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ABSTRACT
Expressed by cancer stem cells of various epithelial cell origins and hepatocellular carcinoma (HCC), 
CD133 is an attractive therapeutic target for HCC. The marker CD133 is highly expressed in endothelial 
progenitor cells (EPC). EPCs circulate in increased numbers in the peripheral blood of patients with highly 
vascularized HCC and contribute to angiogenesis and neovascularization. This phase II study investigated 
CD133-directed chimeric antigen receptor (CAR) T (CART-133) cells in adults with HCC. Patients with 
histologically confirmed and measurable advanced HCC and adequate hematologic, hepatic, and renal 
functions received CART-133 cell infusions. The primary endpoints were safety in phase I and progression- 
free survival (PFS) and overall survival (OS) in phase II. Other endpoints included biomarkers for CART- 
133 T cell therapy. Between June 1, 2015, and September 1, 2017, this study enrolled 21 patients who 
subsequently received CART-133 T cells across phases I and II. The median OS was 12 months (95% CI, 
9.3–15.3 months) and the median PFS was 6.8 months (95% CI, 4.3–8.4 months). Of 21 evaluable patients, 
1 had a partial response, 14 had stable disease for 2 to 16.3 months, and 6 progressed after T-cell infusion. 
The most common high-grade adverse event was hyperbilirubinemia. Outcome was correlated with the 
baseline levels of vascular endothelial growth factor (VEGF), soluble VEGF receptor 2 (sVEGFR2), stromal 
cell-derived factor (SDF)-1, and EPC counts. Changes in EPC counts, VEGF, SDF-1, sVEGFR2, and interferon 
(IFN)-γ after cell infusion were associated with survival. In patients with previously treated advanced HCC, 
CART-133 cell therapy demonstrates promising antitumor activity and a manageable safety profile. We 
identified early changes in circulating molecules as potential biomarkers of response to CART-133 cells. 
The predictive value of these proangiogenic and inflammatory factors as potential biomarkers of CART- 
133 cell therapy in HCC will be explored in prospective trials. This study is registered at ClinicalTrials.gov 
(NCT02541370)
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Introduction

Hepatocellular carcinoma (HCC) is the second most common 
cause of cancer-related death globally; It causes nearly 
one million deaths of patients every year, and 50% of the 
world’s new HCC patients each year come from China.1 

Despite some systemic therapy has improved the survival of 
patients with advanced HCC,2 the outcomes of most patients 
remain poor.3–7 Thus additional treatment options for 
advanced HCC are clearly needed.

One characteristic feature of HCC is abundant angiogenesis 
and tumor neovascularization. Emerging evidence supports the 
role of angiogenesis in hepatocarcinogenesis and suggests the 
potential for inhibiting this pathway as a therapeutic strategy in 
HCC.8–11 Tumor angiogenesis is dependent on the recruitment 
and proliferation of endothelial cells from surrounding existing 

vessels or the systemic mobilization of bone marrow-derived 
endothelial progenitor cells (EPCs), which home to sites of 
angiogenesis.12–14 In the clinic, the numbers of circulating 
EPCs are positively correlated with the advanced, invasive stages 
of HCC,13,15,16 and mobilized EPCs participate in HCC 
vasculogenesis.16,17 A reduced number of circulating EPCs 
after CART-133 cell therapy may indicate a better clinical 
outcome.

CD133 is frequently expressed in HCC,18–20 and CD133 
overexpression in HCC often corresponds with a poor patient 
outcome.21,22 Moreover, CD133 is considered a cancer stem 
cell marker and a more specific EPC marker.23–25 Therefore, 
CD133 is a novel and promising target in the treatment of 
HCC, and several drugs have been developed to selectively 
target CD133.26 The present study is a phase II, open-label, 
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single-arm prospective examination of the effect of CD133- 
directed chimeric antigen receptor (CAR) T (CART-133) 
cells in patients with advanced HCC.

