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Abstract:  

Chimeric antigen receptor engineered T cells (CARTs) are being developed to treat solid 

tumors including hepatocellular carcinoma (HCC). However, thus far, CARTs have not been as 

effective against solid tumors as compared to blood cancers. A main reason is that, once 

infiltrating into a solid tumor mass, CARTs are surrounded and chronically stimulated by 

persistent target antigens, which may drive them to exhaustion. We hypothesize that, due to 

weak engagement, low-avidity CARTs will resist the antigen-driven exhaustion and apoptosis 

and maintain effector functions in solid tumors, generating durable antitumor effects. To test this 

idea, we developed a novel human glypican-3 (hGPC3) specific antibody (8F8) that binds an 

epitope close to that of GC33 (the frequently used high-affinity antibody), but with ~17 folds 

lower affinity. In vitro, the low-avidity 8F8 CART killed tumor cells and produced effector 

cytokines to the same extent as high-avidity GC33 CART. Remarkably, however, 8F8 CART 

expanded and persisted to a greater extent than GC33 CART in vivo, resulting in durable 

responses against HCC xenografts. Compared to GC33 CARTs, there were significantly more (5 

times) 8F8-BBz CART detected in the tumor mass. Importantly, the tumor infiltrating 8F8 

CARTs were less apoptotic and more resistant to exhaustion, revealed by their enhanced and 

durable effector functions overtime. We predict that this novel low-avidity 8F8-BBz CART has a 

greater potential than mainstream high-avidity CARTs in effectively treating patients with HCC 

or other hGPC3+ solid tumors. 
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Introduction 

Liver cancer, majority being hepatocellular carcinoma (HCC), is the 6th most common 

cancer and the 3rd leading cause of cancer death in the world (1), underscoring the urgent need to 

develop novel therapies. Immunotherapy has become a mainstream cancer treatment, which 

relies on the antigen-specific T cells that do not always exist and thrive in the tumor (2). One 

way to provide tumor-specific T cells is to redirect patient’s T cells with T cell receptors (TCR) 

(3, 4) or chimeric antigen receptors (CAR) (5). The success of CAR modified T cells (CARTs) in 

blood cancers has sparked tremendous effort to develop CARTs for solid tumors, including HCC 

(6). Different from blood cancer, solid tumor mass creates a physical barrier to T cell tumor 

infiltration. Furthermore, after T cells manage to infiltrate into tumor lesion, they submerge into 

a tumor antigen swamp with complexed stroma matrix that imped T cell movement but also 

constantly stimulate them without break, driving them into exhaustion and even death (7, 8). 

Approaches have been studied to reduce CART exhaustion, such as modification of the IgG1 Fc 

spacer (9), utilization of 4-1BB co-stimulatory domain instead of CD28 (10), and combination 

with checkpoint blockade (11). However, despite intensive effort, CART therapy has not yet 

proved as effective for solid tumors as it is for blood cancers (12, 13).  

 The affinity (strength between a single pair of molecules) of antigen-binding domain and 

its target has a significant impact on CART’s avidity (total strength of multiple pairs of 

molecules) and the ensuing activation and antitumor effects (6, 14). Conventionally, high-affinity 

mAbs are preferred because they induce strong activation and can detect low antigens (15-17). 

For example, the FMC antibody in CD19 CAR is high affinity (KD=0.32nM) (18). The CARs 

(19-21) targeting human glypican-3 (hGPC3), an oncofetal protein re-expressed in HCC and 

squamous lung cancers (22), are from high affinity mAbs too, i.e., GC33 (EC50=0.24nM) (23), 
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YP7 (EC50=0.3nM) (24), and 32A9 (EC50=1.24nM) (21). The Phase I clinical trial of GC33 

