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CD39, expressed by tumor-infiltrating lymphocytes (TILs), is a
marker to identify tumor-reactive T cells, which is frequently
associated with stronger antitumor activity than bystander
T cells in a variety of malignancies. Therefore, CD39 could be
a promising marker for identifying the active antitumor
immune cells used for cellular immunotherapy. To test this
possibility, we constructed the hepatitis B virus (HBV) surface
protein-specific chimeric antigen receptor T cells (HBVs-
CAR-T cells) and generated the personalized tumor-reactive
CD8" T cells. We subsequently assessed their antitumor effi-
ciency mainly with a co-culture system for autologous HBVs*
HCC organoid and T cells. We found that both CD39"
HBVs-CAR-T and CD39" personalized tumor-reactive CD8"
T cells induced much more apoptosis in HCC organoids.
Although the exhaustion status of CAR-T cells increased in
CD39" CAR-T cells, triple knockdown of PD-1, Tim-3, and
Lag-3 with shRNAs further enhanced antitumor activity in
CD39* CAR-T cells. Furthermore, these CD39" CAR-T cells
exerted an increased secretion of interferon-y and stronger
antitumor effect in a patient-derived xenograft mouse model.
Our findings demonstrated that CD39 could be a promising
biomarker to enrich active immune cells and become an indica-
tor marker for evaluating the prognosis of immunotherapy for
HCC patients.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most common cause of
cancer-related death and ranks sixth in terms of incident cases." In
recent years, immune checkpoint blockades such as Opdivo (nivolu-
mab) and Keytruda (pembrolizumab) have provided a new class of
effective therapeutics for HCC patients.”” However, the efficiency
of immunotherapy is still uncertain in different patients, and a
significant number of patients have shown limited response to
checkpoint-blockade immunotherapies. The possible cause may be
lack of immunogenic tumor-associated antigen or the overexpression
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of checkpoint molecules.”” For the past few years, a series of novel
strategies for HCC cellular immunotherapy has been developed and
applied in clinical trials, such as chimeric antigen receptor T
(CAR-T) cell and personalized tumor-reactive CD8" T cell treat-
ments.”® As a promising approach, CAR-T cells can specifically
recognize and eliminate cancer cells through direct T cell cytotoxicity
in a major histocompatibility complex-I (MHC-I)-independent
manner. One of the most popular tumor-associated antigens identi-
fied for HCC, glypican-3 (GPC3) was expressed in human embryos
and in some adult tissues, such as ovary, mammary gland, mesothe-
lium, lung, and kidney. High-affinity GPC3-specific CAR-T cells may
aggravate off-tumor adverse events, with severe or potentially lethal
side effects.” '" Chronic hepatitis B virus (HBV) infection is respon-
sible for 50%-80% of HCC cases worldwide, considered one of the
high-risk factors for human HCC."? As an attractive immunotherapy
strategy, genetically engineered CAR-T cells targeted HBV surface
proteins (HBVs) on the surface of infected HCC cells barely induced
off-tumor adverse event ."”

Given the immunosuppressive microenvironment in HCC and het-
erogeneity of the patients, 80%-90% of the patients did not have an
objective response to the immunotherapy treatments mentioned
above.'* It is critical to predict whether they are suitable for immuno-
therapy.>'® To accurately assess the sensitivity of individual patients
treated with different kinds of immunotherapies, a novel pre-clinical
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Figure 1. HBVs protein was abundant on HCC organoids, and HBVs-CAR-T cells were constructed for cellular immunotherapy

(A) Bright-field microscopy images, H&E staining, and immunofluorescence staining of HCC markers AFP (red) and HBVs (green) for organoids were shown separately. Nuclei
were stained with DAPI (blue). Scale bars, 200 um (pright field), 100 um (H&E and immunofluorescence). (B) Flow cytometry was used to analyze the frequency of HBVs
protein expression on HCC organoids of 3 patients. (C) Schematic representation of the lentiviral vectors carrying a HBVs-specific 3"-generation CAR moiety. (D) Western
blotting and immunofluorescence staining for HBVs in HepG-2.2.15 cells; HepG-2 cells served as the mock cells. (E) Immune response was evaluated by measuring the
number of IFN-y production and spot-forming cells (SFCs) per 10* HBVs-CAR-T cells (E:T = 4:1). CAR-T cells added with PHA served as PC (positive control) and CAR-T

(legend continued on next page)
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therapy model was developed, which was based on non-small cell
lung cancer (NSCLS) and colorectal cancer (CRC) organoid-T cell
co-culture systems.'® This system not only preserved the tumor
heterogeneity and microenvironment but could also evaluate the effi-
ciency of cellular immunotherapies in vitro. Personalized tumor-
reactive CD8" T cells generated from autologous peripheral blood
mononuclear cells (PBMCs) and tumor organoids also exhibited
impressive antitumor effects.'®"”

CD39 (ENTPD]1) is expressed on monocytes, dendritic cells (DCs),
B lymphocytes, natural killer (NK), T cells, and ne:utrophils.m’23
With the abilities to hydrolyze proinflammatory extracellular ATP
(eATP) and promote the synthesis of immunosuppressive adenosine,
CD39 plays important roles in limiting inflammation.** Alternatively,
a recent study has shown that CD39"CD8" tumor infiltrated lympho-
cytes (TILs) had better effector function and stronger antitumor ac-
tivity than CD39~CDS8" TILs in multiple malignant tumor types.*”
CD39 has been identified as a biomarker for tumor-specific T cells
that could be used to distinguish them from bystander CD8"
T cell.*® Therefore, we speculated that CD39 is related to T cell
effector function and may influence the cytotoxic efficiency of
CAR-T and personalized tumor-reactive CD8" T cells. Due to
CD39%, T cells are frequently co-expressed with inhibitory receptors
such as PD-1, Tim-3, or Lag-3, we hypothesized that the combination
of CD39" CAR-T cells with the checkpoint blockage may enhance
antitumor activity.

