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Statement of Translational Relevance  

Chimeric antigen receptor-based T cell (CAR T) therapeutics have revolutionized the 

field of oncology. Despite early successes targeting hematological malignancies, substantial 

challenges limit application of CAR T therapy in solid tumors, in part due to the suppressive 

tumor microenvironment which drives T cell exhaustion and metabolic dysfunction. Glutamic-

oxaloacetic transaminase 2 (GOT2) is a mitochondrial enzyme in glutamine metabolism and 

contributes to cellular redox balance.  

Glypican-3 (GPC3) is an oncofetal tumor antigen with restricted expression on normal 

tissues and high prevalence in several solid tumors. We describe BOXR1030, a novel CAR T 

therapeutic co-expressing GPC3-targeted CAR and exogenous GOT2. Compared to T cells 

expressing CAR alone, BOXR1030 T cells demonstrated superior in vivo efficacy and have 

favorable attributes including enhanced cytokine production, a less-differentiated phenotype with 

lower expression of exhaustion markers, and an enhanced metabolic profile. These data support 

BOXR1030 as a potential treatment to explore in select solid tumor indications. 
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Abstract 

Purpose: The solid tumor microenvironment (TME) drives T cell dysfunction and inhibits the 

effectiveness of immunotherapies such as chimeric antigen receptor-based T cell (CAR T) cells. 

Early data has shown that modulation of T cell metabolism can improve intratumoral T cell 

function in preclinical models. 

Experimental Design: We evaluated GPC3 expression in human normal and tumor tissue 

specimens. We developed and evaluated BOXR1030, a novel CAR T therapeutic co-expressing 

glypican-3 (GPC3)-targeted CAR and exogenous glutamic-oxaloacetic transaminase 2 (GOT2) 

in terms of CAR T cell function both in vitro and in vivo.  

Results: Expression of tumor antigen GPC3 was observed by immunohistochemical staining in 

tumor biopsies from hepatocellular carcinoma, liposarcoma, squamous lung cancer, and Merkel 

cell carcinoma patients. Compared to control GPC3 CAR alone, BOXR1030 (GPC3-targeted 

CAR T cell that co-expressed GOT2) demonstrated superior in vivo efficacy in aggressive solid 

tumor xenograft models, and showed favorable attributes in vitro including an enhanced cytokine 

production profile, a less-differentiated T cell phenotype with lower expression of stress and 

exhaustion markers, an enhanced metabolic profile and increased proliferation in TME-like 

conditions.  

Conclusions: Together, these results demonstrated that co-expression of GOT2 can substantially 

improve the overall antitumor activity of CAR T cells by inducing broad changes in cellular 

function and phenotype. These data show that BOXR1030 is an attractive approach to targeting 

select solid tumors. To this end, BOXR1030 will be explored in the clinic to assess safety, dose-

finding, and preliminary efficacy (NCT05120271). 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2021. ; https://doi.org/10.1101/2021.11.17.469041doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.17.469041


  
 

  
 

5 

Introduction 

Chimeric antigen receptor-based T cell (CAR T) therapeutics have revolutionized the 

field of oncology, and have provided substantial benefits to heavily pretreated and treatment 

refractory patients(1). Despite early successes targeting hematological malignancies, substantial 

efficacy and safety challenges limit broad application of CAR T therapy in solid tumors(2–4). In 

the solid tumor microenvironment, CAR T efficacy is limited by cellular suppressive factors 

such as myeloid-derived suppressor cells, T-regulatory cells and inhibitory receptors (e.g. 

programmed-death-ligand 1 [PD-L1]) and non-cellular suppressive factors. Nutrient competition 

within the tumor microenvironment (TME) has been shown to limit the efficacy of checkpoint 

inhibitor therapies and cellular therapeutics such as CAR T therapy(5,6).  

Nutrient competition between tumor cells and T cells has been demonstrated to be a 

driving force for the development of T cell exhaustion in mouse models of cancer(7). Changes in 

T cell metabolism have been identified as an initial step in the development of T cell exhaustion 

in the TME(8). Dysfunctional T cells isolated from human tumors have been described to have 

broad metabolic defects in both glycolysis and mitochondrial activity(9). T cell metabolism is 

increasingly recognized as a key contributor to multiple aspects of T cell biology, influencing 

effector functions(10), differentiation state and memory formation(11,12), and survival(13). 

Thus, modulation of T cell metabolism could improve T cell function and potentially improve 

human CAR T cell therapy for cancer. 

Glutamic-oxaloacetic transaminase 2 (GOT2, formerly mitochondrial aspartate 

aminotransferase, mAspAT) is a mitochondrial enzyme that has an essential role in glutamine 

metabolism as part of the malate-aspartate shuttle. GOT2 catalyzes the production of alpha-

ketoglutarate (aKG) and aspartate from glutamate and oxaloacetic acid, feeding the TCA 
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(tricarboxylic acid, Krebs) cycle and contributes to the maintenance of cellular redox 

balance(14,15). Although little is known about the role of GOT2 in T cells, growing evidence 

suggests that GOT2 may be a key factor for optimal T cell activity. T cells from GOT2 knockout 

mice have impaired IFNγ production(16). In addition, both aKG and aspartate, metabolic 

products of the GOT2 enzymatic reaction, are involved in essential T cell processes including 

proliferation and differentiation(16,17). GOT2 is expressed in activated T cells(18), and protein 

expression is decreased in chronically stimulated T cells(19), which leads us to hypothesize that 

sustained over-expression of GOT2 may improve CAR T cell function within the solid TME. 