CART generated modest antitumor efficacy at best (25). High-avidity CARTs maybe more prone 

to activation-induced exhaustion and death due to strong engagement with antigen, especially in 

the presence of persistent antigens in tumor mass. Recently, several studies suggest that low-

avidity CARs can be more beneficial. Low-avidity CART can distinguish antigen high tumor 

from antigen low normal cells to avoid off-tumor toxicity (17, 26, 27). Report showed that 

mutations in LFA-1, the ligand for ICAM1 receptor, created a low-avidity CAR with reduced 

toxicity and better effects (28). In addition, recent study found that low-avidity CD19 CART 

generated enhanced expansion and prolonged persistence in blood cancers (18). However, 

another study reported that low-avidity engagement did not prevent anti-GD2 CARTs from being 

depleted after antigen exposure (29). It remains unknown whether low-avidity CARTs can 

generate stronger antitumor effects against solid tumors.   

In this study, we developed novel low-avidity hGPC3 CARTs and studied their antitumor 

effect against HCC xenografts. We first generated 3 hGPC3-specific mAbs (6G11, 8F8, and 

12D7) with distinct epitopes and affinity. 8F8 mAb binds to an epitope close to that bound by 

GC33, but has ~17 times lower affinity. The 8F8 CART’s avidity for hGPC3 was 4-5 times 

lower than GC33 CART. However, the low-avidity engagement was sufficient for 8F8 CART to 

kill both hGPC3hi HepG2 and hGPClo Huh7 cells and to produce cytokines to the same extent as 

high-avidity GC33 CART. Importantly, 8F8 CART generated enhanced in vivo expansion, 

persistence, and durable antitumor effects in treating HCC xenografts. Analysis of CARTs in 

tumor mass showed that the 8F8-BBz CART, had 5 times more infiltration, was less apoptotic 

and exhausted, and maintained better function for a longer time. In vitro co-culture with tumor 

cells also showed that 8F8 CARTs were less apoptotic and exhausted, and contained higher 
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central memory T cells than GC33 CARTs. In conclusion, the novel low-avidity hGPC3-specific 

8F8 CARTs resist exhaustion and maintain better function in tumor lesions, and thus will likely 

generate potent therapeutic effects in treating HCC and other GPC3+ solid tumors.  
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Materials and Methods (Details in Supplementary Materials and Methods) 

 

Cells 

Details of human T cells isolation and cell cultures were in Supplementary Materials and 

Methods. 

Mice and tumor models  

The use of mice and tumor models were approved by IACUC of Augusta University. Details 

were in Supplementary Materials and Methods 

hGPC3 specific mAbs 

The novel mAbs were generated as previously descried (30) and their cDNA sequences were 

identified as previously described (3, 31). Recombinant mAbs were produced. Details were in 

Supplementary Materials and Methods.  

Epitope and affinity of mAbs 

The mAb’s epitopes were mapped. The affinity of mAbs to hGPC3 was determined by Biolayer 

interferometry. Details were in Supplementary Materials and Methods. 

Generation of CARTs  

The second generation CARs were created. Human primary T cells were transduced by lentiviral 

vectors as described (3, 32, 33) to create CARTs. Details were in Supplementary Materials and 

Methods. 

Adoptive cell transfer 

CARTs (10-12 days) of the indicated numbers were injected into tumor-bearing mice via tail 

vein.  

Immunological analysis 
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Immune staining, immunological assay, and LDH assay were detailed in Supplementary 

Materials and Methods 

Tumor-Infiltrating Lymphocytes (TILs) 

CARTs in the tumor lesions and their exhaustion and apoptosis status and function were studied. 

Details were in Supplementary Materials and Methods. 

Immunohistochemical (IHC) staining  

Details of IHC and the scoring were in Supplementary Materials and Methods.  

Bulk RNA Sequencing  

CARTs were sorted from tumor lesions and bulk RNAseq was done. Details were in 

Supplementary Materials and Methods. 