Methods

Study design

This was a single-center, open-label, phase II clinical trial 
(ClinicalTrials.gov identified, NCT02541370) at the Chinese 
PLA General Hospital. The study protocols were approved by 
the institutional review board at the Chinese PLA General 
Hospital, and the patients provided written informed consent. 
This clinical investigation was conducted in accordance with 
good clinical practice and the Declaration of Helsinki. There 
was no commercial support for this study.

Patients were treated with 0.5 × 106 to 2 × 106 auto-
logous CAR T cells per kilogram of body weight. The dose 
was selected based on the previous dose escalation study. 
Patients were eligible to receive an additional cell treatment 
cycle unless there were new tumor lesions or intolerable 
toxicities. The second treatment cycle was performed at 
least 4 weeks after the first infusion. The initial results 
from the first 14 patients treated in this study were pre-
viously published.27 The current report describes the 
longer-term clinical outcomes of these patients and an 
additional 7 treated subjects.

Computed tomography (CT) with contrast or magnetic 
resonance imaging (MRI) was used to assess the tumor 
response to treatment 1 month after the cell infusion 
according to the Response Evaluation Criteria in Solid 
Tumors (RECIST) version 1.1. Adverse events were graded 
in accordance with the National Cancer Institute (NCI) 
Common Terminology Criteria for Adverse Events 
(CTCAE) version 5.0, and the causal association with 
study drug was determined by the investigators. Cytokine 
release syndrome (CRS) graded and managed based on 
a previous report by Lee et al.28

Patient eligibility

Eligible patients were at least 18-y old and had biopsy-proven 
HCC that was not amenable to curative treatment. Eligible 
patients showed disease progression after at least one systemic 
treatment for HCC. Primary exclusion criteria were severe organ 
dysfunction, a history of, or active systemic autoimmune/immu-
nodeficiency disease, and a treatment history of immunosuppres-
sive agents or glucocorticoids within a month of the study 
enrollment.

Study objectives

The primary endpoint of this study was progression-free sur-
vival (PFS). Secondary objectives were overall survival and 
safety and tolerability using the NCI CTCAE version 5.0. 
Exploratory efficacy endpoints were to evaluate the ability of 
biomarkers to predict PFS and OS.

CAR T cell production

CAR T cells were produced by directly adding the anti-CD3 
monoclonal antibody OKT3 to whole PBMCs suspended in 
culture medium containing interleukin (IL)-2 as described in 
previously.27 Lentiviral transduction was performed as 
described.27

Correlative studies

Peripheral blood (PB) was obtained from all enrolled patients to 
evaluate early changes in circulating proangiogenic and proin-
flammatory molecules and cells. We characterized live EPC by 
exclusion of a viability dye and a CD45low CD146+ CD133+ CD31+ 

CD34+ phenotype.29 Blood samples were collected in EDTA- 
containing tubes before cell therapy 7 and 14 d after the first cell 
infusion. bFGF, PDGF BB, sVEGFR-2, VEGF, and SDF-1 levels 
were measured using commercially available sandwich enzyme- 
linked immunosorbent assays (R&D Systems, Minneapolis, MN). 
Biomarker levels measured on quantitative scales were log- 
transformed and changes were calculated as the ratios of on- 
study to baseline values.

Statistical analyses

Published historical outcomes of recurrent HCC included 
a median PFS of 5.2 months and a median OS of 
10.2 months.4 This phase II study was designed to detect an 
increase in 6-months PFS from 40% to 50%.

Changes in biomarker levels, expressed as ratios of on-study 
to baseline values, were tested using exact paired Wilcoxon test. 
Survival curves were estimated using the Kaplan–Meier 
method. Associations of biomarkers with OS and PFS were 
assessed using univariate Cox regression models. The safety, 
tolerability, and adverse events were summarized using 
descriptive statistics. Statistical analysis was performed with 
SPSS (IBM Statistics, version 25.0). A two-side P value of less 
than 0.05 indicates statistical significance.

Results

Demographics

Baseline characteristics of the enrolled patients are summar-
ized in Table 1 and Supplement Table 1. All patients had 
received prior systemic therapy including 16 patients who 
had received prior sorafenib. Three patients (14.3%) had 
stage III disease and 18 patients (85.7%) had stage IV disease. 
Nine patients (42.9%) had Child-Pugh score A and 12 (57.1%) 
had a Child-Pugh B. All patients had BCLC stage C.