Glypican-3 (GPC3) is an oncofetal tumor antigen that is an attractive target for CAR T 

cell therapy due to its highly restricted expression on normal tissue and high prevalence in 

several adult and pediatric solid tumors(20). Glypicans are membrane-bound heparin sulfate 

proteoglycans, known to stimulate or inhibit growth factor activity and are expressed during 

development in a cell- and tissue-specific manner.   GPC3 is involved in regulation of cell 

proliferation and apoptosis in normal development during embryogenesis and expression is 

largely absent in normal adult tissues. Aberrant GPC3 expression is implicated in 

tumorigenesis(21–23), and GPC3-positive cancers including hepatocellular carcinomas (HCC), 

are characterized by a highly metabolic and immunosuppressive landscape(24), and exhaustion is 

a common feature of tumor-resident T cells(25).  

Here, we describe BOXR1030, a novel CAR T therapeutic co-expressing a GPC3-

targeted CAR and exogenous GOT2. GPC3 protein expression was observed in >30% of 

samples from patients with HCC, squamous cell carcinoma of the lung (SCC), Merkel cell 

carcinoma (MCC), and liposarcoma demonstrating its attractiveness as a CAR tumor antigen 

target. Compared to T cells expressing CAR alone, BOXR1030 T cells demonstrated superior in 
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vivo efficacy and have favorable attributes including an enhanced cytokine production profile, a 

less-differentiated phenotype with lower expression of exhaustion markers, and an enhanced 

metabolic profile. The data herein support the generation of a GPC3 targeted CAR for the 

treatment of select solid tumor indications and demonstrate that modulation of T cell metabolism 

is a promising new approach to improve CAR T cell therapy for the treatment of solid tumors. 
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Materials and Methods 

Ethics 

Peripheral blood mononuclear cells (PBMCs) from healthy male and female human donors were 

obtained from HemaCare. PBMCs were isolated from leukopaks collected in HemaCare’s FDA-

registered collection centers following cGMP and cGTP collection guidelines from IRB-

consented donors. All animal studies accounted for the minimal number of animals required for 

scientific rigor, and all studies were conducted in accordance with experimental protocols 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Unum 

Therapeutics and/or SOTIO, LLC. 

Chimeric Antigen Receptor Constructs and Virus Production 

The GPC3 CAR construct (CAR) utilized is composed of a humanized anti-GPC3 targeted single 

chain variable fragment, CD8-alpha transmembrane domain, and intracellular 4-1BB 

costimulatory and CD3-zeta signaling domains. The BOXR1030 expression constructs encode 

both the GPC3 CAR and GOT2, separated by a ribosomal porcine teschovirus 2A (P2A) self-

cleaving peptide sequence. Constructs were cloned into the γ-retroviral vector MP71(26). CAR 

and BOXR1030 encoding MP71 retroviral vector plasmids were transiently transfected into 

HEK293RTV cells along with packaging plasmids encoding Gag, Pol, and GaLV viral proteins. 

GaLV-pseudotyped retroviral supernatant was harvested, filtered, and frozen approximately 24 

and 36 hours after transfection. 

T Cell Transduction and Expansion 

CAR transduced T cells were generated using two methods. The first process generated research 

scale material, while the second process generated good manufacturing practice (GMP) 
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analogous material. GMP analogous material was used in the safety/biodistribution study, while 

research scale material was used in all other evaluations (Supplementary Data). 

Cell Lines and Additional Assays 

Cell line details along with methods for immunohistochemistry (IHC), real-time PCR analysis, 

Western blot analysis, flow cytometry, aspartate assay, RNA sequencing, and xenograft in vivo 

studies are in the Supplementary Data. 

GPC3 expression from public databases 

RNA-sequencing profile of GPC3 expression in patient tumors from selected indications were 

generated in whole by the TCGA (The Cancer Genome Atlas) Research Network. Data were 

accessed using the cBioPortal for Cancer Genomics hosted by the Center for Molecular 

Oncology at Memorial Sloan Kettering(27,28). Data for selected indications was downloaded 

from cBioPortal on January 8, 2021 and visualized using GraphPad Prism 9 software. mRNA 

expression is reported as RSEM (batch normalized from Illumina HiSeq_RNASeqV2) 

(log2(value + 1)). The RNA expression profile for GPC3 (ENSG00000147257.13) in normal 

human tissues was accessed from the Genome-Tissue Expression Project (GTEx) analysis 

release V8 (dbGaP Accession phs000424.v8.p2) on September 24, 2021 via the GTEx portal 

(https://gtexportal.org/home/). Data are reported as transcripts per million (TPM) and box plots 

are shown as the median and 25th and 75th percentiles. Points are displayed as outliers if values 

are greater than or less than 1.5 times the interquartile range.  

Statistical analyses 

Data Analysis and statistical comparisons were made using Prism 8 (GraphPad Software, San 

Diego, CA.). Statistical comparisons were determined by the nature of data and are specifically 

described within figure legends. In general, comparison between two groups were determined by 
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Student’s t tests, often paired for each donor. Multiple comparisons were performed by a one-

way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test post-hoc. 