Statistical analysis 

Statistical analyses were described on the figures. 
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Results  

 

Novel hGPC3-specific mAbs are developed and characterized 

First, we developed hGPC3 mAbs that specifically stained HCC cells and tissues. Hybridomas 

generated using the splenocytes of hGPC3-immunized mice were screened by ELISA. 22 mAbs 

were found to bind hGPC3 (Fig.1A). Among them, 14 mAbs stained HepG2 cells (Fig.1B and 

fig.S1) and 7 of the 14 also stained hGPC3lo Huh7 cells albeit with lower intensity (fig.S2). Since 

hGPC3 might be naturally cleaved into hGPC3-N (AA1-358) and hGPC3-C (AA359-580) fragments, 

we examined the new mAbs bound to which fragment. To this end, the 293T cells transfected 

with hGPC3-N or hGPC3-C (fig.S3A) were intracellularly stained with the mAbs. The data show 

that, out of the 14 mAbs that stained HepG2 cells, 11 bound to the hGPC3-N and 3 bound to the 

hGPC3-C (fig.S3B).  

To further characterize the specificity, we purified 5 mAbs (6G11, 8C8, 8F8, 12D7, and 12E6) 

and conducted IHC staining of HCC and paired adjacent normal tissues. Healthy liver tissues 

were also included. We found that 3 mAbs (6G11, 8F8, and 12D7) specifically stained the HCC 

tissues but not the adjacent normal and healthy liver (Fig.1C-D and fig.S4). However, the other 

two mAbs had high non-specific staining of normal liver tissues. Thus, only 6G11, 8F8, and 

12D7 were used in the following studies.  

Next, the cDNA sequences of the heavy chain variable region (VH) and the light chain variable 

region (VL) of 6G11, 8F8, and 12D7 were identified and compared to the immunoglobulin (Ig) 

in the international ImMunoGeneTics (IMGT) databank (34). The results were summarized in 

Fig.1E.  

6G11, 8F8, and 12D7 mAbs bind to different hGPC3 epitopes with distinct affinities 
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To search for low-affinity mAbs, we determined the binding affinity and epitopes of 6G11, 8F8, 

and 12D7, and compared them to GC33 (35). As the 4 mAbs belong to different Ig classes (6G11 

and 12D7 are IgM, 8F8 is IgG2a, GC33 is IgG1), recombinant mAbs using VL and VH and a 

same human IgG H and L constant region were generated for fair comparison (Fig.2A). The 

recombinant mAbs were produced and purified from 293 cells (Fig.2B). The epitopes were 

mapped by Western blot and ELISA with overlapping peptides (fig.S5). The data showed that 

6G11 and 8F8 bound to AA25-39 and AA463-496, respectively. The epitope of 8F8 is next to that of 

GC33 (30AA apart). However, no specific epitope was mapped for 12D7 although it bound to 

hGPC3-N fragment. 12D7 may recognizes a conformational epitope. The epitopes recognized by 

the mAbs were illustrated on the hGPC3 protein diagram (Fig.2C) (36). Next, the affinity of 

mAbs is determined by BioLayer Interferometry. The KD of mAbs binding to hGPC3 were 

measured as 7.4nM for 6G11, 9.8nM for 12D7, 22.9nM for 8F8, and 1.38nM for GC33 (Fig.2D). 

The KD of 8F8 is ~17 times higher than that of GC33. The kon (association rate constant) of 8F8 

and GC33 mAb binding hGPC3 are 8.97x103/M-1S-1 and 5.56x104/M-1S-1, respectively, 

indicating that 8F8 mAb binds to hGPC3 is 6.2 times slower than GC33 mAb. The kdis 

(dissociation rate constant or koff) of 8F8 and GC33 are 2.06x10-4/S-1 and 7.66x10-5/S-1, 

respectively, suggesting that 8F8-hGPC3 complex dissociate 2.7x times faster than GC33-

hGPC3. Overall, compared to GC33, 8F8 mAb has a slow and unstable (Slow-on and Fast-off) 

engagement with hGPC3.  