Safety and in vivo detection of CAR T cells

Twenty-one patients received a total of 39 infusions, with 9 
patients receiving multiple infusions (Supplement Table 2). 
Grade 3 toxicities lasting 3 weeks with hyperbilirubinemia (direct 
bilirubin) occurred in four patients who had an obstructed of the 
biliary tract accompanied and a high bilirubin before cell infusion. 
All adverse events are summarized in Table 2. Hematologic 
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toxicities generally occurred 3 to 5 d after cell infusion and self- 
resolved within 1 week. The highest frequency of CART-133 cells 
was observed between 7 and 21 d after infusion in nearly all 
patients. As previously reported,27 PCR signals derived from 
CAR T cells were declined by 8 weeks after infusion; 10 of 13 
samples were positive at 3 months, 8 of 10 samples were positive at 
6 months, 5 of 6 samples were positive at 9 months, 2 of 4 samples 
were positive at 12 months, and no samples were positive at 18 or 
24 months. These results indicate that CART-133 cells can persist 
at a low frequency for 1 y (Figure. S1).

Outcome

As of the cutoff date of Oct 1, 2019, 21 patients assessable for 
activity in phase 2 were followed up. One (4.8%; patient 8) had 
a partial response, and 14 (66.7%) had a stable disease after the 
first cell infusion. For the entire study cohort, the median PFS 
was 6.8 months ((95% CI, 4.3–8.4 months) (Figure 1(a)), and 
the median OS was 12 months (95% CI, 9.3–15.3 months) after 
the first CART-133 cell infusion (Figure 1(b)).

Correlative studies

In line with the result of a previous study,27 there was a significant 
increase in the level of tumor necrosis factor-alpha (TNF-α), 
interleukin (IL)-6, and IFN-γ at 1 and 2 weeks after the first cell 

infusion (Figure S2, Table 3). During the first 4 weeks of treatment, 
VEGF and SDF-1 levels significantly increased from baseline, 
whereas sVEGFR2 and PDGF BB levels and EPCs count signifi-
cantly decreased (Table 3).

At baseline, higher plasma levels of sVEGFR2 and SDF-1 
were significantly correlated with a longer OS and the higher 
EPC counts were significantly correlated with a shorter OS 
after the first cell infusion. In addition, a higher VEGF level 
was significantly correlated with a longer OS and PFS (Table 4). 
The association between CART-133 cell treatment outcome 
measures (OS and PFS) and biomarkers was explored based 
on baseline levels and early changes. The extent of the increase 
in SDF-1 and EPC counts was significantly associated with 
longer OS. The smaller the decrease in sVEGFR2 was the 
longer OS (Table 4). In addition, PFS was directly associated 
with changes in circulating VEGF, whereas PFS was inversely 
associated with changes in IFN-γ (Table 4). None of the other 
serum markers, including free PDGF BB, IL-6, and IL-8, 
showed any correlation with PFS or OS (data not shown).

Discussion

The result from this phase II study provides preliminary evi-
dence that CART-133 cells have antitumor activity and 
a manageable safety profile in advanced HCC. The median 
OS was 12 months, and the median PFS was 6.8 months, 
which are an encouraging findings for this advanced-stage 
population with a high incidence of extrahepatic disease and 
prior local treatment. In addition, the data support the man-
ageable safety profile of CART-133 cells.

Chimeric antigen receptor T-cell therapies are an attractive 
strategy to improve the outcomes of patients with HCC. Our 
findings agree with those of two other studies, in which T cells 
modified with an anti-CEA CAR were shown to be safe in 
patients with HCC without significant adverse effects and to 
produce objective tumor responses.30,31 However, our studies 
demonstrated that CART-133 cell therapy improved the clin-
ical outcomes of patients with advanced HCC compared with 
the treatment regimen in these two previous studies. The 
difference in the observed outcomes may be a result of several 
factors. In this study, we used CD133 as the target, adminis-
tered a higher maximum dose of cells, observed CAR T cell 
expansion, and used the CD137 signaling domain.

