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The Vascular Disrupting Agent CA4P Improves
the Antitumor Efficacy of CAR-T Cells
in Preclinical Models of Solid Human Tumors
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Chimeric antigen receptor (CAR) T cell therapy remains rela-
tively ineffective against solid tumors due to inadequate
infiltration and in vivo expansion of CAR-T cells. Unlike hema-
tological malignancies, solid tumors have vascular barriers that
hinder CAR-T cells from reaching the tumor site. Here, we
demonstrated that combretastatin A-4 phosphate (CA4P), a
vascular disrupting agent (VDA), can significantly improve
the infiltration ability of CAR-T cells in solid tumors as evi-
denced by elevated levels of IFN-g. Moreover, combined treat-
ment with CA4P and CAR-T cells greatly increased the
therapeutic efficiency of the CAR-T cells in subcutaneous
ovarian cancer mouse xenograft models and patient-derived
xenograft (PDX) models of colon and ovarian carcinoma.
Our findings highlight CA4P as an effective antitumor agent
candidate for combination with CAR-T cells in clinical applica-
tions to treat solid tumors.
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INTRODUCTION
Chimeric antigen receptor (CAR)-T cells are T cells that have been
genetically engineered to express a receptor recognizing a specific an-
tigen that confers specific cytotoxicity against malignant cells bearing
the same tumor antigen.1 Recently, CAR-T cell therapy has rapidly
advanced into a promising therapeutic approach for hematological
malignancies, including lymphomas. Notably, autologous CAR-T
cell therapy specific for the CD19 B lymphocyte molecule has recently
been approved by the US Food and Drug Administration (FDA), and
this approach produces significant beneficial responses in patients
with multiple myeloma or acute lymphoblastic leukemia.2–4 Despite
its success in hematological cancer treatment, CAR-T cell therapy still
faces multiple hurdles as a treatment for solid tumors, the major type
of cancer.

One of the important factors affecting the treatment of solid tumors
with CAR-T cells, at least in part, is the restricted accumulation and
survival of transferred CAR-T cells in the tumor site.5–9 The phys-
ical barriers in a tumor site, such as the vascular barriers, lead to an
abnormal vascular bed and matrix in the tumor, which are an
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important reason why CAR-T cells have difficulties entering the tu-
mor site.10 New blood vessels are required to maintain ongoing
exponential growth depending on the type of tumor and its related
microenvironment, especially the hypoxic and acidic zones of the
microenvironment.11,12 The irregular shape and diameter of a tu-
mor as well as the unstable pericyte coverage of tumor blood vessels
can produce an abnormal vascular network, which further aggra-
vates hypoxia and acidification. The consequent microenviron-
mental dysbiosis and disorder of the extracellular matrix largely
obstruct the infiltration of antitumor lymphocytes into the tumor
tissue.13,14 Therefore, developing approaches to destroy the existing
vascular network and prevent neovascularization in solid tumors
seems to be a feasible way to promote the infiltration of CAR-T cells
into solid tumor sites.

Antiangiogenic drugs such as vascular disrupting agents (VDAs) have
shown great potential in disrupting the vascular microenvironment in
solid tumors. VDAs induce apoptosis in tumor cell-associated
vascular endothelial cells by affecting the microtubule polymerization
stability of these cells, which then causes damage to the vascular sys-
tem and reduces the intratumoral blood supply to cause tumor cell
necrosis in the tumor tissue.15,16 Therefore, it is of interest to test
whether VDAs can promote the infiltration of CAR-T cells into solid
tumors and enhance the therapeutic efficiency of CAR-T cells.
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Figure 1. Effect of CA4P on Vascular Endothelial Cells