In this study, we generated HBVs* HCC organoids. Then, we devel-
oped HBVs-CAR-T cells and found that CD39 may be associated
with the killing effect of CAR-T cells. The HCC organoid-T cell co-
culture system was constructed to verify the efficiency of CD39"
HBVs-CAR-T and CD39" personalized tumor-reactive CD8"
T cells. Based on our previous study, we also showed that they down-
regulated the expression of PD-1, Tim-3, and Lag-3 simultaneously
on CAR-T cells by short hairpin RNA (shRNA)-cluster can signifi-
cantly improve the cytotoxic and infiltrating ability. Furthermore,
the CAR-T cells exhibiting CD39" plus downregulation of PD-1,
Tim-3, and Lag-3 with shRNAs can potently inhibit tumor growth
in vivo.

RESULTS

HBVs protein was abundant on HCC organoids, and HBVs-
CAR-T cell was constructed for cellular immunotherapy

To evaluate the potent antitumor effector function of anti-HCC
CAR-T cells, the organoids derived from three HCC patients’ tumor
biopsy samples were constructed. Immunofluorescent analysis re-
vealed that alpha-fetoprotein (AFP) and HBVs, which are the bio-
markers of HBV*" HCC, were both highly expressed in tumor organo-
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ids in accordance with the expression pattern of the original tumor
7 while GPC3 was not at all expressed (Figures 1A, SIA,
and S1B). Flow cytometry analysis revealed the frequency of HBVs
protein expression on HCC organoids ranging from 46% to 75% (Fig-
ure 1B). To further characterize the HCC organoids, we performed
whole-exome sequencing (WES), which showed the similar tumor
mutation burdens (TMBs) in both tumor organoids and tissues.
Non-synonymous mutations, the top 12 mutations, and the gene
functions in these organoids were also listed. Venn diagrams illus-
trated the number of somatic non-synonymous mutations presented
in each HCC tissue and HCC organoid (Figures SIC-S1E). The pro-
portion of coincident mutations ranged from 85.7% to 90.5%, sug-
gesting that the HCC organoid model was highly mimetic of the het-
erogeneity and microenvironment of tumor tissue and retained the
characteristics of original tumor tissues for expansion in vitro.

. 2
tissues,

Then, a HBVs-specific CAR moiety targeting the pre-S1 domain of
HBVs was designed and constructed into the lentiviral vector (Fig-
ure 1C). Fluorescence images and western blot assay confirmed the
HBVs expression on the surface of HepG-2.2.15 cells (Figure 1D).
By evaluating the secreting ability and specific killing efficiency of
interferon-y (IFN-v), we revealed the potency of CAR-T cells killing
HBVs" target cells (Figures 1E and 1F). To further characterize the
effector sub-population of HBVs-CAR-T cells generated from pe-
ripheral blood, we compared the RNA profiles between CD107a"
and CD107a~ HBVs-CAR-T cells sorted by fluorescence-activated
cell sorting (FACS) after co-culture with HepG-2.2.15 cells for 24
h. A heatmap of transcriptional profiling revealed a significant
increasing expression of some genes involved in effector molecules
such as INF-y and granzyme B, and cell chemotaxis or adhesion
molecules such as CXCL-9, CXCL-10, and CDI103 in CD107a"
HBVs-CAR-T cells (Figure 1G). Notably, CD39 was also highly ex-
pressed on CD107a* HBVs-CAR-T cells. The results were validated
by quantitative real-time PCR analysis (Figure S2). These data sug-
gested that CD39 may serve as a marker representing effector
CAR-T cells.

CD39* HBVs-CAR-T cells exerted potent antitumor activity in
HBV* HCC organoid-T cell co-culture system

To verify whether CD39 molecule on HBVs-CAR-T cells generated
from peripheral blood represent potent antitumor effector function,
and to evaluate the possibility of being a particularly suitable
biomarker for therapeutic strategy, the organoid-T cell co-culture sys-
tem was used. Next, the HCC organoid and T cell co-culture system
was established to assess the antitumor activity of CD39" HBVs-
CAR-T cells. The CD39"'~ HBVs-CAR-T cells generated from
PBMC:s were first sorted and then co-cultured with HCC tumor orga-
noids at the effector:target ratio E:T = 10:1 for 24 h separately. Sorting

cells alone as NC (negative control). (F) Cytotoxic activity of HBVs-CAR-T cells on HepG-2.2.15 targets cells were detected by LDH assay (n = 3, 3 healthy donors). (G) After
co-culture with HepG-2.2.15 cells for 24 h (E:T = 4:1), CD107a* and CD107a™ HBVs-CAR-T cells were obtained by flow sorting, and their transactional profiling was analyzed
by RNA sequencing (RNA-seq). Heatmap of RNA-seq showed the expression of genes involving in cytotoxicity, adhesion, and chemotaxis in different effector sub-pop-
ulations, with p < 0.01. RNA expression levels were indicated with a red/blue scale for high and low expression levels, respectively.
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Figure 2. CD39* HBVs-CAR-T cells exerted potent antitumor activity in the HBV* HCC organoid-T cell co-culture system

(A) The CD39" and CD39~ HBVs-CAR T cells were sorted by FACS and co-cultured with autologous tumor organoids for 24 h separately. HBVs-CAR-T cells (red) were
labeled with CellTrace Far Red and apoptotic cells (green) were labeled with caspase3/7 probe. Real-time Biotech imaging system was used to take 1 picture per hour for
24 h. GP120-CAR-T cells served as NC. Scale bars, 300 um. (B) Summaries of quantitative statistics of HBVs-CAR-T cells (red) and apoptotic cells (green). Apoptotic cells
(green) and infiltrating CAR-T cells (red) inside the area of organoids were calculated by the Spot function of Imaris software based on the size and intensity threshold. The
initial number of infiltrating CAR-T cells at 0 h was defined as 0. *p < 0.05, **p < 0.005, ***p < 0.0005 (1-way ANOVA). All data are means + SEMs. Error bars represent SEMs of
3 view fields from each patient. (C) Representative flow cytometry analysis of organoid apoptosis by caspase3/7 probe (FITC).