Correlations were determined by Pearson’s test. Statistical methods for RNA-Seq analysis are 

described in the Supplementary Data.  Statistical significance was defined as p<0.05. 
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Results 

Expression profile of GPC3 in human normal and tumor tissue specimens 

GPC3 expression has been reported at very low levels in limited normal tissues (20). To 

confirm these results, GPC3 mRNA and protein expression was assessed in primary human non-

disease tissues. GPC3 mRNA expression profile was queried from the GTEx RNAseq database 

representing 54 tissue sites from ~1,000 patient samples via the GTEx portal. GPC3 mRNA was 

expressed at low levels predominantly in lung, adipose, tibial nerve, kidney and breast 

(Supplementary Figure 1A). GPC3 protein expression by IHC in a tissue microarray (TMA) 

(adipose and tibial nerve not represented) showed predominantly faint, cytoplasmic staining in a 

few tissues including heart, kidney and stomach and no expression in lung or breast (Figure 1A, 

Supplementary Data).  

GPC3 mRNA and protein expression was also assessed in primary human tumor samples 

for selected indications. RNAseq data profiling GPC3 expression in HCC, SCC, liposarcoma, 

colorectal adenocarcinoma (CRC), and serous ovarian cancers (OC) was accessed from the 

Cancer Genome Atlas Program (TCGA) and showed varying degrees of GPC mRNA expression 

(Supplementary Figure 1B). To determine the prevalence of GPC3 positive tumors, we 

performed GPC3 IHC staining of TMAs in the same indications (Supplementary Table 1A). No 

appreciable expression was observed in CRC or OC with <10% cases exhibiting an H-score ≥ 

30. However, HCC, SCC, and myxoid/round liposarcoma (MRCLS) samples in the TMAs 

showed appreciable levels of GPC3 expression (H-score ≥ 30) with >20% prevalence 

(Supplementary Table 1A).  Additionally, we performed IHC on 20-40 unique tumor samples for 

each of these four indications: HCC, SCC, liposarcoma, as well as, MCC(21). These additional 

results showed positive GPC3 staining (H-score ≥ 30) in >30% cases (Figure 1B, Supplementary 
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Table 1B). Overall, HCC, SCC, MRCLS, and MCC had a prevalence of 69%, 33%, 33%, and 

70% respectively. These data support the generation of an GPC3 targeted CAR for the treatment 

of these solid tumor indications. 

 

BOXR1030 T cells co-express exogenous GOT2 and a GPC3-targeted CAR 

We designed a 2nd generation CAR containing a humanized GPC3-targeting scFv, 4-1BB 

costimulatory domain, and a CD3ζ signaling domain. Codon optimized GOT2 was co-expressed 

in the same construct using a P2A sequence to evaluate the impact of modulation of T cell 

metabolism on CAR T cell function, referred to as BOXR1030 herein (Figure 2A).  

 BOXR1030 T cells or control T cells expressing the GPC3-targeting CAR alone, were 

generated by activating normal human donor PBMCs with anti-CD3 and anti-CD28 and 

transducing with gamma retrovirus. T cells were assessed after 10 days for CAR and GOT2 

transgene expression. GPC3 CAR was expressed at similar levels in both control CAR and 

BOXR1030 CD3+ T cells (Figure 2B and C). CAR expression was also equivalent in CD4+ and 

CD8+ T cell populations in both control and BOXR1030 T cells (Figure 2C). To distinguish 

between endogenous and exogenous GOT2, qRT-PCR primers were designed to specifically 

detect the wild-type and codon optimized GOT2 sequences. Endogenous GOT2 mRNA 

expression was detected at similar levels in both control CAR T cells and BOXR1030 cells, 

whereas exogenous GOT2 mRNA levels were only detected in BOXR1030 T cells and at levels 

significantly higher than endogenous GOT2 mRNA (Figure 2D).  

GOT2 protein levels were measured by Western blot. Because endogenous and 

exogenous protein have the same amino acid sequence, they are indistinguishable. Despite 

detecting high levels of mRNA expression in BOXR1030 T cells, there was no apparent 
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difference in protein expression at baseline compared to control CAR T cells (Supplementary 

Figure 2A). However, when T cells were stimulated with plate bound GPC3 antigen for six days, 

an increase in GOT2 protein expression was observed in a time dependent manner in BOXR1030 

T cells, while GOT2 expression in control CAR T cells remained unchanged (Supplementary 

Figure 2A).  Similarly, exogenous GOT2 mRNA expression increased in BOXR1030 T cells 

following stimulation and directly correlated with an increase in GPC3 CAR scFv mRNA 

expression (Supplementary Figure 2B-D). Taken together, these data demonstrate GPC3 CAR 

and GOT2 expression in BOXR1030 T cells that is maintained throughout 7 days post T cell 

activation. 

We next evaluated T cell phenotype in CD8+CAR+ and CD4+CAR+ T cells from 

BOXR1030 and control CAR T cells. CD45RA and CD27 are surface markers associated with T 

cell memory and differentiation state. BOXR1030 T cells had a greater frequency of 

CD8+CAR+ T cells with a less-differentiated naïve phenotype (CD45RA+CD27+) relative to 

control CAR T cells and corresponding decreases in more differentiated central memory 

(CD45RA-CD27+), effector memory (CD45RA-CD27-), and effector memory-like 

(CD45RA+CD27-) populations (Figure 2E). A similar, but less pronounced trend was observed 

in CD4+CAR+ T cells with a significant increase in the less-differentiated CD45RA+CD27+ 

population (Figure 2E). Taken together these results suggest that BOXR1030 T cells may have a 

less differentiated and therefore more favorable phenotype compared to T cells expressing CAR 

alone. 