8F8 CART generates stronger antitumor effects than 6G11 and 12D7 CARTs 

We hypothesized that 8F8 CART would generate stronger effects than 6G11 and 12D7 as reports 

showed that CARTs targeting membrane-proximal epitopes are more effective (37, 38). We built 

CARs using the single-chain variable fragment (scFv) of 6G11, 8F8, and 12D7 and 4-1BB co-
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stimulatory domain (Fig.3A). Human T cells were transduced by lentivectors to generate CARTs 

for in vitro and in vivo studies. CARs were approximately15-25% by anti-Fab staining (Fig.3B). 

All 3 CARTs could be expanded by HepG2 cells (fig.S6A), but only 6G11 and 8F8 CARTs 

killed HepG2 cells and produced IFNγ and IL-2 (Fig.3C). 6G11 and 8F8 CARTs were also able 

to kill hGPC3lo Huh7 tumor cells (fig.S6B). 12D7 CART had no detectable cytotoxicity and 

cytokine. Secondly, compared to 6G11, 8F8 CART had stronger killing activity and produced 

more IL2 and IFNγ (Fig.3C).  

To study antitumor effects, subcutaneous (SC) HCC xenografts in NSG mice were treated with 

CARTs (Fig.3D). 6G11 and 8F8 CARTs generated potent antitumor effects (Fig.3E and fig.S7). 

Consistent with in vitro data, no obvious antitumor effects was found in 12D7 CART group. The 

antitumor effects of 6G11 and 8F8 CARTs were dose-dependent (Fig.3F). Adoptive cell transfer 

(ACT) of 1.2-2 fold of 6G11 CART (compared to the number of inoculated HepG2 cells) 

resulted in complete tumor eradication in 75-90% of treated mice; but transfer of 0.6 fold of 

6G11 CART generated only 20% of tumor free mice. In contrast, 8F8 CART resulted in 

complete eradication in more than 90% of the mice when only 0.6 fold of 8F8 CARTs was 

transferred. Correlating to its potent antitumor effects, 8F8 CART expanded more in the treated 

mice (Fig.3E). The group treated with 12D7 CARTs showed no increase of human T cells and 

CARTs. In summary, our data show that 8F8 CART targeting the membrane-proximal epitope 

generated the most potent antitumor effects, correlating to greater extent of in vivo expansion.  

8F8 CARTs mediate similar in vitro effector functions as GC33 CARTs despite low avidity 

As 8F8 and GC33 mAbs bind epitopes close to each other with 17 folds different affinity, in the 

following studies, we did comparative studies between 8F8 and GC33 CARTs. First, we 

conducted in vitro study. Because different affinity scFv may require different ICD for optimal 
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activation (39), we constructed the CARs with CD28-CD3ζ (28z) or 4-1BB-CD3ζ (BBz) (Fig 

4A). As anti-Fab staining did not clearly separate CARTs (Fig.3B), we tagged CARs with 

mCherry to reliably detect them and compare their level and hGPC3 binding avidity. Indeed, 

mCherry tag could clearly identify the CARTs even at very early time point of Day 3 after 

transduction (Fig.4B). The mCherry also allow better anti-Fab staining to separate the CART 

population. Multiple donor T cells were comparably transduced (fig.S8). Importantly, mCherry 

tag did not affect CART’s effector function (Fig.4C). Comparative study showed that, in both 

28z and BBz ICD settings, 8F8 and GC33 CARTs had similar potent cytotoxicity and cytokine 

production (Fig.4D). The in vitro cytotoxicity was also assayed by Real-Time Cell Analyzer. 

Similar result was observed (fig.S9).  

Next, to examine the CART’s off-tumor toxicity, we studied whether the 8F8 and GC33 CARTs 

could kill primary human mammary, lung, and kidney epithelial cells as they may express low 

level of hGPC3 (http://www.proteinatlas.org). The data showed that both 8F8 and GC33 CARTs 

did not kill those primary human cells (Fig.4E).  