efficacy was >95% by FACS (Figure S3). Each group of CAR-T cells
was labeled with CellTrace Far Red, and the apoptotic cells were
labeled with caspase3/7 probe fluorescence (green). A more signifi-
cant apoptosis was observed in CD39" HBVs-CAR-T cell-treated
organoids in comparison with that in CD39 HBVs-CAR-T or the
control HIV-1 GP120-CAR-T cells (Figures 2A-2C). Meanwhile,
we further identified that IFN-vy and CD107a were significantly upre-
gulated on CD39" HBVs-CAR-T cells (Figures 3A-3C). These data
suggested that CD39" HBVs-CAR-T cells effectively identified and
induced apopotosis of HCC organoids. To determine whether
CD39 act as a protein with an important pathway in an antitumor

response or whether it is only an underlying molecular phenotype
of effector T cells, we knocked down CD39 on HBVs-CAR-T cells
by shRNA and evaluated the level of cytotoxic activity. Accordingly,
inhibiting CD39 expression resulted in the partial dysfunction of
HBVs-CAR-T cells when cocultured with HBV® HCC organoids
(Figure S4). However, the expression of multiple checkpoints such
as PD-1, Tim-3, and Lag-3 were also increased on CD39" HBVs-
CAR-T cells, which may have detriment effects on the immune
response (Figure 3D). In conclusion, we demonstrated in this study
that CD39 expressed on HBVs-CAR-T cells induced stronger cyto-
toxic T lymphocyte activity.
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Figure 3. The CD39" HBVs-CAR-T cells exerted an enhanced effector function and a downregulation of inhibitory receptors
(A) Representative flow cytometry plots of CD107a and IFN-y gated on CD39"~ HBVs-CAR-T cells after being co-cultured with autologous tumor organoids. GP120-CAR-T
cells served as NC. (B and C) Relative quantification of IFN-y and CD107a expression of CD39*/~ CAR-T cells. Error bars represent SEMs of 3 biological replicates. (D) Flow

cytometry analysis of inhibitory receptor expression of CD39*~ HBVs-CAR T cells.

Downregulation of checkpoints enhanced antitumor activity of
CD39* CAR-T cells

As several checkpoint molecules were highly expressed on CD39"
HBVs-CART cells, we constructed PTL-HBVs-CAR moiety, which
included a combination of shRNAs targeting PD-1, Tim-3, and
Lag-3 on the basis of HBVs-CAR-T cells for possibly reversing the
inhibitory effects on CD39* HBVs-CAR-T cells®® (Figure 4A). We
verified that the shRNA cluster of PD-1, Tim-3, and Lag-3 signifi-
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cantly downregulated the mRNA expression of target genes in
CD39" HBVs-CAR-T cells (Figures S5A and S5B).

To validate whether the inhibitory receptors downregulated and
CD39" PTL-HBVs-CAR-T cells exhibited stronger antitumor effi-
cacy, the co-culture system containing CAR-T cells and HCC organo-
ids was applied. The PTL-HBVs-CAR-T and HBVs-CAR-T cells were
expanded in vitro for 14 days and CD39"'~ cells were sorted by FACS
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Figure 5. CD39" HBVs-CAR-T cells and CD39" PTL-

HBVs-CAR-T cells exerted potent antitumor activity

(A) Representative flow cytometry analysis of CD107a and
IFN-y gated on CD39*~ CD8* PTL-HBVs-CAR-T and
HBVs-CAR-T cells after being co-cultured with autologous
tumor organoids. (B) Relative quantification of IFN-y pro-
duction and CD107a expression in CD39*~ PTL-HBVs-
CAR-T and HBVs-CAR-T cells. Error bars represent SEMs
of 3 biological replicates.

antitumor activities of CD39" PTL-HBVs-
CAR-T cells were observed (Figures 6A and
6B). Notably, the infiltration and IFN-vy secretion
of CD39" CAR-T cells significantly improved in
the xenograft tumor tissue compared to CD39™
CAR-T cells (Figures 6C-6E). In addition, the
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and co-cultured with HCC organoids, respectively (E:T = 10:1). The
inhibitory receptor-downregulated CD39" PTL-HBVs-CAR-T cells
showed much stronger antitumor organoid activity than the
CD39"'~ HBVs-CAR-T cells without the shRNA cluster (Figure 4B).
The FACS data further confirmed the stronger efficiency of inducing
apoptosis by CD39" PTL-HBVs-CAR-T cells (Figure 4C). The image
analysis by Imaris software also revealed the elevated antitumor
activity and tumor-infiltrating ability of CD39" PTL-HBVs-CAR-T
cells (Figure 4D). IFN-y and CD107a expression in each group of
CAR-T cells was tested by flow cytometry. Stronger efficacy was
observed in CD39" PTL-HBVs-CAR-T cells compared to that of
CD39" or CD39~ HBVs-CAR-T cells without the shRNA cluster
(Figures 5A and 5B).

The CD39" CAR-T cells exerted potent antitumor activity in the
patient-derived xenograft (PDX) model

To verify CD39 acted as a key factor contributing to the increased
antitumor activity of CAR-T cells, we further constructed the HCC
PDX model using HCC organoids. To observe the antitumor activity
of CD39" or CD39~ HBVs-CAR-T cells in vivo, 6- to 8-week-old fe-
male NSG mice were inoculated subcutaneously (s.c.) into the right
flank with HCC organoids with Matrigel. The CD39*~ subset of
CAR-T cells and the control CAR-T cells were administered into
PDX mice via a single intravenous (i.v.) injection. Much stronger

v o infiltration, IFN-y secretion, and CD39 fre-
quency of sorted CD39" CAR-T cells were higher
than unsorted CAR-T cells in vivo (Figure S6).

Given the important role of CD39 in HBVs-CAR-T cells, it was

reasonable to assume that CD39 may be used as a marker to identify

the active CAR-T cell population.

CD39* personalized tumor-reactive CD8* T cells exerted potent
antitumor activity

To test whether CD39 also identified effector function in tumor-reac-
tive CD8" T cells, HCC organoids were generated and co-cultured
with autologous PBMCs, as previously described.'® Co-stimulation
signals were sustained to support T cells proliferation by inter-
leukin-2 (IL-2), anti-CD28, and anti-PD-1 antibodies (Abs). The
expanded CD39" or CD39"CD8" T cells were sorted by FACS and
co-cultured with HCC organoids separately (Figures 7A and 7B).
Subsequently, we used the organoid-T cell co-culture platform to
assess the tumor reactivity of CD39%~ CD8" T cells. To determine
this, CD39"/~ CD8" T cells after sorting were co-cultured with autol-
ogous tumor organoids for 24 h. To visualize the antitumor immune
response, each group of CD8" T cells were labeled by CellTrace Far
Red, while the apoptotic cells were labeled with caspase3/7 probe fluo-
rescence (green). Stronger apoptosis was also observed in organoids
treated with CD39" CD8" T cells rather than in organoids treated
with CD39~ CD8" T cells (Figures 7C-7F). Enhanced effector func-
tion was also observed in the CD39" sub-population of tumor-reac-
tive CD8" T cells (Figures 7G-7I). These data suggested that the