 

Exogenous GOT2 overexpression enhances intracellular aspartate and aspartate 

aminotransferase (AST) activity 
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GOT2 catalyzes the production of aspartate and aKG (14,15) (Figure 3A). To confirm 

function of exogenously expressed GOT2, we measured aspartate and aKG levels in control 

CAR and BOXR1030 T cells. aKG levels were below the limits of detection of the assay (data 

not shown), however we were able to detect a significant increase in intracellular aspartate in 

BOXR1030 T cells relative to control CAR T cells (Figure 3B). AST enzymes include GOT1 

and GOT2 and catalyze the reversible conversion of oxaloacetate (OAA) and glutamate into 

aspartate and αKG, respectively. To further confirm activity of GOT2, BOXR1030 and CAR 

control T cells were activated with GPC3+ Hep3B target cells for 8 days to evaluate the 

contribution of GOT2 to AST activity. Although magnitude of activity varied between 

experiments, overall greater AST activity was observed in BOXR1030 T cells relative to controls 

(Figure 3C). In summation, exogenous expression of GOT2 in BOXR1030 T cells results in 

increased AST activity and intracellular aspartate consistent with an enhanced metabolic 

phenotype compared to T cells expressing CAR alone.  

  

BOXR1030 has enhanced in vitro activity under TME-like stress conditions 

In vitro activity of BOXR1030 and CAR control T cells was evaluated in co-culture with 

tumor cell lines. Cytokine secretion, cytotoxicity, and T cell proliferation were measured in 

response to a panel of cell lines expressing high, medium, and low levels of the GPC3 target 

antigen to determine whether in vitro activity was dependent on antigen expression level (Figure 

4A and B). BOXR1030 T cells performed similarly to control CAR T cells in all assays, 

indicating comparable CAR function in the presence of GOT2 transgene under standard in vitro 

assay conditions (Figure 4C-H). IFN-gamma release was observed against all target expressing 

cell lines regardless of high, medium, and low GPC3 expression levels (Figure 4C). IL-2, TNF-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2021. ; https://doi.org/10.1101/2021.11.17.469041doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.17.469041


  
 

  
 

15

alpha, and IL-17A release was observed with high and medium GPC3 expressing lines, and 

decreased levels were observed with the low GPC3 expressing target cell lines (OV90 and 

SNU398) (Figure 4D-F). PLC/PRF/5 cell line has overall low GPC3 expression, however 

expression is heterogenous in this cell line with populations ranging from negative to high 

expression (Figure 4B), which may explain higher levels of activity of response with this cell 

line.  

Based on the slightly different cell phenotypes observed in CD4+ and CD8+ BOXR1030 

cells (Figure 2E), we also evaluated the ability of CD4+ and CD8+ CAR+ T cells to produce 

TNF-α, IFN-γ, IL-2, and IL-17A following stimulation with GPC3+ target cells by intracellular 

cytokine staining. Relative to control CAR CD4+ T cells, we observed a significant increase in 

the proportion of BOXR1030 CD4+ T cells that produced IL-17A, IFN-γ, or TNF-α (Fig 4I). 

These changes were more pronounced within the CD4+ subset, and within the CD8+ subset, we 

observed no difference for either IFN-γ or IL-17A and a slight decrease in TNF-α+ and IL-2+ 

CD8+ BOXR1030 T cells (Fig 4I). This suggests increased numbers of pro-inflammatory Th1 

and Th17 CD4+ T cells which can, in addition to augmenting anti-tumor cytotoxic responses by 

CD8+ T cells, mediate direct anti-tumor activity by the production of cytokines (34,35). 

T cell cytolytic activity was comparable across all target antigen densities (Figure 4G), 

whereas T cell proliferation was greater in high and medium GPC3 expressing lines compared to 

low expressing lines (Figure 4H). A threshold of GPC3 expression for activation of BOXR1030 

T cells was not identified, however diminishing levels of activity were observed in low GPC3 

antigen cell lines. Importantly, no reactivity was observed against a panel of GPC3 negative cell 

lines confirming specificity of the GPC3 CAR for its target antigen (Supplementary Figure 3A-

E). 
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To further test BOXR1030 T cells in vitro, CAR T cells were assessed under conditions 

of chronic antigen stimulation in the presence of limited oxygen or nutrients to mimic the solid 

TME. BOXR1030 or control CAR T cells were co-cultured with either Hep3B or JHH7 target 

cells under TME-stress conditions and proliferation was measured by geometric mean 

fluorescence intensity of the intravital fluorescent dye, CellTrace Violet (CTV), where signal 

decreases with increased cell division. BOXR1030 T cells had consistently improved 

proliferation when restimulated with either Hep3G or JHH7 target cells under hypoxic conditions 

compared to control CAR T cells (Figure 5A). Similarly, BOXR1030 T cells also outperformed 

control CAR T cells in response to chronic stimulation in low glucose conditions (Figure 5B). 

Taken together, these data suggest that BOXR1030 T cells may have a proliferative advantage 

within the solid TME. 

Exogenous GOT2 overexpression alters the transcriptional profile of CAR T cells 

We next evaluated the transcriptional profile of BOXR1030 T cells compared to CAR T 

cells at baseline and 4 and 24 hours after stimulation with immobilized recombinant GPC3 

protein. T cell activation makers CD69, CD154 (CD40LG), IL2RA (CD25), and PDCD1 (PD1) 

mRNA were all elevated at 4 hours compared to baseline and returned to levels at or below 

baseline within 24 hours except for CD69 which remained elevated 24 hours post stimulation. 

There were no differences in expression of the selected activation markers between control CAR 

T cells and BOXR1030 T cells (Supplementary Figure 4A).   