(A) CA4P inhibits HUVEC proliferation. HUVECs were seeded at a density of 2� 104

cells in each well of 96-well plates and cultured overnight, with CA4P added at

different concentrations. The proliferation of the cells was measured using a cell

counting kit-8 (CCK8) assay at the indicated time points. The absorbance of each

well was measured with a microplate reader at dual wavelengths of 450 nm and

690 nm. All experiments were performed three times, and the results are presented

as the mean ± SD (ns, no significance; *p < 0.05; **p < 0.01; and ***p < 0.001;

n R 3). (B) CA4P inhibits HUVEC migration. The effect of CA4P on the migration of

HUVECs was observed by a wound-healing assay. A lesion was produced across a

HUVECmonolayer, and HUVECmonolayers were incubated with different doses of

CA4P (0.01 mg/mL, 1 mg/mL, and control) for 24 h and then photographed. A

representative image is shown. Original magnification, �4. Scale bar, 500 mm. (C)

CA4P induced contraction in endothelial cells and inhibited the formation of normal

microtubule aggregates in HUVECs. After 18 h, microtubules (red) in HUVECs were
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Combretastatin A-4 phosphate (CA4P) is a classical VDA that in-
hibits microtubule polymerization.17,18 CA4P shows high selectivity
for tumor vasculature by selectively blocking the signaling pathway
of the endothelial cell-specific connexin VE-cadherin.19 Compared
to most drugs used in tumor chemotherapy, CA4P seldom causes
any detectable lymphopenia or lymphoid cell depletion, nor does it
inhibit the immune response.20,21 Given the beneficial impacts of
CA4P, it is promising to test whether this vascular-targeting small-
molecule drug can enhance the therapeutic effect of CAR-T cells on
solid tumors.

In the present study, we found that CA4P can effectively promote
CAR-T cell infiltration in different in vivo solid tumor models and
significantly improve the antitumor ability of CAR-T cells targeting
different solid tumors. Our results indicate that combined treatment
with CA4P and CAR-T cells is a promising strategy for treating
different types of solid tumors.

RESULTS
CA4P Inhibits the Polymerization of Microtubules in Human

Umbilical Vascular Endothelial Cells

It has been reported that CA4P inhibits tumor growth by selectively
damaging tumor vessels,22 resulting in a 100-fold decrease in tumor
blood flow,23 ischemia, and ultimately extensive tumor necrosis.24

To evaluate the effect of CA4P on blood vessels in vitro, we first
titrated CA4P to observe the dose-dependent effect on the prolifera-
tion of human umbilical vascular endothelial cells (HUVECs) and
found that CA4P inhibited HUVEC proliferation at a concentration
of 0.1 ng/mL or higher (Figure 1A, p < 0.01).

Endothelial cell motility plays an important role in supporting the
survival of vascular endothelial cells and the pattern of neovasculari-
zation. As a typical antitubulin drug, CA4P can not only block the
proliferation of endothelial cells but it also inhibits the movement
of endothelial cells, resulting in weakening of tumor blood vessels.19

To evaluate the effect of CA4P on endothelial cell motility, we
analyzed the influence of CA4P on the migration of HUVECs. A
wound-healing assay showed that compared with the untreated
group, the group treated with 0.01 mg/mL CA4P exhibited inhibited
migration (Figure 1B). To investigate the mechanism by which
CA4P changes the morphology of vascular endothelial cells, we
further examined the effect of CA4P treatment on normal microtu-
bule aggregation and morphological changes in HUVECs. Using
immunofluorescence analysis, we found that CA4P disrupted micro-
tubule aggregation in HUVECs at a concentration of 0.001 ng/mL,
and higher concentrations of CA4P treatment disturbed the polymer-
ization of microtubules and caused morphological deformation in
HUVECs (Figure 1C). These results suggest that CA4P suppresses
the polymerization of microtubules in vascular endothelial cells and
induces morphological deformation in endothelial cells, which may
stained with an anti-b-tubulin antibody (ab11307, Abcam) and analyzed by confocal

fluorescence microscopy after incubation with CA4P (ng/mL) or PBS (control).

Nuclei (blue) were stained with Hoechst 33342. Scale bars, 20 mm.
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promote the destruction of the vascular network in solid tumors
in vivo.