Figure 4. The downregulation of inhibitory receptors enhances antitumor activity of CD39* HBVs-CAR-T cells

(A) Schematic representation of the lentiviral vectors carrying a HBVs-specific CAR moiety and a cluster of sh-PD-1, sh-Lag-3, and sh-Tim-3. The second structure of this
PTL-shRNA cluster was derived from the miR-106b cluster in human genome. (B) CD39"~ HBVs-CAR-T and CD39*/~ PTL-HBVs CAR-T were sorted and co-cultured with
autologous tumor organoids for 24 h separately. CD39* PTL-HBVs-CAR-T cells exerted the strongest infiltrating ability compared to CD39" HBVs-CAR-T cells and
CD39 CAR-T cells. CAR-T cells were labeled with CellTrace Far Red (red) and apoptotic cells were labeled with caspase3/7 probe (green). Real-time Biotech imaging system
was used to take 1 picture per hour. Scale bar, 300 um. (C) Representative flow cytometry analysis of organoids apoptosis by caspase3/7 probe (FITC). (D) Summaries of
quantitative statistics of (B) were shown. Apoptotic cells (green) and organoid-infiltrated CAR-T cells (red) were calculated by the Spot function of Imaris software based on
the size and intensity threshold. The initial number of infiltrating CAR-T cells at O h was defined as the base point. **p < 0.005, ***p < 0.0005 (1-way ANOVA). All data are

means = SEMs. Error bars represent SEMs of 3 view fields from each patient.
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Figure 6. CD39" HBVs-CAR-T cells and CD39* PTL-HBVs-CAR-T cells exerted potent antitumor activity in the PDX model

(A and B) HCC organoids at 5 x 10° cells were inoculated s.c. into NSG mice. Fifteen days later, various CAR-T cells were infused via tail injection, and GP120-CAR-T cells
(NC-CAR-T cells) served as NC. All of the tumors were measured every 5 days (n = 5). (C-E) At day 40, tumors were resected from the mice, followed by digestion and FACS
analysis. The percentage of infiltrating CAR-T cells in tumor (C and D) and the percentages of IFN-y™ cells in tumor-infiltrating CAR-T cells (E) were shown among different
groups. “p < 0.05, **p < 0.005, **p < 0.0005 (1-way ANOVA). All data are means + SEMs.

CD39 can serve as the biomarker to identify the personalized tumor-
reactive CD8" T cells. These works also showed that it is feasible to
induce CD39" personalized tumor-reactive CD8" T cells by an orga-
noid-PBMC co-culture platform, which could provide a suitable
method to efficiently maintain and expand the tumor-specific T
lymphocyte in vitro environment.

DISCUSSION

Our work developed a novel HCC organoid-T cell co-culture system
to assess the antitumor activity of several cellular immunotherapies.
Previously, the individualized organoid-specific system was reported
to provide a concept that tumor organoids can be used to establish
individualized ex vivo systems.*® The organoid-T cell co-culture plat-
form of HCC with high sensitivity and stability was well tested in
accordance with previous studies.'**° With this system, we verified
CD39 as a promising marker of effector function for HBVs-CAR-T

cells and personalized tumor-reactive CD8" T cells, which repre-
sented stronger antitumor activity.

CD39 is an extracellular ATP hydrolase enzyme expressed by CD8"
T cells. Although some studies suggested that it was an inhibitor
receptor like PD-1,>'"** our data in this report and other related
works have demonstrated that CD39 could serve as an effector
marker,>>26-30-3 Importantly, Simoni et al.?® found that CD39 was
an key molecule to distinguish bystander CD39~CD8" T cells from
tumor-specific CD39" CD8" T cells, which were mainly CD45RO™
CCR7™ T cells and showed a TEM phenotype, while bystander
CD39°CD8" T cells showed a naive and TCM phenotype. According
to our previous study, Liu et al.>° found that CD39" PD-1™'CD8"
T cells acted as an effector cytotoxic T lymphocyte in vivo, while
CD39*PD-1"M8"CD8" T cells were an exhaustion phenotype, demon-
strating that CD39 was partially close to activation molecules and not
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Figure 7. CD39" personalized tumor-reactive CD8" T cells generated from organoid-T cell co-culture system exerted stronger antitumor activity

(A) Experimental design. HCC samples were obtained from a needle biopsy of primary tumors. Organoids were established and co-cultured with autologous peripheral blood
lymphocytes (PBLs). After 1 week of co-culture, CD39"~ tumor-reactive CD8* T cells were expanded and sorted by FACS separately. CD39*/~ CD8" T cells were then co-
cultured with autologous tumor organoids for 24 h. The antitumor effect was observed by measuring the apoptotic cells within the tumor organoids. (B) Frequency of CD39
gated on tumor-reactive CD8* T cells after 1 week of co-culture was evaluated by flow cytometry. No organoids added was used as NC. (C) Tumor-reactive CD8* T cells (red)
were labeled with CellTrace Far Red and apoptotic cells (green) were labeled with caspase3/7 probe. Real-time Biotech imaging system was used to take 1 image per hour for
24 h. Representative images for 1 representative patient were shown. Scale bar, 300 um. (D and E) Summaries of quantitative statistics of (C). Apoptotic cells (green) and
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the same as PD-1. This results further verified our results that
knockdown multiple checkpoints enhanced the antitumor activity
of CD39" CAR-T. In our study, both CD39" HBVs-CAR-T cells
and CD39" personalized tumor-reactive CD8" T cells exhibited the
effector phenotype, but checkpoints such as PD-1, Tim-3, and
Lag-3 were highly expressed on these subsets. According to our pre-
vious study, the triple downregulation of inhibitory receptors could
enhance the effector function and infiltration of CAR-T cells.”® In
the present report, the inhibitory receptors downregulating CD39"
PTL-HBVs-CAR-T cells were developed and exhibited significant
stronger antitumor organoid activity compared to CD39" or
CD39~ HBVs-CAR-T cells without the shRNA cluster.