Transcriptional differences were observed across time points following stimulation 

(Supplementary Table 3). Relative to the control CAR T cells, we observed significantly lower 

levels of genes involved in the response to cellular stress, notably HSP90AA1, HSPE1, HSPA1A, 

HSPB1 and the related genes AHSA1 and FKBP4 (Supplementary Figure 4B-E; and 
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Supplementary Table 3) at baseline and following activation. We also observed lower levels of 

the transcription factor TOX2 in BOXR1030 T cells relative to CAR T cells. TOX2 is a member 

of the TOX family of transcription factors which have recently been implicated in the 

development of T cell exhaustion, and knockout of TOX2 in T cells improved their antitumor 

activity and survival(29,30). Interestingly, we also observed down regulation of SOX4, which has 

been shown to be down regulated in TOX knockout T cells(29). These data suggest that 

BOXR1030 cells exhibit a transcription profile consistent with reduced cellular stress and 

exhaustion compared to control CAR T cells.  

We also observed increases in RNA levels of CD4+ T cell subset Th17 related genes 

such as IL-17A/F, as well as, CD8+ effector memory related genes such as chemokine receptor 

CX3CR1(31) in BOXR1030 cells. We extended our studies to evaluate BOXR1030 CD4+ and 

CD8+ T cell subsets separately. RNA levels of genes in the heat shock protein family and 

exhaustion related genes TOX2 and SOX4 were lower in both BOXR030 CD4+ and CD8+ T cell 

subsets (Supplementary Figure 4F and G; and Supplementary Table 2); however, select changes 

were restricted to a given T cell subset. For example, increases in IL-17A/F were restricted to the 

CD4+ subset, along with increased RORC which is a Th17 master transcription factor, 

implicating a possible enrichment of Th17 CD4+ T cell subsets in BOXR1030 T cells which is 

consistent with the previous intracellular cytokine staining data (Figure 4I). The significance of 

Th17 cells in anti-tumor responses has been complicated by conflicting reports.  However, in the 

context of adoptive cell therapy such as CAR T cells, Th17 cells have exhibited persistence in 

vivo, displayed resistance to activation-induced cell death, and possessed robust recall responses 

which could support a more potent anti-tumor response(32). 
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We next examined changes in pathways between CAR and BOXR1030 at baseline and 

after 4 hours of activation, using single sample gene set enrichment analysis (ssGSEA). 

Consistent with our differential gene expression analysis, we observed downregulation of 

pathways associated with responses to metabolic, environmental, and oxidative stress. Notably, 

we observed a reduction in the pathway enrichment for genes associated with protein refolding 

and mTOR signaling (Supplementary Figure 4H and I). mTOR serves as a central regulator of 

cell metabolism, survival and response to stress, and plays essential roles in T cell memory 

formation(33). Previous reports have shown that reduction in mTORC1 activity leads to 

decreased glycolysis and prevents T-cell differentiation which can result in less-differentiated 

stem cell memory T cell phenotypes(34). Taken together, gene expression changes imply that 

BOXR1030 T cells may have reduced levels of cellular stress and T cell exhaustion compared to 

CAR alone control T cells. 

 

GOT2-expressing CAR T cells have substantially improved in vivo antitumor activity associated 

with reduced inhibitory receptor expression 

 We next evaluated the in vivo efficacy of CAR T cells. In order to meaningfully compare 

control CAR and BOXR1030 T cells, we developed two stringent xenograft tumor model 

systems. Our first model system, Hep3B HCC xenograft model, evaluates the intrinsic ability of 

small numbers of CAR T cells to expand, function, and persist through chronic stimulation and 

has been termed an “in vivo stress test”(35). When low doses of 1 x 106 CAR-positive T cells 

were administered twice, the CAR has little to no antitumor activity (Figure 6A). In contrast, 1 x 

106 BOXR1030 given twice, led to sustained, durable regressions (~100 days) for all mice 

treated and was well-tolerated (Figure 6A). This improved antitumor activity was associated with 
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greater T cell expansion and long-term persistence of BOXR1030 T cells in the blood (Figure 

6C), an observation consistent with a less differentiated T cell phenotype and reduced T cell 

exhaustion. We also evaluated a JHH7 xenograft model with intrinsic resistance to CAR 

function. With 5 x 106 CAR+ cells administered weekly for 2 weeks, BOXR1030 demonstrated 

dose-dependent peripheral blood expansion and persistence (not shown) which correlated with 

antitumor activity against GPC3+ xenografts (Figure 6B).  

To better characterize the T cell response leading to improved activity of BOXR1030 T 

cells, we selected the JHH7 xenograft model based on pilot adoptive transfer studies where we 

observed a relatively large influx of T cells into the tumor in the CAR group, allowing sufficient 

recovery for flow cytometry analysis. Prolonged exposure to the solid tumor microenvironment 

leads to metabolic and functional T cell exhaustion, an inhibitory program that limits the efficacy 

of T cells in the TME(36). This functional exhaustion is often phenotypically marked by the 

upregulation and subsequent co-expression of multiple inhibitory receptors. To that end, we 

characterized PD-1 and TIM-3 (T cell immunoglobulin and mucin domain-containing protein 3) 

inhibitory receptor expression on tumor infiltrating T cells at an early (day 6 or 7) time point 

where upregulation of PD-1 and TIM-3 are expected with T cell activation, and at a late (day 13 

or 14) time point where co-expression of these receptors negatively regulate T cell activation and 

correlate with T cell exhaustion. BOXR1030 T cells demonstrated a higher frequency of CD4+ 

and CD8+ T cells co-expressing PD-1 and TIM-3 at the early time point, consistent with an 

activation phenotype (Figure 6D). At the later time point, CD8+ T cells of the BOXR1030 

group, and not CD4+ T cells, demonstrated a significant decrease in co-expression of PD-1 and 

TIM-3 (Figure 6D). Importantly, expression of PD-1 and TIM-3 on CD8+ T cells, as well as on 

CD4+ T cells, were positively correlated to tumor volume on day 14 and supports the concept 
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that sustained inhibitory receptor expression is associated with lack of antitumor activity. Taken 

together, limited expression of inhibitory receptors and sustained antitumor efficacy suggest that 

exogenous GOT2 overexpression may allow GPC3-targeted CAR T cells to resist T cell 

exhaustion when exposed to the solid tumor microenvironment.  

