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Abstract
While CAR-T therapy has successfully treated hematological malignancies, it has proved sub-optimal for
solid tumors. The main limitation is the inability of CAR-T cells to in�ltrate and then proliferate within
tumors. In this study, we co-expressed IL-7 and PH20, a type of hyaluronidase, with CAR targeting GPC3
(G3CAR-7×20) to address these issues. We found (G3CAR-7×20) exhibited better proliferation in vivo and
in vitro than G3CAR, reduced the level of apoptosis after stimulation by tumor cells, and maintained the
memory phenotype of CAR-T cells. G3CAR-7×20 also increased the ability of CAR-T cells to in�ltrate
tumor tissue. G3CAR-7×20 may signi�cantly enhance the e�cacy of CAR-T cells in solid tumors.

Introduction
CAR-T cell therapy has demonstrated encouraging therapeutic effects when treating hematological
malignancies [1, 2]. Two CAR-T treatments targeting CD19 have been launched successfully [3, 4]. CAR-T
targeting the B-cell maturation antigen (BCMA) has also shown positive therapeutic effects in clinical
trials[5–7]. However, CAR-T cell therapy has not yet had similar results in solid tumors[8–10]. Solid
tumors have a more complex immunosuppressive microenvironment and there are many
immunosuppressive cells and cytokines which inhibit the activation and survival of CAR-T cells within the
tumor [11, 12]. The dense extracellular matrix (ECM) also prevents CAR-T cells from in�ltrating into solid
tumors and can affect CAR-T cell activity [13, 14].

During cultivation, additional cytokines, such as IL7 and IL15, can promote the effective proliferation and
maintenance of the memory phenotype of CAR-T cells[15, 16]. However, adding extra IL-7 during
cultivation has no effect in vivo. It is di�cult for T cells, including CAR-T cells, to penetrate the
extracellular matrix and thus in�ltrate the tumor [13, 14]. Reports suggest that recombinant hyaluronidase
rHPH20 has a greater clinical effect on ECM degradation, promoting lymphocyte in�ltration into tumor
cells[17, 18]. PH20 is a GPI-anchored membrane protein which may play a positive role in CAR-T cell
treatment of solid tumors [19].

Hepatocellular carcinoma (HCC) is a highly aggressive and fast-growing malignancy with high lethality
which lacks effective treatment [20, 21]. There are many clinical trials of CAR-T cell therapy for HCC [22].
However, treatment e�cacy to date has not proved satisfactory. The immunosuppressive
microenvironment and the ECM in particular trouble CAR-T HCC treatment[23]. In this study, we used CAR-
T targeting GPC3 and co-expressed IL-7 and PH20 (G3CAR-7 × 20) as a putative treatment for HCC.
Compared to traditional GPC3 targeted CAR-T, G3CAR-7 × 20 showed improved in�ltration and expansion
in tumor tissue. Tumor suppression speed was faster, and resistance to relapse was greater. This
research should provide the basis for a fruitful new strategy in HCC treatment.

Results

Design and characterization of G3CAR-7×20
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The structure of G3CAR-7×20 is shown in �gure 1A. We created a tandem construct encoding CAR, IL-7,
and PH20 with two 2A peptide sequence linking the genes and cloned this into a lentivirus vector. A vector
expressing CAR (G3CAR) only was used as a control. After transduction, all constructs were expressed
stably by human peripheral blood T cells (Figure 1B). Compared to C3CAR, the G3CAR-7×20 construct
had slightly lower transduction e�ciency. This may be due to the larger ORF of G3CAR-7×20. To test IL-7
production, we took supernatants from Non-transduction T cell (NT-T) or G3CAR or G3CAR-7×20, co-
cultured with or without GPC3+ tumor cells Huh7, and measured IL-7 using ELISA. As shown in Figure 1C,
compared to G3CAR or NT-T, IL-7 secretion by G3CAR-7×20 is signi�cantly increased, irrespective of tumor
cell activation. 10 days post transduction, PH20 expression was measured by Western blot, as shown in
Figure 1D. PH20 expression by G3CAR-7×20 was signi�cantly higher than by G3CAR or NT-T.