CD133 is currently the most mature surface marker on EPCs,25 

which circulate in increased numbers in the PB of patients with 
highly vascularized HCC and contribute to angiogenesis and 
neovascularization.32 Antiangiogenic therapy has become 
a standard and widely used treatment modality for cancers, but 
inducing a prolonged OS with angiostatic or vascular targeted 
drugs is still a challenge;33 antigangiogenesis strategies are not 
efficient and appear to be prone to drug-induced resistance, as 
the most prominent targets are the tumor cells themselves.34 

Therefore, we posit that a better strategy would be to directly target 
not only the tumor cells but also the vascular lining through 
specific EPC markers. In agreement with this hypothesis, we 
observed a marked decrease in the number of EPCs after cell 
infusion, and a lower number of EPCs after the first cell infusion 
indicated a longer PFS. Targeting CAR T cells toward the tumor 
vasculature of solid tumors rather than the tumor directly may 

Table 1. Clinical characteristics of patients.

Characteristic No. of patients %

Total no. of patients 21 100
Sex
Male 18 85.7
Female 3 14.2
Age, year
Median 53
Range 36–66
ECOG performance status
0 5 23.8
1 4 19
2 12 57.1
Child-Pugh score
A 9 42.9
B 12 57.1
BCLC stage
C(advanced) 21 100
Disease stage
III 3 14.3
IV 18 85.7
Previous therapy
Surgical resection 11 53.4
Chemoembolization 19 90.5
Radiation therapy 9 42.9
Systemic therapy 21 100
Sorafenib 16 77.8

Table 2. Adverse events within the first 4 weeks after CART-133 cell infusion.

Adverse events
No. (%) of patients (N = 21) 

Grade 2 Grade 3 Grade 4

Nausea 3(14.3) 0 0
Anemia 2(9.5) 2(9.5) 0
Thrombocytopenia 3(14.3) 0 0
Hyperbilirubinemia 0 4(19) 0
Hypotesion 2(9.5) 0 0
Constipation 1(4.8) 0 0
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Figure 1. Kaplan-Meier estimates of progression-free and overall survival. (a) Progression-free survival. (b) Overall survival.

Table 3. Evolution of biomarkers on CART-133 treatment.

Plasma Biomarker Baseline D 7 D 14

VEGF 319.06(78.8–847.79) 868(110.51–2164.68) 892.05(140.81–2599.69)
p N/A 0.001 0.007
sVEGFR2 5715.625(2334.54–8483.41) 6106.279(2886.39–8272.27) 5252.74(3025.47–6988.43)
p N/A 0.112 0.02
SDF-1 1625.745(1300.32–2019.64) 1768.425(1517.65–2658.47) 1655.455(1301.68–2217.48)
p N/A ﹤0.0001 0.267
bFGF 21.01(13.74–157.95) 22.42(9.47–140.14) 37.05(13.57–138.69)
p N/A 0.133 0.459
PDGF BB 260.51(120.6–348.53) 241.17(111.78–333.47) 253.26(118.62–317.62)
p N/A 0.043 0.122
EPC 109.77(47.62–179.69) 45.055(27.65–119.57) 13.11(1.97–92.37)
p N/A 0.001 ﹤0.0001
IFN-γ 6.01(3.87–8.07) 6.42(5.05–22.57) 6.83(5.24–27.87)
p N/A 0.01 0.01

VEGF, vascular endothelial growth factor; sVEGFR, soluble form of VEGF receptors; SDF-1, stromal cell–derived factor-1; bFGF, fibroblast growth 
factor; PDFG, platelet-derived growth factor; EPCs, endothelial progenitor cells; IFN, interferon. P values are from exact one-sample Wilcoxon 
test. Data are shown as median concentrations and interquartile ranges in pg/mL in plasma for biomarkers. Significant changes in 
biomarkers are shown in bold. N = 18.
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serve as another method to target multiple tumor types.35,36 

Compared to GPC3-targeted CAR T cells,37,38 CD133-targeted 
CAR T cells may not only compromise the nutrient supply of 
the tumor, it might also serve as an approach for improving 
infiltration of the tumor site for small-molecule drugs and other 
therapies that can be used in combination with the CAR T cells, 
even if only transiently. The combination therapy of CAR T cells 
with vaccines, biomaterials, and oncolytic viruses in preclinical 
models have achieved desired outcomes,39 indicating the potential 
for translation into clinical applications, and more clinical studies 
to evaluate the effects of combinatorial treatment strategies are 
needed in the future.