 

In vivo safety, pharmacokinetics and biodistribution of BOXR1030 

A non-GLP (Good Laboratory Practice) safety and biodistribution study of GMP-

analogous BOXR1030 was conducted at Charles River Research Laboratories (Durham, N.C.). 

Mice bearing established subcutaneous JHH7 GPC3+ xenografts were treated with a dose of 5 x 

106 BOXR1030+ T cells on days 1 and 8. There was no indication of toxicity; hematology and 

clinical chemistry values were in normal range, and no tissue toxicity was detected by 

histopathologic analysis (data not shown). Peripheral blood pharmacokinetics analyzed by flow 

cytometry show a peak of circulating BOXR1030+ T cells at day 15 (~50 cells/uL blood) with 

about a 5-fold decrease in circulating BOXR1030+ T cells (~10 cells/uL) by day 45 (data not 

shown). Next, we evaluated tissue distribution of BOXR1030+ T cells was analyzed by qPCR, 

expressed as copies per 100 ng extracted DNA. Minimal BOXR1030+ T cells were detected in 

brain, heart, kidney and ovaries with reduced counts at the later time point, with an average of 

708 copies/100 ng DNA at day 15 and 368 copies/100 ng DNA on day 45. The more highly 

vascularized tissue group (liver, lung and spleen) had a greater distribution of BOXR1030+ T 

cells, which also demonstrated clearance over the time points with an average of 11,716 

copies/100 ng DNA at day 15 and 6,840 copies/100 ng DNA on day 45. BOXR1030+ T cells 

were target specific, with approximately 10-fold higher accumulation in tumor tissue compared 

to the liver, spleen, and lung on day 15 (average 112,963 copies/100 ng tumor DNA). Only one 
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animal had tumor tissue on day 45, and copy number in the tumor tissue at that time was 

comparable to liver, lung and spleen. Figure 6E shows BOXR1030+ T cells tissue and tumor 

distribution at day 15 and 45 post treatment. 

The diminishing counts of BOXR1030 in tissue and blood over the time course of the 

study demonstrate that BOXR1030 does not continue to expand in the absence of GPC3+ target, 

supporting the target specificity and absence of antigen-uncoupled proliferation of BOXR1030. 

Thus, there was no indication of toxicity due to BOXR1030, and there was no indication of off-

target expansion in normal mouse tissues. BOXR1030 expansion in GPC3+ tumor tissues was 

observed, demonstrating the target-specificity of BOXR1030.  
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Discussion 

In this study, we characterize BOXR1030 cells expressing GPC3-targeted CAR and 

GOT2 for the treatment of solid tumor indications and demonstrate that modulation of T cell 

metabolism can improve CAR T function in an immunosuppressive TME. GPC3 target 

expression analysis shows protein was expressed in >30% of cases in HCC, SCC, MRCLS and 

MCC solid tumor indications, and where applicable is consistent with mRNA expression in these 

indications. Normal tissue mRNA expression is consistently low across nearly all tissues 

assessed, with highest levels noted in lung, adipose, and tibial nerve; however, GPC3 protein 

expression by IHC confirms low and predominantly cytoplasmic localization in normal tissues 

making GPC3 an attractive CAR tumor antigen target. 

Solid tumors are characterized by a highly metabolic and immunosuppressive 

microenvironment(24), and T cell exhaustion is a common feature of tumor-infiltrating T 

cells(25).  Loss of oxidative metabolism due to reduced mitochondrial biogenesis in T cells 

within the TME has been observed (36). In addition, direct ligation of PD-1 on T cells can lead 

to broad metabolic reprogramming associated with impairment in glycolysis and amino acid 

metabolism(37).  Activated T cells require large amounts of glucose(38) and amino acids to 

support biosynthesis and proliferation (10,13,16,39). Competition for nutrients within the TME 

has been described as a primary factor resulting in loss of T cell function(7). Thus, metabolic 

impairment is emerging as a key mechanism of T cell immunosuppression exhaustion within the 

TME.  

GOT2 is a well-described mitochondrial enzyme that supports several aspects of cellular 

metabolism. It is expressed in activated T cells(18), and is downregulated in chronically 

stimulated T cells(19). In this study, we tested the effect of overexpression of exogenous GOT2 
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in combination with GPC3 CAR (BOXR1030 T cells) on in vitro and in vivo CAR T cell 

phenotype and function compared to GPC3 CAR control T cells. BOXR1030 T cells had 

increased levels of aspartate and AST activity confirming GOT2 functionality in these cells. In 

comparing BOXR1030 cells to CAR alone control cells, overall cytokine production, 

proliferation, and cytotoxicity under standard conditions were similar in vitro. However 

transcriptomic and intracellular protein analysis showed increased levels of Th1/Th17 related 

cytokines (IFNγ+, IL-17+) in CD4+ T cells expressing BOXR1030 compared to control CAR 

cells suggesting enhanced cytokine production profile in vitro. The differences in cytokine 

results by intracellular protein staining and ELISA bulk protein analysis may be due to masking 

of subset-specific differences in overall T cell secreted protein levels or the different timepoints 

assessed. Increased IFNγ and IL-17 expression suggests enrichment of Th1/Th17 in BOXR1030 

cells which could support a more potent anti-tumor response(32). The GOT2 byproduct aKG has 

been reported to preferentially expand either Th1(12) or Th17(40) T cells through epigenetic 

modulation of gene expression. In addition, BOXR1030 cells had a less differentiated CD27+ 