HER2-CAR-T Cells Combined with a Single CA4P Treatment

Inhibit Tumor Growth in a SKOV3 Cell-Derived Xenograft Model

To explore the combined effect of CA4P and CAR-T cell therapy, we
first generated CAR-T cells that specifically target HER2 (Fig-
ure S1A),25 which is overexpressed in multiple types of solid
tumors.26 Approximately 44.52% of the T cells were HER2-CAR pos-
itive (Figure S1B). CD8+ T cells were dominant among the HER2-
CAR-T cells (Figures S1C and S1D),and the proportion of central
memory T cells (CD45RO+CCR7+CD62L+) was higher in the
HER2-CAR-positive population than a control population (51.85%
versus 41.14%, respectively) (Figures S1E and S1F), and expressed
low levels of the exhaustion markers PD1 (27.52%), LAG3 (1.3%),
Tim3 (0.27%), and TIGT (7.76%) (Figures S1G and S1H). The
HER2-CAR-T cells also showed specific cytotoxicity against HER2-
positive cancer cell lines, including the HCT116, SKOV3 and
MDA-MB-231 cell lines, but had no obvious killing effect on
HER2-negative tumor cells, such as Raji cells (Figures S2A and
S2B). Compared with that of normal T (NT) cells, the cytotoxic effect
of the HER2-CAR-T cells on HER2+ SKOV3 cells was enhanced with
increasing effector-to-target (E:T) ratios, as was the secretion of IL2
and IFN-g (Figure S2C). Next, we examined the effects of CA4P on
the proliferation of cancer cells and HER2-CAR-T cells. The results
showed that CA4P at a concentration of 0.1 ng/mL or higher could
inhibit the proliferation of SKOV3 (ovarian cancer cell line) and
HT-29 (colon cancer cell line) cells (Figures S3A and S3B,
p < 0.01), and the inhibitory effect of CA4P on the proliferation of
HER2-CAR-T cells began to appear at 10 ng/mL (Figure S3C,
p < 0.01), suggesting that tumor cells are more sensitive to CA4P
treatment than are CAR-T cells.

To evaluate the combined effect of CA4P and HER2-CAR-T cells
in vivo, we first injected HER2-CAR-T cells into NOD-Prkdc scid
IL-2rg null (NPG) mice that were transplanted with SKOV3
(HER2+) cancer cells, and untreated T cells were used as a control.
For the group receiving the combined treatment with CA4P, CA4P
was intraperitoneally injected into the mice before CAR-T cell infu-
sion (Figure 2A). We next analyzed whether there was a synergistic
effect of CA4P and HER2-CAR-T cells on the ability to kill SKOV3
cancer cells in vivo. More importantly, compared with the other
groups, the group treated with HER2-CAR-T cells combined with
CA4P showed a significantly better survival rate (Figure 2B). Tumor
growth was inhibited by HER2-CAR-T cells alone compared with
normal T cells or no treatment (p < 0.001). Importantly, the tumor
volumes of the mice treated with HER2-CAR T cells in combination
with CA4P were smaller than those of the mice treated with HER2-
CAR-T cells alone (p < 0.001), suggesting that the inhibition of tumor
growth by HER2-CAR-T cells was significantly enhanced by CA4P
treatment (Figure 2C). In support of this result, we found rare
Ki-67+ tumor cells in the group treated with HER2-CAR-T cells com-
bined with CA4P compared with the group treated with HER2-
CAR-T cells alone (Figure 2D). Further analysis showed that more
necrosis occurred within the tumor tissue in the group treated with
HER2-CAR-T cells combined with CA4P compared with the group
treated with HER2-CAR-T cells alone (Figure 2D). In addition,
apoptosis was induced in a significant portion of tumor cells in the
group treated with HER2-CAR-T cells combined with CA4P, whereas
less apoptosis in tumor cells was observed in the group treated with
HER2-CAR-T cells alone (Figure 2E). In addition, the weight of the
mice in the combination group did not change significantly (Fig-
ure 2F), and no obvious depilation, rashes or mental burnout were
observed, which suggested no serious side effects occurred in the
combined treatment group.