Overexpressed IL-7 promotes CAR-T proliferation and
maintains memory phenotype
During the culture of CAR-T cells ex vivo, we found G3CAR-7×20 proliferated faster than G3CAR (Figure
2A). We hypothesized that overexpression of IL-7 promotes the proliferation of CAR-T cells. Therefore, we
tested the proliferation rate of G3CAR (with and without IL-7 supplementation) and G3CAR-7×20 ex vivo.
As Figure 2B shows, the proliferation rate of G3CAR and NT-T increased signi�cantly after addition of IL-
7, then becoming similar to that of G3CAR-7×20.

Previous reports suggest IL-7 could maintain the memory phenotype of T cells. Thus we tested the
phenotype of G3CAR-7×20 and G3CAR. Memory cells (naïve T, Tscm, and Tcm) are a CCR7+ population.
We found G3CAR-7×20 had a signi�cantly higher proportion of cells with the memory phenotype than did
G3CAR. It is also of note that CAR negative T cells in the G3CAR-7×20 culture had a higher proportion of
memory cells than G3CAR. That may be because secreted IL-7 can stimulate surrounding cells (Figure
2C). To substantiate this assertion, we generated a model, as shown in Figure 2D. Brie�y, we collected the
supernatant from G3CAR-7×20 and G3CAR each cultured for 24 hours without cytokine. We then added
this supernatant to T cells electro-transfected with the STAT5 report vector. After 24 hours, �uorescence
intensity was measured using the ONE-Glo® Luciferase Assay System. As shown in Figure 2E, the
�uorescence intensity of G3CAR-7 × 20 supernatant is higher than that of G3CAR supernatant. This adds
support to our conjecture that overexpression of IL-7 could act on surrounding cells and potentially play
an important role in CAR-T cell proliferation and the maintenance of memory phenotypes.

Overexpressed PH20 could increase Cell invasion capacity
To investigate if overexpressed PH20 could enhance the ability of CAR-T to invade tumors, we used
BioCoat™ Matrigel® Invasion Chambers. As shown in Figure 3A, G3CAR-7×20 had a greater ability to
invade tumors than did G3CAR. To evaluate if this increased capacity depended on the enzymatic activity
of PH20, we established a Hyaluronan Sythase 2 (HSA2) overexpressing Huh7 cell line (Huh7-HSA2),
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which could synthesize hyaluronan. CAR-T cells (G3CAR-7×20 and G3CAR) were co-cultured with Huh7-
HSA2 for 8 or 24 hours and the supernatant collected, to allow detection of hyaluronan using a
Hyaluronan Quantikine ELISA Kit. As shown in Figure 3B, G3CAR-7×20+Huh7-HAS displayed lower levels
of hyaluronan than did G3CAR+Huh7-HAS. This suggests that overexpressed PH20 could improve the
tumor invasion propensities of CAR-T therapy.

Cytotoxicity against tumor cell of G3CAR-7×20 in vitro
We next explored if IL7 and PH20 overexpression altered CAR-T cytotoxicity against tumor cells. We
choose 3 types of GPC3 positive HCC cell line: HepG2 , Huh7 and PLC/PRF/5. We �rst evaluated the
short-term cytolysis capacity of G3CAR-7×20, G3CAR, and NT-T versus the three HCC cell lines. As shown
in �gure 4A, both G3CAR-7×20 and G3CAR, when tested with equivalent ET ratios, had a similar
cytotoxicity against GPC3+ cell lines. However, the long-term cytotoxicity of G3CAR-7×20 was greater
than G3CAR (Figure 4B). We suspect this greater cytotoxicity is caused by the enhanced capacity of
G3CAR-7×20 to proliferate and inhibit apoptosis after activation. Thus, we labeled CAR-T cells with CFSE
and co-cultured them with tumor cells at 1:5 ET ratio for 96 hours. As shown in Figure 4C-E, G3CAR-7×20
exhibited longer proliferation times and a higher rate of proliferation. We next monitored CAR-T apoptosis
during tumor cell encounter using PI staining. As shown in Figure 4F

, G3CAR-7×20 had lower levels of apoptosis than did G3CAR. For secreted cytokines, there was no
signi�cant difference between G3CAR-7×20 and G3CAR after tumor cell stimulation (see Figure 5). That
may be regarded as a good predictor of clinical safety.