To explore the underlying mechanism of the CD39 molecule, we con-
structed CD39-downregulated HBVs-CAR-T cells. The data showed
that knockdown CD39 expression on CD8" T cells decreased the cyto-
toxicity activity in vitro, which was in accordance with Li et al.>> They
found that the antitumor efficacy of immunotherapy was completely
host CD39"CD8" T lymphocyte dependent. All of these data demon-
strated that CD39 was an important molecule to positively regulate the
antitumor activity of CD8" T cells, not simply a molecular phenotype.

Although CD39" HBVs-CAR-T cells did not display the typical char-
acteristics of the exhausted phenotype in the co-culture system for
maintaining the effector function, the downstream molecule CD73
induced the production of adenosine, which can lead to immunosup-
pression and is regarded as a marker of tumor-reactive T cells.””
Triple inhibitory receptors downregulating CD39" HBVs-CAR-T
cells further enhance the antitumor effect in HCC organoids and
PDX models. These results indicate that CD39 is more likely an
effector marker than an inhibitory molecule.

Although the organoid model is the best in vitro model to maintain
the complex tumor microenvironment, its main defect is that its
myeloid cells and stromal elements cannot be preserved long term
through passage. We were trying to simulate the tumor microenvi-
ronment in this study, so the organoid samples we used were less
than five generations, but the limitation of this model still could
not be neglected; that is, the importance of the PDX model cannot
be replaced by tumor organoids, especially in vivo. The construction
of organoids with complex tumor microenvironments, including the
myeloid and stromal elements, urgently require future research,
which will also improve the patient-derived orthotopic xenograft.

Cellular immunotherapy with CAR-T, T cell receptor-T (TCR-T), an-
tigen-specific T, or cytokine-induced killer (CIK) cell specific for
HBV or HBV' HCC, has provided certain therapeutic effects in
several previous clinical trials.*?**!

microenvironment being potentially important barriers in HCC im-

Due to the immunosuppressive

mune cell therapy, the effects of CAR-T immunotherapy for HCC
thus far are unsatisfactory. In our study, T cells derived from PBMCs
were constructed to HBVs-CAR-T cells by transducing with CAR, or
personalized tumor-reactive CD8" T cells by co-culturing with autol-
ogous tumor organoids, CD39™ subsets in both two modified cells ex-
erted better antitumor activity. Notably, adoptive transferring with
CD39" PTL-HBVs-CAR-T cells showed a potent therapeutic effect
in HCC PDX mouse models, suggesting that CD39" CD8" T cells
may act as a major cellular immunotherapy subset for HCC. There-
fore, CD39 can serve as a biomarker to further enrich effective
cytotoxic T cells or evaluate the therapeutic effects of cellular immu-
notherapy with T cells, which could contribute to improving the effi-
ciency of antitumor immunotherapy. Based on our previous study,
HCC patients may receive CAR-T cell immunotherapy treatment
as soon as possible after peripheral blood collection, which has
been shown to be a great clinical application prospect in the cellular
immunotherapy of HCC.

MATERIALS AND METHODS

Cell lines

HEK293T, HepG-2.2.15, and HepG2 cell lines were obtained from
the American Type Culture Collection (ATCC) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
(Gibco). All cell culture media contained 100 U mL ™' penicillin
and 100 pg mL ™" streptomycin. Cells were maintained in a humidi-
fied atmosphere containing 5% CO, at 37°C. Cell lines were routinely
tested for excluding mycoplasma contamination.

Isolation and culture of primary human T lymphocytes

PBMC:s were derived from samples obtained from healthy volunteers
from anonymous buffy coats of healthy donors (Guangzhou Blood
Center, Guangzhou, China) by Ficoll-Hypaque gradient separation.
Primary human CD8" T cells were negatively purified with magnetic
beads to a purity of >98% from PBMCs with enrichment set DM
(BD-IMag). T lymphocytes were activated by anti-CD3 (R&D Sys-
tems, Minneapolis, MN, USA) and anti-CD28 at (R&D Systems)
Abs 1 pg mL™' and infected in retronectin-coated plates (Takara
Bio, Shiga, Japan). The transduced T cells were expanded in the
conditioned medium containing 90% RPMI 1640 (Gibco) supple-
mented with 10% FBS (Gibco), 0.1 mM nonessential amino acids
(Gibco), 2 mM GlutaMAX (Gibco), and 0.05 mM 2-mercaptoethanol
at an initial concentration of 1 x 10° cells mL™". Cells were fed twice
per week with recombinant IL-2 (10 ng mL™}) (R&D Systems).

Construction of 3™ generation CAR-encoding lentiviral vector

The anti-HBV pre-S1 scFv was derived from parental scFv clone
1E4.*” As shown in Figure 1A, the scFv region was fused with the en-
dodomains of CD28 (nucleotides 460-660; GenBank: NM_006139.3),

infiltrating tumor-reactive CD8" T cells (red) inside the area of organoids were calculated by the Spot function of Imaris software based on the size and intensity threshold. The
initial number of infiltrating T cells at O h was defined as 0. ***p < 0.0005 (1-way ANOVA). All data are means + SEMs. Error bars represent SEMs of 3 view fields from
each patient. (F) Representative flow cytometry analysis of organoids apoptosis by caspase3/7 probe (FITC). (G-I) Representative flow cytometry analysis and relative
quantification of IFN-y production and CD107a expression of CD39*/~ CD8" T cells. Error bars represent SEMs of 3 biological replicates.
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CD137 (nucleotides 640-765; NM_001561.5), and CD3{¢ (nucleotides
160-492; NM_198053.2) in tandem with a (GGGS); sequence in-
serted between each signaling domain. GP120-CAR, specifically tar-
geting the gp120 antigen of HIV-1, was used as NC-CAR-T cells.
Schematic representations of lentiviral vectors carrying a HBVs-spe-
cific CAR moiety and a cluster of shRNAs targeting PD-1, Tim3, and
Lag-3, which is derived from the miR-106b cluster, are shown in Fig-
ure 4A. Sequences of sShRNA are listed in Figures S3 and S4.

