. Values 

represent mean ± SEM. *P < .05, **P < .01.
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Figure 7. 
Persistent polyfunctional CAR (hYP7) T cells from a HCC patient eradicate orthotopic 

Hep3B xenograft tumors. (A) Experimental schematic. The orthotopic Hep3B tumor-bearing 

NSG mice were i.v. injected with 5 million CD19 CAR and CAR (hYP7) T cells. (B) CAR 

(hYP7) T cells regressed Hep3B tumor growth in mice. (C) CAR (hYP7) T cells recovered 

from mouse spleen after 4 weeks of injection named as mCAR (hYP7) T cells were co-

cultured with Hep3B cells, and cytolytic activity was analyzed 24 hours after co-culture. (D) 

mCAR (hYP7) T cells showed profound increase of polyfunctionality by the stimulation of 

Hep3B cells, but not the GPC3 knockout Hep3B cells. (E) Distribution of integration sites in 

individual mouse treated with CAR (hYP7) T cells for 3–7 weeks. The shared integrated 

genes in mice after 5 to 7 weeks of CAR (hYP7) T cell injection was highlighted in a 

separate heatmap. S, T and L represent spleen, tumor and liver, respectively. (F) Frequency 

of integrated genes in spleen and liver/tumor of mice treated with CAR (hYP7) T cells from 
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5 weeks to 7 weeks post-infusion. The top twenty genes were listed. Values represent mean 

± SEM.
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