Activity of G3CAR-7×20 in vivo
To explore CAR-T anti-tumor ability in vivo, we established Huh7-HSA2 xenografts in NSG mice. 3*106

CAR-T cells were injected i.v. when the mean tumor volume exceeded 300mm3. As shown in Figure 6A,
G3CAR-7×20 exhibited a more rapid tumor suppressive activity than did G3CAR. Moreover, after 24 days
CAR-T infusion, 3 mice receiving G3CAR CAR-T cells had relapsed. At days 0, 7, 14, 28 and 58 after CAR-T
infusion, 50ul peripheral blood was removed from the tail vein. IL-7 did not increase dramatically, which
may be due to local IL-7 secretion within tumors. IFN-gamma was detected in both G3CAR and G3CAR-
7×20 at equivalent levels (see Figure 6B). During early CAR-T treatment, CAR-T cells expanded vigorously;
by the 14th day, more G3CAR-7×20 than G3CAR T cells were detected in peripheral blood (see Figure 6C).

Unsurprisingly, mice receiving G3CAR-7×20 had a longer survival time than those receiving G3CAR (see
Figure 6D). Body weight is not affected by IL-7 and PH20 expression, which may partly explain the
apparent safety of G3CAR-7×20 in vivo (Figure 6E). We created a re-challenge model to investigate the
durability of G3CAR-7×20. Huh7-HSA2 cells were injected into the right �ank of NSG mice. After 11 days,
the mean tumor volume was approximately 180mm3. 3*106 CAR-T cells were then infused by i.v.., with
the tumor volume measured every 4 days. After 20 days, tumors were virtually eliminated. 2*106 Huh7-
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HSA2 cells were also injected into the left �ank of the mice, again with the tumor volume measured every
4 days. As shown in Figure 6F, the left tumor recurred in mice treated with G3CAR but not with G3CAR-
7×20.

Next, we investigated if this treatment effect is related to greater in�ltration and longer survival of G3CAR-
7×20 treated mice. We created additional xenograft models. CAR-T cells were labelled with CFSE and
infused via the tail vein. After 3 and 7 days CAR-T infusion, 3 mice in each group were euthanized. We
analyzed human CD3 cell in�ltration into tumor tissues by ImmunoHistoChemistry (IHC), measuring the
�uorescence intensity of CFSE-labelled human CD3 cells using FACS analysis (see Figures 7A and B).
In�ltration of CD3 T cells seen in G3CAR-7×20 treated mice was signi�cantly greater than in G3CAR mice.
Moreover, T cells in G3CAR-7×20 mice tended to divide and proliferate more often than in G3CAR mice.
These results support the view that G3CAR-7×20 has a greater anti-tumor e�cacy in vivo, mediated by its
overexpression of IL-7 and PH20.

Materials And Methods

Cell culture
Tumor cells HepG2 (ATCC® HB-8065), PLC/PRF/5 (ATCC® CRL-8024) were obtained from ATCC. Huh7
cell lines were obtained from Antihela BioTech. 293T cell were obtained from TAKARA (Lenti-X™ 293T Cell
Line, 632180). All cell lines were cultured using DMEM medium (Gibco, 10564011).

Lentivirus and CAR-T preparation
The G3CAR gene comprises GC33 scFv, CD8a hinge and transmembrane domain, and the signaling
domains of 4-1BB and CD3zeta[24]. To echo the gene structure of G3CAR, sequences corresponding to IL-
7 and PH20 gene were placed in tandem, downstream of G3CAR, linked by a 2A sequence to form
G3CAR-7×20. Both G3CAR and G3CAR-7×20 were cloned into a lentivirus vector.

The lentivirus vector and two helper vectors were transduced into 293T cell for 48 hours. The supernatant
was then collected and puri�ed using a Lenti-X Concentrator (TAKARA, 631232). The lentivirus titer was
measured using a Lenti-X™ p24 Rapid Titer Kit (TAKARA, 632200), following manufacturer’s instructions.