Transduction of recombinant lentiviral particles

For the production of pseudotyped lentiviral supernatant, on the day
before transduction, HEK293T cells were seeded at 8 x 10° cells per
100-mm dish. Twenty-four hours later, the pseudoviruses were gener-
ated by co-transfecting HEK293T cells with plasmids encoding
various CAR moieties (13.5 png), pMD.2G encoding VSV-G envelope
(7.5 pg), and a packaging vector psPAX2 (16.5 ng) using the phos-
phate transfection system following the manufacturer’s instructions.
Supernatants were harvested after 48 h and filtered through a
0.45-um membrane to remove cell debris. Pseudoviruses were
concentrated by ultracentrifugation (Optima XE-100, Beckmann
Coulter, Indianapolis, IN, USA) at 827,000 x g for 2 h at 4°C.
Then, the activated CD8" T lymphocytes were transduced with lenti-
viral supernatants using retronectin-coated plates, with polybrene
(TR-1003-G, Sigma-Aldrich, St. Louis, MO, USA) at 8 ug mL ™}, fol-
lowed by centrifugation for 90 min at 350 x gand incubation at 37°C.
Twelve hours later, the recombinant viruses were removed, and
T cells were expanded in the conditioned medium, as described
above. The genetically modified T cells were maintained in complete
T cell medium in the presence of IL-2 (fed twice per week,
10 ng mL ') and used for functional assay 14 days after transduction.

Patients and samples collection

Between 2018 and 2020, a cohort of patients with HCC in the First
Affiliated Hospital of Sun Yat-sen University underwent needle bi-
opsies and blood collection. The project was approved with the pa-
tient’s informed consent and ethical approval (2018**). No treatment
was given to patients when samples were collected, and patients had
received surgery or no therapy previously. Three patients were
selected to receive the tumor organoid culture and personalized tu-
mor-reactive T cell generation.

HCC tumor organoid culture

The procedures were developed by following previous procedures with
2943 Briefly, tumor tissues derived from needle
biopsies were mechanically dissociated into small pieces using needles
and embedded in Matrigel (matrix basement membrane growth factor
reduced, Corning #354230, Corning, Corning, NY, USA). After
Matrigel was solidified for 20 min at 37°C, cells were overlaid with hu-
man HCC organoid medium. Human HCC organoids medium was
composed of Advanced DMEM/F12 (Gibco) supplemented with
2 mM Ultra glutamine I (Lonza, Basel, Switzerland), 10 mM HEPES
[Gibco], and 100/100 U/mL penicillin/streptomycin [Gibco]), 30%
Wnt3a-conditioned medium, 1 x B27 supplement without vitamin
A (Gibco), 1 x N2 supplement (Gibco), 2 mM N-acetylcysteine

minor modifications.
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(Sigma-Aldrich), 10 mM nicotinamide (Sigma-Aldrich), 10 nM re-
combinant human [Leul5]-gastrin I (Sigma-Aldrich), 50 ng/mL hu-
man recombinant epidermal growth factor (EGF) (Peprotech, Rocky
Hill, NJ, USA), 100 ng/mL human recombinant FGF (fibroblast
growth factor)-10 (Peprotech), 50 ng/mL human recombinant human
growth factor (HGF) (Peprotech), 50 ng/mL human recombinant
R-spondinl (NovoProtein, Summit, NJ, USA), 5 uM A83-01
(Sigma-Aldrich), and 10 uM MY-27632 (Sigma-Aldrich). Wnt3a-
conditioned medium was from L-Wnt3a cells. Organoids were
passaged approximately every week by incubation in TrypLE Express
(Gibco) for 5-10 min at 37°C to dissociate organoids to single cells and
replate in fresh Matrigel. Organoids were cryopreserved in 10% FBS/
DMSO and organoids < passage 30 were used in the experiments. All
of the organoids were regularly checked for mycoplasma contamina-
tion using the MycoAlert Mycoplasma Detection Kit (Lonza).

WES sequence for organoid

Collected tumor/organoids and blood samples were sent to
GenomiCare Biotechnology (Shanghai, China), for targeted next-
generation sequencing (NGS) analysis. The extracted DNA was
sheared using a Covaris 1220 sonicator, the exome DNA was
captured using the SureSelect Human All Exon V7 kit (cat# 5991-
9039EN, Agilent Technologies, Santa Clara, CA, USA), prepared to
library using the SureSelectXT Low Input Target Enrichment and
Library Preparation system (cat. no. G9703-90000, Agilent), and
sequenced on an Illumina NovaSeq-6000 sequencer (Illumina, San
Diego, CA, USA) to generate 150 x 150-bp paired end reads. Image
analysis and base calling were completed using onboard RT3 software
(Mumina). After removing adapters and low-quality reads, the reads
were aligned to NCBI human genome reference assembly hgl9
using the Burrows-Wheeler Aligner alignment algorithm and
further processed using the Genome Analysis Toolkit (GATK, version
3.5), including the GATK Realigner Target Creator to identify
regions that needed to be realigned. Somatic single-nucleotide
variants (SNVs), Indel, and copy-number variation (CNV) were
determined using MuTect/ ANNOVAR/dbNSFP31, VarscanIndel,
and CNVnator software, respectively, as reported previously.**

RNA isolation and qPCR analysis

Total RNA was isolated with Trizol reagent (Life Technologies,
Carlsbad, CA, USA) and served as the template for preparing
cDNA using a PrimeScript reverse transcription (RT) reagent kit
(TaKaRa, Kusatsu, Japan) according to the manufacturer’s instruc-
tions. qQPCR was performed with the SYBR Premix ExTaq Kit
(TaKaRa) on a CFX96 Real-Time System (Bio-Rad Laboratories,
Hercules, CA, USA). Human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was measured as an endogenous control.

Flow cytometry

To evaluate the proportion of HBVs* tumor cells in organoids, fluo-
rescein isothiocyanate (FITC)-hepatitis B surface antigen (#ab32914
Abcam, Cambridge, UK) was used to stain and FITC-Rabbit immu-
noglobulin G (IgG) (#ab37406 Abcam) was regarded as the isotype
control. Organoids were isolated from Matrigel and stained in
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FACS buffer (PBS, supplemented with 1% FBS and 0.01% NaN3). The
staining was performed according to the manufacturer’s protocol.
Cells were washed twice before flow cytometric recording.