CD45RA+ phenotype which can improve in vivo persistence, while also demonstrating superior 

anti-GPC3 function in vitro in TME-like conditions (hypoxia, low glucose, and chronic 

stimulation). Transcriptomic analysis of BOXR1030 cells also illustrated reduced expression of 

pathways associated with cellular stress such as protein refolding and mTOR signaling compared 

to CAR control only cells. Reduced cell stress and exhaustion, enhanced production of cytokines 

and a less-differentiated phenotype have been shown to be associated with activity of CAR T 

therapies and are likely key mechanistic changes responsible for the improved antitumor activity 

of BOXR1030 T cells relative to CAR T cells.  
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In vivo, we observed improved anti-tumor activity in two xenograft models associated 

with enhanced BOXR1030 expansion and persistence compared to control CAR T cells. 

Significantly reduced levels of PD-1 and TIM-3 expression were also observed on tumor-

infiltrating BOXR1030 T cells—a key readout associated with tumor volume in our models. We 

also did not observe any indication of toxicity or off-target expansion of BOXR1030 in normal 

mouse tissues, while target-specificity of BOXR1030 was observed with expansion in the 

GPC3+ tumor tissues. 

Here, we demonstrated a mechanistic role for exogenous expression of GOT2 in the 

improvement of CAR T cell metabolism that was associated with changes in T cell phenotype, 

cytokine profile, and transcriptional profile in vitro leading to reduced long-term exhaustion 

marker expression and substantially improved antitumor efficacy of a GPC3 CAR in aggressive 

solid tumor xenograft models. Together, these data show that BOXR1030 is an attractive 

approach to targeting select solid tumors. To this end, BOXR1030 will be explored in the clinic 

to assess safety, dose-finding, and preliminary efficacy (NCT05120271). 
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Figure 1. GPC3 target expression in human normal and tumor tissues by IHC. (A) Immunohistochemical

staining of normal healthy TMA for GPC3 expression. Representative images (20x magnification) of different

organs with different levels of GPC3 are shown (B) IHC staining of tissues from hepatocellular carcinoma

(HCC), squamous cell lung cancer (SCC), Merkel cell carcinoma (MCC) and liposarcoma patients for GPC3

expression. Representative images (20x magnification) show samples with different levels of GPC3 (and H-