The mCherry tag enabled us to compare CART’s antigen binding avidity. First, by mCherry 

intensity, we showed similar level of 8F8 and GC33 CARs although 28z CAR was slightly (1.3 

times) higher than BBz CAR (fig.S10). Secondly, 8F8 CARTs with BBz or 28z ICD bound 4-5 

times less of hGPC3 protein than counterpart GC33 CARTs, suggesting 8F8 CAR is indeed low-

avidity. Thirdly, 28z CARTs bound more than 2 times of hGPC3 than BBz CART even though 

their CAR level was only slightly (1.3 times) higher. Our data indicate that the 8F8 CAR is 

indeed low-avidity compared to GC33 CAR and that the BBz CAR binds less hGPC3 than 28z 

CAR.  

8F8-BBz CART mediates durable antitumor effect with enhanced in vivo expansion 
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To study whether low-avidity CART is superior to high avidity CARTs in vivo, we utilized the 

intraperitoneal (IP) HCC xenografts to study the in vivo expansion and antitumor effects of 8F8 

and GC33 CARTs with BBz or 28z ICD. HepG2 cells expressing luciferase (HepG2-Luc) were 

generated. Three million of HepG2-Luc cells were inoculated into the peritoneal cavity to 

establish IP tumors for 10 days before treatment (Fig. 5A). Two weeks after ACT, nearly every 

tumor in all CART treated groups was eliminated (Fig.5B-5C). However, 40% of the mice in the 

GC33-28z, 8F8-28z, and GC33-BBz treated groups showed tumor regrowth 4-5 weeks after 

ACT. In contrast, no tumor re-growth was observed in 8F8-BBz group. In addition, significantly 

more human T cells and CARTs were found in the 8F8 CART treated mice, especially in the 

8F8-BBz CART group (Fig.5D).  

To compare the 8F8 and GC33 CARTs further, we treated larger (22-day) IP tumors and 

investigated CART’s in vivo expansion (fig.S11A). Although CARTs were unable to eradicate 

such large tumors (fig.S11B), the survival of the mice treated with 8F8-BBz CART was 

significantly longer than other groups (fig.S11C). Again, the % of hCD45+ T cells and % of 

CARTs were significantly higher and persisted longer in 8F8-BBz CART group than other 

groups (fig.S11D). This data suggests that, compared to GC33 and 8F8-28z CARTs, 8F8-BBz 

CART generates enhanced expansion and persistence, especially in the presence of large tumor 

burden, resulting in durable antitumor effects and extending survival.  

More 8F8-BBz CARTs infiltrate and persist in the tumor mass than GC33 CARTs 

We next examined tumor-infiltrating CARTs to test the hypothesis that low-avidity 8F8 CART 

expand more and persists longer in solid tumors. To obtain sufficient tumor-infiltrating CARTs, 

we established large SC tumors (4 weeks, ~1cm in diameter) before ACT (Fig.6A). First, the 

hCD45 cells in blood were similar (30-50%) on Day 12 after ACT in all CART groups. On Day 
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16, the hCD45+ cells in 8F8-BBz and GC33-BBz CART groups increased 3-folds (30% to 90%) 

and 2-folds (from 40% to 80%), respectively (Fig.6B). However, while the hCD45+ T cells in 

the 8F8-28z CART group modestly increased (30% to 48%), it slightly decreased in the GC33-

28z group (45% to 42%). Secondly, BLI measurement showed 8F8-BBz CART generated more 

durable tumor control compared to other CARTs (Fig.6C), similar to the antitumor effects 

observed in smaller IP tumors (Fig.5). Remarkably, there were far more tumor-infiltrating 8F8-

BBz CARTs than any other CARTs, especially in later time points (Fig.6D). Nearly all live cells 

in the single cell suspension of the BBz CART treated tumor were CAR+ (Fig.6E). On the other 

hand, the single cell suspension of the GC33-28z treated group contained more non-hCD45 T 

cells (likely HepG2 tumor cells). The CART enumeration in the tumor lesion showed that there 

were 5 times more of 8F8-BBz CARTs than other CART groups (Fig.6F).  

8F8-BBz CARTs resist exhaustion and maintain better function in tumors. 