The expansion of CART-133 cells in PB is inconsistent with 
previous reports40,41 on the infusion of CAR T cells into 
patients with solid tumors. Conditioning chemical or radiolo-
gical depletion of lymphocytes can lead to the enhanced 
engraftment of infused cells; the patients enrolled in our 
study did not receive conditioning treatment. Other studies 
have observed CD19-directed CAR T-cell expansion without 
prior lymphodepletion.42,43 The observed CART-133 cell 
expansion in this study may in part be attributable to the 
presence of the target cells in PB. CD133 is expressed by 
EPCs in PB,44,45 which may provide additional activation and 
expansion signals to CART-133 cells.

We evaluated EPCs and multiple plasma molecules that 
have been implicated in tumor angiogenesis and found sig-
nificant associations between plasma biomarkers and out-
come; these findings are consistent with previous data on 
antiangiogenic therapy.46,47 At baseline, high levels of VEGF 
and SDF-1, possibly reflecting hypoxia, and a low level of 
sVEGFR2 seem to be associated with a worse outcome. 
These data indicate that tumor hypoxia may be detectable 
in circulation based on the expression of hypoxia-induced 
factors such as VEGF, sVEGFR2, and SDF-1, which could be 
biomarkers of poor prognosis in HCC. Finally, an increase in 
circulating IFN-γ was significantly associated with a longer 
PFS. This finding suggests the possibility of an antitumor 
immune response elicited by CART-133 cell therapy which is 
consistent with previous results after administering anti-CEA 
CAR T cells to advanced HCC patients.31 These observations 
are consistent with biomarker data from studies of sunitinib 
in HCC and cediranib in glioblastoma,46,47 and should be 
validated in preclinical studies and larger clinical studies. 
Albeit promising, these exploratory results need to be con-
firmed in larger randomized studies, which should also 
establish if any of these biomarkers have prognostic or pre-
dictive value.

Immune checkpoint inhibitors-based treatments have 
recently achieved promising outcome in unresectable HCC 
patients. However, despite promising results from clinical stu-
dies, only few patients benefit from immune checkpoint 
inhibitors.48,49 Combining immune checkpoint inhibitors with 
CAR T cell therapy provides a synergetic approach to optimiz-
ing the rate, depth, and durability of clinical responses;50 future 
trials to test such approaches are under development.

Although several patients had stable disease and one patient 
had a partial response after CART-133 cell infusion, no 

radiologic complete responses were observed, indicating that 
further manipulation of the immune system will be essential to 
achieve worthwhile benefits. One of the main therapeutic goals 
of immuno-oncology research is to convert cold tumors into 
immunogenic tumors.51 Antiangiogenics and immunotherapy 
represent the main strategies for the treatment of advanced 
HCC.52 One possibility is to combine CAR T cells with one or 
more checkpoint antibodies now becoming available or with 
cancer immunotherapy to potentially increase T cell activation 
and prolong persistence in vivo. Additionally, combination 
therapies involving antiangiogenics may be synergistic, because 
VEGF inhibition increases the intratumoral infiltration and 
survival of cytotoxic T lymphocytes and decreases regulatory 
T lymphocyte recruitment, resulting in a more favorable 
immune microenvironment for antitumor activity.52

Conclusion

The results of this clinical trial inform the therapeutic potential 
of CART-133 cell therapy in patients with advanced HCC who 
have few existing treatment options, setting the stage for stu-
dies combining CAR T cells with other immunomodulatory 
and antiangiogenic approaches to improve clinical outcome. 
Exploratory studies further suggested potential response bio-
markers of CART-133 cell therapy. Among the current tar-
geted therapies, CART-133 cell therapy might provide 
favorable efficacy with a good safety profile.
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