Collectively, these results suggest that compared with treatment with
HER2-CAR-T cells alone, treatment with HER2-CAR-T cells com-
bined with CA4P has an enhanced ability to suppress the growth of
SKOV3 tumor cells in a cell-derived xenograft (CDX) model.

HER2-CAR-T Cells Combined with Multiple CA4P Treatments

Eliminate Large Solid Tumors in the SKOV3 CDX Model

We next tested whether CA4P treatment combined with HER2-
CAR-T cells can reduce a large tumor burden, which is a challenge
in solid tumor therapy. To this end, we used SKOV3 cell-transplanted
NPG mice with tumor sizes larger than 150 mm3. To enhance the ef-
fect of CA4P treatment, we applied a protocol of multiple CA4P treat-
ments. CA4P intraperitoneal injection was first performed before the
infusion of CAR-T or GFP-T cells. Subsequent CA4P treatments were
given twice a week for a total of five times (Figure 3A). Compared
with no treatment, CA4P treatment alone could inhibit the growth
of tumors to some extent, but it did not achieve statistical significance
(n = 6, p = 0.4566). However, compared with other treatments, the
treatment of HER2-CAR-T cells combined with multiple CA4P treat-
ments significantly reduced the volume of tumors in vivo (p < 0.01)
(Figure 3B). Importantly, two out of the six mice in this group showed
complete tumor elimination (Figure S3D). Furthermore, the group
treated with HER2-CAR-T cells combined with multiple CA4P injec-
tions displayed a longer survival period than did the other groups,
suggesting synergy between the CAR-T cells and CA4P treatment
(Figure 3C). Immunostaining for the HER2 antigen showed that
HER2+ tumor cell numbers were significantly reduced in the group
treated with HER2-CAR-T cells combined with multiple CA4P injec-
tions compared with the other groups (Figure 3D).

Taken together, these results suggested that multiple CA4P treat-
ments in combination with CAR-T cell therapy could reduce large tu-
mor burdens in CDX mouse models.

CA4P Assists CAR-T Cell Infiltration into Tumor Tissue and

Increases IFN-g Secretion

To explore how CA4P promotes the therapeutic effect of CAR-T cells
on solid tumors, we first analyzed CAR-T/T cell retention and infiltra-
tion in xenograft tumors in mice after CA4P treatment. We
used immunohistochemistry to assess the infiltration of T cells (CD3)
into the tumors of mice in each group. CD3+ T cells were found in
the groups treated with HER2-CAR-T cells alone and HER2-CAR-T
Molecular Therapy Vol. 28 No 1 January 2020 77
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Figure 2. SKOV3 Cell-Derived Xenograft Model Treated with HER2-CAR-T Cells in Combination with a Single CA4P Treatment

(A) Diagram of the CAR-T cells accompanied by CA4P in vivo experiment. The SKOV3 cell-derived xenograft (CDX) model was established in NPGmice with 1� 106 SKOV3

cells by subcutaneous injection. Approximately 2 weeks after tumor cell injection, normal T (NT) or HER2 CAR-T cells were injected into mice via the tail vein at a dose of

5� 106 cells per mouse. For the group treated with the combined therapy, CA4P was intraperitoneally injected into the mice at a dose of 100 mg/kg 4–6 h before NT/CAR-T

cell infusion. (B) Kaplan-Meier survival analysis of all groups. The group treated with HER2-CAR-T cells combined with CA4P had a longer survival time than did the other

groups. (n = 6). (C) Tumor growth curves of different groups. The tumor volumes of the mice in different groups, including the NT group, CON (untreated) group, CA4P

(CA4P alone) group, HER2-T (HER2-CAR-T cells alone) group, and CA4P+HER2-T (HER2-CAR-T cells combined with CA4P) group, were compared (volume calculation:

long diameter�wide diameter�wide diameter/2, n = 6, p < 0.001). (D) H&E staining and immunohistochemical analysis of Ki-67 expression in mouse tumor tissue samples

from the HER2-CAR-T cell group and the HER2-CAR-T cells combined with CA4P group. (E) Analysis of TUNEL staining used to evaluate the degree of apoptosis in the

HER2-CAR-T cell group and the HER2-CAR-T cells combined with CA4P group. Red fluorescence shows apoptotic cells; blue DAPI fluorescence indicates nuclei. Scale

bars, 100 mm. (F) The weights of the mice in all groups (n = 6).