To prepare CAR-T, PBMCs supplied by healthy donors were stimulated using CTS™ (Cell Therapy
Systems) Dynabeads™ CD3/CD28 (thermo�sher, 40203D), and cultured in T cell medium (X-VIVO 15
medium contained 5%FBS and 100IU/ml IL-2 (Peprotech, 200-02)). After 24 hours, lentivirus was added
with MOI at 3. CAR-T cells were then cultured in T cell medium for 10 days.

Flow cytometry assay
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To detect transduced CAR-T, CAR-T cells were labeled with Human Glypican 3 / GPC3 Protein, His Tag
(ACRO, GP3-H52H4-1mg) for 30min. After washing with PBS, the cells were stained using APC anti-His
Tag Antibody (biolegend, 362605).

For detection of memory phenotype, CAR-T cells were labeled with Human Glypican 3 / GPC3 Protein, His
Tag, and then stained using APC anti-His Tag Antibody and PE anti-human CD197 (CCR7) Antibody
(biolegend, 353203). The cells were analyzed using BD Conto II. Subsequent data analysis was
performed using Flowjo V10.

Western blot
WB analysis was performed as previously described. The primary antibodies used were PH20 (Abcam,
ab196596) and GAPDH (Abcam, ab9485).

Cytokines detection
1*105 T cells were co-cultured, with or without equal quantities of tumor cells, for 18 hours and the
supernatant collected. IL-2 and IFN-gamma were quanti�ed using Human, Th1/Th2, Cytokine Kit II (BD,
551809), following the manufacturer’s instructions. IL-7 was quanti�ed using a Human IL-7 Quantikine
HS ELISA Kit (R&D HS750). For hyaluronic acid detection, CAR-T cells (G3CAR-7×20 and G3CAR) were co-
cultured with Huh7 and Huh7-HSA2 respectively for 24 hours and the supernatant collected. Hyaluronan
was detected using a Hyaluronan Quantikine ELISA Kit.

Cell proliferation
Cell counts were quanti�ed using a Cellometer Auto 2000.

For the CFSE based assay, CAR-T cells were labeled using a CellTrace™ CFSE Cell Proliferation Kit
(ThermoFisher C34554). Cells were co-cultured with or without tumor cells for 96 hours and detected
using standard FACS, with analysis performed using Flowjo V10.1.

Cell invasion assay
Invasive capacity was assessed using Corning® BioCoat™ Matrigel® Invasion Chambers (Corning,
354480), following manufacturer’s instructions. The lower chamber contained 10% FBS medium as
chemoattactant. As a control, the same experimental method was performed using 8.0 µm PET
Membrane without a matrigel coating. The invasion percentage was calculated thus: (mean of cells
invading through the Matrigel chamber membrane/mean of cells migrating through the control insert
membrane) × 100.
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Cytotoxicity assay
The CAR-T cells were co-cultured with tumor cells in round bottom 96-well-plates at different ET ratios for
4 hours or 24 hours, as required. The supernatant was collected and analyzed using a CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, G1780), following manufacturer’s instructions. The percentage
of lysis was calculated as follows: [(experimental - spontaneous release) / (maximum load - spontaneous
release) * 100(%)].

STAT5 report assay
CD3+ T cells, sorted using a Dynabeads™ FlowComp™ Human CD3 Kit (ThermoFisher 11365D), were
electro-transfected with pGL4.52 [luc2P/STAT5 RE/Hygro] Vector (Promega E465A). CAR-T cells were
simultaneously cultured without any cytokines. After 24 hours, the culture medium of the T cells
transfected with a STAT report vector was replaced by that of the CAR-T cells. Cell culture continued for
an additional 24 hours. Cells (50ul contains 1*105 cells) were then transferred into a black assay plate
and supplemented with 50 µL of Dual-Luciferase® Reporter Media before incubation for 20min.
Fluorescence was then measured using an Envision Multilabel Reader (PerkinElmer).