scores).
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Figure 2. Co-expression of GPC3-targeted CAR with exogenous GOT2 in BOXR1030 T 
cells (A) Depiction of expression construct and domains for the GPC3 CAR and BOXR1030 
used in studies. (B) Representative surface expression of the anti-GPC3 scFv following 
transduction, measured on day 9 by flow cytometry from a single donor. (C) Summarized CAR 
expression by flow cytometry for n=5 healthy donors. (D) mRNA copy number of endogenous 
and exogenous (codon optimized) GOT2 measured by qPCR (n= 3 donors). (E) The frequency of 
CD45RA+ CD27+, CD45RA+ CD27-, CD45RA- CD27+, and CD45RA- CD27- T cells in the 
indicated subsets at baseline (n=11 healthy donors; no stimulation). P-values were determined by 
paired t-test. Data represented as mean+/- standard deviation (SD).
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Figure 3. AST enzymatic activity in BOXR1030 CAR T cells. (A) Schematic describing the 
role of GOT2 in mitochondrial conversion of glutamate to aKG and OAA to aspartate. Image 
created with biorender.com. (B) Intracellular aspartate levels were measured using a plate-based 
colorimetric assay comparing BOXR1030 and control CAR T cells under non-stimulated 
conditions. (C) BOXR1030 and control CAR T cells were activated for 8 hours with GPC3+ 
Hep3B target cells and evaluated for AST activity. Data represented as mean +/- SD of two 
technical replicates
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Figure 4. In vitro BOXR1030 activity. (A) Expression of GPC3 target antigen on target cell lines 
were measured by flow cytometry and represented as median fluorescence intensity (MFI). (B) 
Histogram plots of GPC3 MFI for selected cell lines. (C-F) T cell cytokine release of BOXR1030 
and control CAR T cells was measured by ELISA following co-culture with target cell lines for 
24 hours. Results for IFN-g (C) and IL-2 (D) are the averages across 3 donors, and error bars 
indicate SD. Results for TNF-a (E) and IL-17A (F) are for a single donor, and error bars indicate 
SD between technical replicates. (G) Target cell cytotoxicity was measured with a luciferase-based 
assay, and percent cytotoxicity was normalized to samples treated with untransduced T cells 
following 24 hours of co-culture (n=3 donors, error bars indicate SD). (H) T cell proliferation was 
evaluated after a 7 day incubation with target cell lines. CAR+ T cell counts were measured by 
flow cytometry. (n= 3 donors, error bars indicate SD). (I) Intracellular cytokine levels were 
measured by flow cytometry in CD4+ and CD8+ T cells (n=10, error bars indicate SEM)
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Figure 5. In vitro activity of BOXR1030 under conditions simulating the solid tumor 
microenvironment. BOXR1030 or control CAR T cells were repeat stimulated with GPC3+ 
target cell lines on day 0 and on day 7 in hypoxic conditions (A) or low glucose conditions (B).   
(A and B) The gMFI of CellTrace Violet (CTV) was measured for BOXR1030 and control CAR 
stimulated with target cells in the indicated culture conditions and proliferation was plotted as 
1/gMFI. (n=5 for JHH7 stimulated conditions and n=11 for Hep3B stimulated conditions, 
statistical analysis was performed using a 2-tailed paired t-test, and p-values <0.05 were 
considered statistically significant).
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Figure 6. In vivo anti-tumor activity of BOXR1030 T cells. (A) Hep3B tumor-bearing NSG 
mice were treated with two doses of 2 x 106 CAR+ control or BOXR1030 T cells (dosing days 
indicated by arrows) and tumor volumes were measured over the course of 110 days.  (B) JHH7 
tumor-bearing mice were treated with two doses of 5 x 106 CAR+ control or BOXR1030 T cells 
(dosing days indicated by arrows) and tumor volumes were measured out to 50 days. (C) CAR+ T 
cells were measured in peripheral blood of Hep3G tumor bearing mice on days 15, 25, 40 and 60 
post T cell treatment and data are reported as counts per ul of blood. (D) Percent 
PD1+TIM3+CD4+ and PD1+TIM3+CD8+ tumor infiltrating T cells were measured by FACS on 
days 7 and 14 following T cell administration. (E) Biodistribution of BOXR1030 T cells was 
measured in mouse tissues by qPCR at days 15 and 45 post treatment. Data are reported as 
BOXR1030 copies / 100ng DNA.
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Supplementary Figure 1. GPC3 mRNA expression in human normal and tumor tissues. (A) GPC3 mRNA
expression in normal tissues was analyzed from the GTEx RNAseq database. Data are shown as transcripts per
million (TPM) and tissues are rank-ordered by median expression. (B) GPC3 mRNA expression in selected tumor
indications was analyzed from the TCGA RNAseq database and data are shown as RSEM.
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Supplementary Figure 2. CAR and GOT2 expression following antigen stimulation Control 
and BOXR1030 T cells were stimulated with plate bound GPC3 antigen over the course of 7 days. 
(A) GOT2 protein expression was measured by western blot and GAPDH serves as a loading 
control. (B) Exogenous GOT2 mRNA and (C) GPC3 CAR scFv mRNA were measured by qPCR. 
(D) Correlation plot comparing GPC3 scFv mRNA expression and GOT2 transgene mRNA 
expression (all data are from a single representative donor).
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Supplementary Figure 3. Specificity of GPC3 CAR (A) GPC3 target expression was measured 
by flow cytometry for several antigen negative cell lines. (B-E) Control CAR or BOXR1030 T 
cells were cocultured with a panel of antigen negative cell lines and (B) IFNg and (C) IL-2 cytokine 
secretion were measured by ELISA and cytotoxicity (D) and proliferation (E) were measured to 
confirm specificity for the target. HEPG2 cells served as a positive control. 
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Supplementary Figure 4. RNAseq analysis of BOXR1030 T cells. BOXR1030 or control CAR 
T cells were stimulated for 0, 4 or 24hrs with plate-bound GPC3 antigen and assessed for global 
changes in RNA expression by RNAseq. (A) RNA expression of activation makers CD69, 
CD154(CD40LG), IL2RA(CD25) and PDCD1(PD1) following stimulation for 4 and 24 hours.
Data are represented as log2 fold change from baseline (time 0, unstimulated). (B-D) Differential 
gene expression at (B) baseline (C) 4 hours and (D) 24 hours represented as volcano plots 
comparing log fold change BOXR1030 relative to control CAR T cells. (E) Selected genes from 
B-D plotted in bar graph format. (F,G) Differential gene expression in CD4 (F) and CD8 (G) T 
cell populations following 4 hours of antigen stimulation. Data are plotted as log fold change 
BOXR1030 T cells relative to control T cells for each subset. (H, I) Gene set enrichment score for 
(H) protein refolding and (I) mTORC1 signaling for control CAR and BOXR1030 unstimulated 
and stimulated (4 h) cells. (n=2 donors, 3 technical repeats for each condition and each donor).
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TMA indication Number of cases Number of cases with H score ≥ 30

HCC 70 51

Lung cancer 75
(10 small cell undifferentiated carcinoma, 
33 squamous cell carcinoma, 
32 adenocarcinoma)

Only scored squamous cell carcinoma
9

Liposarcoma 80
(30 pleiomorphic liposarcoma, 
25 cases of myxoid/round liposarcoma, 
15 well-differentiated liposarcoma
10 other liposarcomas)

11 all liposarcoma
8 (myxoid/round liposarcoma only)

Ovarian cancer 77
(15 cases of cystadenoma
31 serous carcinoma, 
6 mucinous adenocarcinoma, 
10 endometrioid adenocarcinoma 
15 others on ovarian cancer progression spectrum)

Only scored serous ovarian cancer
2 (serous ovarian cancer)

Colon adenocarcinoma 80 0

Supplementary Table 1. Summary of TMA IHC Staining.
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Supplementary Table 2. Summary of Tissue Section IHC Staining.

Indication Number of 
cases

Number of cases 
with H score ≥ 30

HCC 40 25

SCC 40 15

Liposarcoma (MRCLS) 40 (20) 12 (7)

MCC 20 14
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