For verifying and sorting CD397/CD39~ CD8 T cells from sorted
CD8 by magnetic beads, APC Anti-human CD8 (#344721, Biolegend,
San Diego, CA, USA), Brilliant Violet 421 Anti-human CD39
(#328214, Biolegend) were used to stain, and Pacific Blue Mouse
IgGl1 (#400131, Biolegend) was considered an isotype control. The
staining was performed according to the manufacturer’s protocol.
Cells were washed twice before flow cytometric detecting and sorting.
Sorted CD39%/CD39™ T cells were used for further assays.

For the evaluation of the tumor reactivity of T cells, 10° sorted CD39"/
CD39™ T cells were co-cultured with tumor organoids for 12 h. Golgi-
Plug (1:1,000, BD Biosciences, San Jose, CA, USA) and Golgi-Stop
(1:1,500, BD Biosciences) was added after 1 h. Cells were washed twice
in FACS buffer and stained with the following antibodies: PE Anti-
human CD107a (#121624, Biolegend) for 30 min at 4°C. Cells were
washed twice in FACS buffer, fixed, and stained for FITC intracellular
IFN-v (#502506, Biolegend) using the Cytofifix/Cytoperm kit (BD
Biosciences), according to the manufacturer’s instructions.

For the evaluation of the tumor reactivity of the sub-population of
CAR-T cells, 10° CAR-T cells were co-cultured with tumor organoids
for 12 h. Golgi-Plug (1:1,000, BD Biosciences) and Golgi-Stop
(1:1,500, BD Biosciences) was added after 1 h. Cells were washed
twice in FACS buffer and stained with the following antibodies:
Brilliant Violet 421 Anti-human CD39 (#328214, Biolegend),
PE Anti-human PD-1 (#367403, Biolegend), APC Anti-human
Tim-3 (#345011, Biolegend), and PerCP/Cy5.5 Anti-human Lag-3
(#369312, Biolegend) for 30 min at 4°C. Cells were washed twice in
FACS buffer, fixed, and stained for FITC intracellular IFN-y
(#502506, Biolegend) using the Cytofifix/Cytoperm kit (BD Biosci-
ences), according to the manufacturer’s instructions.

Enzyme-linked immunosorbent spot (ELISpot)

For the ELISpot assay, CAR-T cells were mixed with target cells (10*
cells) at E:T = 4:1 and then added to the anti- IFN-vy antibody-precoated
plates from the human IFN-y ELISpot assay kit (DKW22-1000-096 s;
Dakewei, Shenzhen, China), along with a negative control (effector
CD8" T cells alone) or positive control (phytohemagglutinin [PHA]
stimulation). Plates were incubated for 20 h in a humidified atmosphere
containing 5% CO, at 37°C. The ELISpot assays were then performed
according to the manufacturer’s instructions. The plates were scanned
by the S6 ultra immunoscan reader (Cellular Technology, Shaker
Heights, OH, USA), and the number of IFN-y" T cells was calculated
by ImmunoSpot software (version 5.1.34, Cellular Technology).

Cytotoxicity assay

The ability of T cells to kill tumor target cells was measured by lactate
dehydrogenase (LDH) assay. Briefly, CAR-T cells were co-cultured
with target cells at different ratios (from 16:1 to 1:1) for 24 h in a
96-well plate (V bottom). Then, LDH release was measured by the

CytoTox96 nonradioactive cytotoxicity assay (G1781, Promega,
Madison, W1, USA) according to the manufacturer’s instructions.
Absorbance values of wells containing effector cells alone and target
cells alone were detected and subtracted as the background from
the values of the co-cultures. Wells containing target cells alone
were mixed with a lysis reagent for 30 min at 37°C, and the resulting
luminescence was set as 100% lysis. Cytotoxicity was calculated by us-
ing the following formula: %Cytotoxicity = (Experimental — Effector
spontaneous — Target spontaneous)/(Target maximum — Target
spontaneous) x 100%.

Organoid killing assay

Organoids were isolated from Matrigel, and part of the organoids
were dissociated into single cells and counted to infer the number
of tumor cells per tumor organoid to allow co-culture of organoids
and T cells at a 10:1 E:T. Tumor organoids were resuspended in
X-Vivol5 medium and seeded in triplicate on a flat-bottomed plate
with 1 x 10° autologous CD39"CD8'T cells or CD39 CD8" T cells
obtained by sorting. To facilitate visualization, T cells were previously
stained with 1 mM CellTrace Far Red (Invitrogen) in PBS for 20 min
at 37°C, followed by blocking with human serum and washing in PBS.
At the start of the co-culture, a green fluorescent caspase3/7 probe
that binds DNA upon cleavage by caspase3/7 (Invitrogen) was added
at a 1:2,000 dilution to visualize cell apoptosis. After 24 h of co-cul-
ture, micrographs were taken.

For the quantification of the results, the images of organoids were
further analyzed with Imaris software (version 7.4) (Bitplane, Zurich,
Switzerland) using the Spot function to locate and enumerate T cells
and apoptosis cells inside the organoid threshold. The absolute
numbers of T cells and apoptotic cells spot per square millimeter of
organoids areas were statistically analyzed with Imaris software
(version 7.4) (Bitplane) using the Spot function to locate and
enumerate CAR-T cells or apoptotic cells, based on size and intensity
threshold. The initial infiltration of T cells inside the organoids was
considered to be zero. Finally, organoids were dissociated into single
cells with TrypLE Express until the organoids were fully dissociated.
Cells were washed in FACS buffer for FACS.

HCC-PDX mouse models

We used the NSG (NOD-Prkdc**“IL2rg"™"/Bcgen, Beijing Biocytogen,
Beijing, China) mouse model to build HCC PDX.* All of the mouse
experiments strictly followed the ethical regulations and approved.

To observe the antitumor activity of CAR-T cells in vivo, 6- to
8-week-old female NSG mice were inoculated s.c) in the right flank
with 5 x 10° HCC organoid-derived cells in 100 uL f 50:50 Matrigel
(Corning) and PBS. On day 15, 1 x 10° transduced CAR-T cells (in
200 pL PBS) were adoptively transferred into PDX mice via the tail
vein and all of the mice were intraperitoneally (i.p. injected with
IL-2 at 1 pg per mouse every 5 days, and the volume of tumors
was measured by two-dimensional measurements (millimeters):
volume of tumor = length x width2/2. Tissues were digested with
collagenase type IV (2 mg mL™', Sigma-Aldrich) at 37°C for
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30 min, and tumor-infiltrating T cells were separated by centrifuga-
tion on a discontinuous Percoll gradient (Haoyang, China).