Xenogenic mouse models
6-8 week-old male NSG mice (Jackson Laboratory) were injected subcutaneously with 2.5*106 Huh-7-
HSA2 cells. The tumor volume was measured every 4 days using a Vernier caliper (V= ¹⁄� x L (length) x W
(width) x W). CAR-T cells were injected intravenously when the tumor volume exceeded 300mm3. Body
mass was measured every 4 days.

Blood was collected from the tail vein. After centrifugation, plasma was collected for cytokine detection
using BD™ CBA Flex Set (558334 and 561515). Cells were treated with Red Blood Cell Lysis Buffer
(Beyotime, Shanghai, China) and stained using APC Mouse Anti-Human CD3ε (BD, 558257). T cells were
counted and analyzed using CountBright™ Absolute Counting Beads.

For the tumor re-challenge model, 2*106 CAR-T cells were injected intravenously when the mean tumor
volume in the right �ank exceeded 180mm3. 2*106 Huh7-HSA2 was injected subcutaneously into the left
�ank. The tumor volume was measured every 4 days.

Immunohistochemistry (IHC)
For the IHC assay, tumor tissue samples were �xed, processed, and stained according to standard IHC
procedures, as previously reported[25]. Sections were stained using an Anti-CD3 antibody (Abcam,
ab5690). An HRP system was used for detection. Positive cells were scanned and counted.
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Statistical analyses
GraphPad Prism 6.0 was used for the statistical analysis of data. One-way ANOVA, two-way ANOVA with
Bonferroni post-test, or unpaired, two-tailed t-tests were used for as appropriate. Symbols indicate
statistical signi�cance as *P < 0.05; **P < 0.01; ***P < 0.001. Each experiment was performed at least
three times.

Discussion
We have described the design, development, and testing of CAR-T cell therapy targeting GPC3 that co-
expresses IL-7 and PH20 as a potential treatment for HCC. Compared with G3CAR, G3CAR-7 × 20 has a
greater in vivo and in vitro expansion capacity. Additionally, after activation by tumor cells, G3CAR-7 × 20
demonstrates enhanced expansion and resistance to cell apoptosis. We also observed that G3CAR-7 × 20
is more invasive than G3CAR in vivo and in vitro, and should in�ltrate tumor tissue more effectively in
vivo.

Few clinical projects have investigated CAR-T therapy of HCC. In a phase I clinical trial targeting GPC3,
the overall 1-year survival rate of 13 patients tested was 42%, and the partial response rate was 15.4%
(2/13). Compared to CAR-T targeting CD19 for hematological malignancies, CAR-T targeting GPC3 for
hepatocellular carcinoma did not show encouraging e�cacy[22]. Various factors affect the therapeutic
bene�t of CAR-T on HCC, such as a poor tumor tissue microenvironment that limits proliferation and CAR-
T cytotoxicity and the dense ECM which limits lymphocyte in�ltration into tumor tissue[13, 25].

IL-7 is known to have a positive effect on memory phenotype maintenance and CAR-T proliferation during
in vitro CAR-T culture[16, 26]. However, addition of IL-7 during in vitro culture increases the cost of
preparation and is not suitable consistently for clinical applications of CAR-T. Nor can IL-7 added in vitro
have a long-term effect on CAR-T cells re-infused into the body. Here, we satisfy the in vivo and in vitro
need for IL-7 by co-expressing it with CAR.

To solve the problem of CAR-T's inability to in�ltrate tumors effectively, we co-expressed hyaluronidase
PH20 (sperm adhesion molecule 1 or SPAM 1) on the CAR-T surface. PH20 is the most active human
hyaluronidase[19]. It is involved in fertilization and is expressed in the head and acrosome of human
spermatozoa. PH20 is active at pH 5–8, a value similar to that found in the microenvironment of tumor
tissue. To maximize safety, hyaluronidase activity should be membrane-linked rather than secreted. PH20
is membrane-bound, anchored on the cell surface by GPI[27]. PH20 has featured in many clinical studies
of oncology drugs. For example, the phase 1b PAVO (MMY1004) study evaluated subcutaneous
daratumumab targeting CD38 combined with recombinant human PH20 to treat relapsed or refractory
MM. Responses of 25.0% and 42.2% were seen when dosed at 1200 mg and 1800 mg[28].