In this experiment, we tested the hypothesis that low-avidity CARTs were more resistant to 

exhaustion and apoptosis and maintained better effector function in solid tumors. To this end, we 

studied the exhaustion, apoptosis, and effector function of the tumor-infiltrating CARTs. The 

PD1, LAG3, and Annexin-V staining showed that BBz CARTs were less exhausted and 

apoptotic than 28z CARTs and that low-avidity 8F8 CARTs were less exhausted and apoptotic 

than high-avidity GC33 CARTs (Fig.7A-B and fig.S12A). The 8F8-BBz and GC33-28z CART 

were the least and the most exhausted and apoptotic CARTs, respectively (Fig.7B). The loss of 

cytotoxicity function in the tumor was CART and time dependent (Fig.7C and fig.S12B). In 

agreement with their high exhaustion and apoptosis, 28z CARTs in tumor lost their killing 

activity faster than BBz CARTs. The low-affinity 8F8 CARTs retained effector function longer 

than GC33 CARTs. The tumor-infiltrating 8F8-BBz CART maintained substantial cytotoxicity 
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at time point of Day 21 after treatment when other CART’s function were completely lost or 

severely compromised (Fig.7C). In addition, the tumor-infiltrating CARTs were sorted and their 

gene expression profile was analyzed by bulk RNAseq. The gene profile data was in agreement 

with immunological data. Differential gene expression between 8F8 and GC33 CARTs were 

observed (Fig.7D and fig.S12C). The genes related to T cell exhaustion is lower in 8F8 than in 

GC33 CARTs. In contrast, expression of genes related to effector function, memory, and stem-

like memory were higher in 8F8 CARTs than in GC33 CARTs. In conclusion, more 8F8-BBz 

CARTs are found in the solid tumor lesions, they are less exhausted and apoptotic, and maintain 

better effector function than 8F8-28z and high-avidity GC33 CARTs.  

8F8 CARTs are less exhausted and apoptotic after in vitro co-culture with tumor cells 

We then conducted in vitro co-culture experiments to further study whether low-avidity 8F8 

CART is less exhausted than GC33 CART after engaging with target tumor cells (Fig.8A). 1) 

Our data showed that the % of CART decreased during their initial 1-3 days co-culture with 

HepG2 cells (Fig.8B). The decrease of 8F8 CART was mild compared to GC33 CART. This 

observation is in agreement with previous report that CART could be depleted by tumor cells 

(29). After 2-3 days, the % of CARTs began to recover and the 8F8 CART came back faster than 

GC33 CART. 2) Compared to GC33, the 8F8 CART was much less apoptotic after interacting 

with HepG2 cells (Fig.8C). The MFI of Annexin V on 8F8-BBz CART was 5 times lower than 

GC33-BBz CART. 3) The 8F8 CART also expressed less PD1 and LAG3. Both the % and MFI 

of PD1 and LAG3 were lower on 8F8 CART than on GC33 CART (Fig.8D). The LAG3 and 

PD1 double positive cells were less in 8F8 CART than GC33 CART (Fig.8E). 4) The 8F8 CART 

contained more CCR7 and CD62L double positive central memory cells and CD45RA and 

CD62L double positive naïve-like T cells after interacting with tumor cells (Fig.8F). The same 
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pattern of less apoptosis and exhaustion in 8F8-BBz CART was also observed in 8F8-28z CART 

than GC33-28z CART (fig.S13). The CART’s exhaustion and apoptosis were more severe when 

more tumor cells are present (fig.S13), further suggesting that the CART apoptosis and 

exhaustion are driven by antigen engagement and stimulation. In summary, the in vitro study 

supports in vivo findings and suggests the low-avidity CARTs are less prone to apoptosis and 

exhaustion and can preserve memory-like property, thus will persist in the presence of constant 

antigen stimulation in solid tumors to achieve stronger and durable antitumor effect. 
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Discussion  

In this study, we developed a low-affinity 8F8 mAb and created low-avidity CARTs. We 

found that, compared to high-avidity GC33 CARTs, the low-avidity 8F8-BBz CART generated 

enhanced expansion and persistence in vivo. More 8F8-BBz CARTs infiltrated into tumor 

lesions, resulting in potent and durable antitumor effects, which correlates to its resistance to 

exhaustion and maintenance of effector function in tumor lesions. As loss of effector function is 

one of the main obstacles to the success of immunotherapy, low-avidity CARTs with resistance 

to exhaustion may benefit a wide range of solid tumors. The findings made in this study may 

encourage more investigations to develop low-avidity CARTs that eventually lead to success of 

solid tumor therapy. 