Molecular Therapy
cells combined with CA4P treatment, suggesting T cell infiltration
occurred in these two groups (Figure 4A). More importantly, the com-
bined treatment group had a higher proportion of CAR-T cells in the
peripheral blood at 22 days (p = 0.0119) and 29 days (p = 0.0173) post-
treatment than did theHER2CAR-T cells alone group (Figure 4B), and
the proportion of T cells in the tumor tissue in the combined treatment
group was higher than that in the HER2-CAR-T cells alone group
(p < 0.01) (Figure 4C), suggesting that CA4P treatment specifically pro-
motes the infiltration of HER2-CAR-T cells into the tumor site. In
support of these results, the expression of the blood vessel marker
CD31 was significantly downregulated in the groups treated with
CA4P, suggesting that CA4P treatment could impair the blood vessels
in the tumor site (Figures 3D and 3E) in vivo. As a control, there was no
significant difference in the proportion of splenic T cells between these
two groups (p = 0.3434) (Figure 4D). Collectively, these results sug-
gested that CA4P-assisted HER2-CAR-T cells had higher capacities
of in vivo expansion and tumor infiltration than did unassisted
HER2-CAR T cells.
78 Molecular Therapy Vol. 28 No 1 January 2020
Next, we analyzed the expression of several T cell-associated cyto-
kines and molecules, including interferon (IFN)-g, tumor necrosis
factor alpha (TNFa), interleukin (IL)-12, granzyme B, vascular
endothelial growth factor (VEGF), IL-4, and IL-2, in peripheral
blood samples from all groups 1 month after the first treatment.
Notably, IFN-g expression increased significantly in the HER2-
CAR-T group and HER2-CAR-T combined with CA4P group
compared with the other groups (p < 0.01) (Figure 4E), which
was consistent with the result for IFN-g secretion in an in vitro
test validating HER2-CAR-T cell functions (Figure S2C). Moreover,
the expression of IFN-g in the HER2-CAR-T combined with CA4P
group was significantly higher than that in the CAR-T cells alone
group (p < 0.01) (Figure 4E). Consistent with these results, the levels
of CD3+ T cells (CD3E, p = 0.015; CD3D, p = 0.026) and IFN-g
(p = 0.14) could be potential markers for prognosis prediction, as
revealed by Kaplan-Meier survival analysis (Figures 4F and 4G;
TIMER database: https://cistrome.shinyapps.io/time).27 Accord-
ingly, in addition to increasing the infiltration of CAR-T cells in

https://cistrome.shinyapps.io/time


Figure 3. SKOV3 CDX Model Treated with HER2-CAR-T Cells in Combination with Multiple CA4P Treatments

(A) Diagram of the CAR-T cells accompanied by CA4P in vivo experiment. The SKOV3 CDXmodel was established in NPGmice with 2� 106 cells by subcutaneous injection.

The treatments were carried out when the tumor size was approximately 150 mm3. The mice were randomly divided into five groups. HER2-CAR-T cells (2. 5 � 106) were

infused into the CDX model mice via the tail vein, as were GFP-T cells. For the combined therapy group, CA4P was intraperitoneally injected into the mice at a dose of

(legend continued on next page)
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tumor sites, CA4P treatment may also enhance the secretion of
IFN-g by CAR-T cells in vivo.