Although PH20 is widely used in clinical trials, our study is the �rst to seek experimental veri�cation of its
function. Keishi Adachi et al. have reported that overexpression of IL-7 and CCL19 on CAR-T cells can
enhance the proliferation and chemotaxis of CAR-T[26]. We had several reasons for choosing PH20 over
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CCL19. First, the editing of large genes is a major limiting factor when modifying T cells, as they increase
the di�culty of lentivirus packaging, reduce the ability of lentivirus to infect cells, and thus increase the
cost of the procedure[29, 30]. Secondly, GPC3 is reported to be a very speci�c target, and thus CAR-T
targeting of it is thought not to have off-target toxicity[22, 31, 32]. Therefore, we believe that for CAR-T
targeting GPC3 or other speci�c solid tumor targets, increasing CAR-T’s in�ltration ability is better than
increasing its capacity for chemotaxis. CAR-T cells in�ltrating tumor tissue are restricted by the tumor
microenvironment, preventing it from exerting its full tumor-killing function. In principle, IL-7 expressed
simultaneously with PH20 can effectively regulate the tumor tissue microenvironment, allowing CAR-T to
function optimally.

Conclusion
In conclusion, we have for the �rst time described CAR-T cells that target GPC3 while co-expressing IL-7
and PH20 as a potential treatment for HCC, suggesting that it, and the strategy it embodies, may in time
become a promising and powerful future clinic treatment in oncology.
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Figures

Figure 1

Characterization of CAR-T: A) Schematic diagram of CAR structure; B) Transfection e�ciency of CAR-Ts;
C) expression of IL-7 in NT-T, G3CAR, and G3CAR-7×20 with or without tumor cell stimulation; D)
Expression of PH20 in NT-T, G3CAR, and G3CAR-7×20. Error bars represent mean ± SD (n=3); ***p < 0.001.
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Figure 2

Functional identi�cation of overexpressed IL-7: A) proliferation of G3CAR and G3CAR-7×20; B) G3CAR
supplement with additional IL-7; C) memory phenotype of G3CAR and G3CAR-7×20; D) schematic
diagram of the STAT5 reporter assay; E) �uorescence intensity measured by STAT5 signal. Error bars
represent mean ± SD (n=3); **p < 0.01; ***p<0.001.



Page 14/18

Figure 3

Functional identi�cation of overexpressed PH20: A) identi�cation of G3CAR and G3CAR-7×20 invasion
ability in vitro; B) identi�cation PH20 mediated degradation of extracellular matrix. Error bars represent
mean ± SD (n=3); ns, no signi�cant difference *p < 0.05; ***p<0.001.
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Figure 4

Identi�cation of tumor cell killing activity. Cytotoxicity against tumor cells: short-term (panel A) or long-
term (B). Identi�cation of CAR-T division (C) and (D), proliferation (E), and apoptosis (F) after activation
by tumor cells. Error bars represent mean ± SD (n=3); ns, no signi�cant difference **p < 0.01; ***p<0.001.
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Figure 5

Cytokines secreted after tumor cell encounter. Error bars represent mean± SD (n=3); **p < 0.01.



Page 17/18

Figure 6

CAR-T cell functional identi�cation in vivo: A) the curve of tumor volume measured using Vernier calipers;
B) identi�cation of IL-7 and IFN-gamma levels in serum at �ve time points (day 0, 7, 14, 28, 56 after CAR-T
infusion); C) identi�cation of hCD3 cells in peripheral blood; D) mouse survival presented as Kaplan-Meier
curves; E) mouse body weight; F) tumor volume in the re-challenge model. Error bars represent mean ±
SEM (n=6); **p<0.01; ***p<0.001.
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Figure 7

Identi�cation of T cells in�ltrating into the tumor: A) histological studies of human CD3 in�ltration into
tumor tissue at day 3 and day 7 after CAR-T infusion; B) identi�cation of T cell division level after
in�ltrating into tumor tissue. Error bars represent mean ± SD (n=3); *p<0.05 **p<0.01; ***p<0.001.