Genome-wide transcriptional profiling

The CD107a" HBVs-CAR-T and CD107a” HBVs-CAR-T cells were
collected by FACS sorting. Total RNA was extracted from each pop-
ulation of cells using the Trizol reagent kit (Invitrogen), according to
the manufacturer’s protocol. RNA quality was assessed on an Agilent
2100 Bioanalyzer (Agilent Technologies) and checked using RNase-
free agarose gel for electrophoresis. After total RNA was extracted, eu-
karyotic mRNA was enriched by oligo(dT) beads, while prokaryotic
mRNA was enriched by removing rRNA using the Ribo-Zero Mag-
netic Kit (Epicenter, Madison, WI, USA). Then, the enriched
mRNA was fragmented into short fragments using fragmentation
buffer and reverse transcribed into cDNA with random primers. Sec-
ond-strand cDNA was synthesized by DNA polymerase I, RNase H,
dNTP, and buffer. The cDNA fragments were purified with QiaQuick
PCR extraction kit (QIAGEN, Venlo, the Netherlands), end repaired,
poly(A) added, and ligated to Illumina sequencing adapters. The liga-
tion products were size selected by agarose gel electrophoresis,
PCR amplified, and sequenced using Illumina HiSeq2500 by Gene
Denovo Biotechnology (Guangzhou, China). Reads obtained from
the sequencing machines included raw reads containing adapters or
low-quality bases, which will affect the following assembly and anal-
ysis. Thus, to obtain high-quality clean reads, reads were further
filtered by fastp [1] (version 0.18.0). The parameters removed reads
containing >10% of unknown nucleotides (N) and removed low-qual-
ity reads containing >50% low-quality (Q value < 20) bases.

H&E and immunofluorescence

Organoid and tissue samples were fixed, processed, and stained ac-
cording to standard procedures. Briefly, organoid and tissue were
fixed with neutrally buffered 4% formaldehyde, and applied to
hematoxylin and eosin (H&E) staining conducted by Biopathology
Institute (Servicebio, Wuhan, China). For immunofluorescence, the
following primary antibodies were used for automated staining
on a Benchmark XT device: AFP (#ab3980, Abcam), HBVs-FITC
(#ab32914, Abcam), and rabbit IgG (FITC)-Isotype Control
(#ab37406, Abcam). Alexa Fluor 594-conjugated goat anti-human
IgG Fc (ab97005, Abcam) was used as secondary antibody. DAPI
(D1306, Thermo Fisher Scientific, Waltham, MA, USA) was used
for the staining of nucleus. Images of both H&E staining samples
were obtained using a Leica DM6000B microscope. Fluorescent sig-
nals were detected using a laser ZEISS LSM 800 scanning confocal
microscope.

Statistical analysis

GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA) was used for
all of the statistical analyses. Data samples were compared using a
2-tailed Student’s t test, and a p <0.05 was considered significant.

Study approval
This study was conducted with the approval of the First Affiliated
Hospital of Sun Yat-sen University. All of the experimental methods
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and clinical treatment were carried out in accordance with the
approved guidelines. All of the patients signed an informed consent
for scientific research statement.
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Supplementary Figure 1. Immunofluorescent images and repertoire of genetic
characteristics in the HCC originating tissues and their organoids.

(A). Immunofluorescent analysis was used to show the expression of AFP, HBVs
protein on HCC tissue of three patients.

(B). Immunofluorescent analysis was used to show the expression of GPC-3 on HCC
tissue and organoids of three patients.

(C). Tumor mutation burden of non-synonymous mutations of the three patients was
shown.

(D). Repertoire of somatic non-synonymous mutation status of genes significantly

mutated in HCC according to cWES. Mutation types are indicated in different colors.



12 (E). Venn diagrams illustrate the number of somatic non-synonymous mutations

13 present in each HCC tissues and HCC organoids.
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15 Supplementary Figure 2. Gene expression of CD107a-positive effector
16 HBVs-CAR-T cells.

17 (A). CAR-T cells were obtained by FACS sorting after co-culture with the E:T ratio of
18  10:1 for 24 hours. Heatmap of RNA-sequence showed the expression of genes with
19  P-value < 0.01. RNA expression levels were respectively indicated with a red/blue
20  scale for high and low expression levels.

21 (B-D). qRT-PCR revealed the relative mRNA expression level of genes in

22 CDI107a"/CD107a HBVs-CAR-T cells respectively.
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Supplementary Figure 4. Knock-down CD39 on HBVs-CAR-T cells resulted in
a decreased cytotoxic T lymphocyte activity.

(A) . Schematic representation of the lentiviral vectors carrying a HBVs-specific
CAR moiety and a cluster of sh-CD39.

(B) . Flow cytometry revealed the knock-down efficiency of CD39 on HBVs-CAR-T
cells.

(C-D). Relative quantification of IFN-y production and CD107a expression in
CD397/CD39CD8" HBVs-CAR-T and shCD39-HBVs-CAR-T cells. Error bars

represent SEM of three biological replicates.
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Supplementary Figure 5. HBVs-specific CAR-T cells carrying various
co-receptor-specific shRNAs.

(A). Relative mRNA expression level of inhibitory receptors in HBVs-CAR-T cells
with down-regulation of PD-1, Lag-3, or Tim-3 respectively (14 days post infection)

(n =3, 3 healthy donors).
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Supplementary Figure 6. Sorted CD39" HBVs-CAR-T exerted stronger

cytotoxicity than unsorted HBVs-CAR-T in vivo.

HBVs-CAR-T cells were generated as previously described, and divided into sorted
CD39*" groups and unsorted group. T cells was adoptive transfered into NSG mice
with HCC PDX model. Each mouse was injected 1x10° T cells(sorted CD39*, sorted
CD39, and unsorted CAR-T) via a single intravenous (i.v.) injection. On day 14,
tumor tissues were collected and digested. Tumor infiltrating T cells were tested by

Flow cytometry.
(A) . Flow cytometry revealed the frequency of infiltrating CAR-T cells.

(B-C). The frequency of IFN-y positive and CD39 positive in CAR-T cells were

shown.
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