The engagement avidity and duration likely determine the fate of both CARTs and tumor 

cells. The engagement avidity needs to reach certain level to kill tumor cells, but above a 

threshold does not increase CART efficacy (40), but instead may drive CART to exhaustion. The 

low-avidity CART with faster dissociation rate koff will easily disengage from tumor cells. Such 

“fly-kiss” style engagement may give CART a short break to avoid exhaustion and preserve its 

function inside tumor lesion. This is in consistent with recent reports that controlled CAR 

expression by synthetic Notch circuit (41, 42) only after engaging with tumor cells and transient 

inducible shut-off of CAR expression with drugs (43) enhanced CART’s persistence and 

antitumor effects. In both cases, CARTs have a break time to avoid exhaustion.  

ICD domains also affect CART activation (39). In addition to stronger signaling, we 

found that the 28z CAR bound 2 times more of antigen than BBz CAR. The stronger avidity and 

signaling of CD28z results in more severe exhaustion, apoptosis, and loss of effector function of 

28z CART than BBz CART. Among the 4 CARTs, GC33-28z CART has the highest avidity and 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2021. ; https://doi.org/10.1101/2021.07.09.451642doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.09.451642
http://creativecommons.org/licenses/by-nd/4.0/


 

17 
 

the highest exhaustion and apoptosis, and has the fastest loss of effector function. This data may 

explain why the antitumor efficacy of GC33-28z CART in clinical trial is low (25). As the CAR 

signaling strength above certain threshold may not be necessary but rather detrimental (44), 

CARs should be optimized by finely balancing the desired signaling strength, anti-tumor 

response, and potential risk of off-tumor toxicity. Lastly, affinity thresholds are likely not 

universal and depend on interconnected factors such as antigen densities on target cells, CAR 

expression levels, and binding epitope location (45, 46). Such efforts may inspire others to 

develop CARTs that have stronger resistance to antigen-driven exhaustion and apoptosis and 

maintain better effector function to treat solid tumors.  

High-avidity CARTs may generate a rapid antitumor response, but they are often short-

lived in tumor lesions, resulting in transient antitumor effects. Unless CARTs completely 

eradicate tumors before they are exhausted, tumors will relapse. On the other hand, the antitumor 

effects of low-avidity CARTs is slow, but their long survival and maintenance of effector 

function in the tumor lesion ensure them to have durable antitumor effects. However, we also 

found that, although the low-avidity 8F8-BBz CART significantly extended mouse survival, it 

did not eradicate large tumors (>22 day IP tumors). Thus, in addition to exhaustion-resistant low-

avidity CARTs, modulation of tumor microenvironment may be also critical to the success of 

solid cancer immunotherapy (47). The level of PD1 and LAG3 on tumor-infiltrating 8F8 CART 

is 2-3 fold lower than GC33 CARTs. The low-avidity CARTs stay in a “lightly exhausted” state 

(PDlo), and be prevented to become “deeply exhausted” (PDhi) (48) in the tumor. Previous 

reports showed that the effector function of this PDlo, but not PDhi T cells is reversible by 

checkpoint blockade (49). Thus, it will be interesting to study if combination of checkpoint 

blockade will further enhance the antitumor effects of low-avidity CARTs. GPC3 is detected in 
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~70% of HCC and 50% of squamous lung cancers, but is not detected in healthy tissues (50), the 

low-avidity 8F8-BBz CART should have a broad application and will likely generate better 

therapeutic effects in treating HCC and other hGPC3+ solid tumors. 
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