HER2-CAR-T Cells Combined with CA4P Treatment Inhibit

Tumor Growth in Patient-Derived Xenotransplantation Mouse

Models of Colorectal Cancer

A tumor cell line is different from tissue samples from tumor patients.
To explore the therapeutic effect of the combined therapy on patient-
derived tumors, we chose HER2-positive colorectal cancer and a pa-
tient-derived xenotransplantation (PDX) model, which more closely
matches patient characteristics, to test the combined CA4P therapy
strategy. Referring to our previous experimental protocols, we estab-
lished a PDX model with tumor tissue derived from a colorectal can-
cer patient.28 HER2-CAR-T cell (or GFP-T cell) infusions with or
without CA4P treatments were carried out when the average tumor
volume was approximately 150 mm3 in NPG mice. The cell infusions
were intravenously injected via the tail vein at a dose of 1 � 106 cells
per mouse. The mice were divided into the following groups: GFP-T
cells alone, HER2-CAR-T cells alone, CA4P treatment alone, GFP-T
cells combined with CA4P treatment, and HER2-CAR-T cells com-
bined with CA4P treatment. CA4P was intraperitoneally injected
into each mouse at a dose of 100 mg/kg 4–6 h before the infusion
of GFP-T/CAR-T cells. The treatments including cell infusion and
CA4P injection were conducted three times at intervals of every other
week (Figure 5A). Compared with the CA4P alone, GFP-T cell treat-
ment alone, and HER2-CAR-T cell treatment alone groups, the
HER2-CAR-T cells combined with CA4P treatment group exhibited
an inhibition of tumor growth, as determined by evaluating tumor
volume (p < 0.01) (Figure 5B). Compared with those in the other
groups, the NPG mice in the combined treatment group did not
show a significant decrease in weight (Figure 5C), and no obvious
depilation, rashes, or mental burnout were observed, which suggested
that no serious side effects occurred in the combined treatment group.

Necrosis in tumor tissue was detected with H&E staining. The results
showed that the CAR-T cells combined with CA4P treatment group
exhibited more necrosis than did the other groups (Figure 5F), sug-
gesting a stronger antitumor effect for the combined treatment. The
HER2 antigen was detected by immunohistochemistry in each group
after treatment. The results showed that HER2 antigen expression
decreased in the HER2-CAR-T cell treatment alone group. Weaker
HER2 antigen expression was displayed in the combined treatment
group, suggesting that most HER2-positive cells were killed in the
combined treatment group (Figure 5F).
100 mg/kg 4–6 h before GFP-T/CAR-T cell infusion, and subsequent CA4P treatments

different groups. Comparedwith CA4P treatment alone, GFP-T cell treatment, and no tre

of tumors (n = 6, p < 0.01). Compared with no treatment, CA4P treatment alone could

significant (n = 6, p = 0.4566). (C) Kaplan-Meier survival analysis of all groups. The HER-C

other groups (n = 6). (D) The effect of the combination therapy on blood vessels and HE

samples showed that CD31 and HER2 expression was different among the untreated g

treatment group. Scale bars, 50 mm. (E) Optical densitometric statistical analysis of the i

groups. Optical densitometric calculation of five randomly selected visual fields in each g

Average densitometric value.
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The infiltration of T cells was detected with an anti-CD3 antibody by
immunohistochemistry. There were more T cells in the tumor tissue
in the group treated with CA4P combined with CAR-T cells (Fig-
ure 5F). Peripheral blood samples from the mice were dynamically
monitored by flow cytometry. The results showed that there was a
higher proportion of CAR-T cells in the combined treatment group
than in the HER2-CAR-T cell treatment alone group at 28 and
42 days after the first treatment (Figure 5D, p < 0.01). More detailed
data for the detection of CAR-T cells in the peripheral blood of the
combination group mice are displayed in Figure 5E.

CD31 expression in tumor tissue was analyzed by immunohisto-
chemistry in the untreated, CA4P alone, HER2-CAR-T cells alone,
and HER2-CAR-T cells combined with CA4P treatment groups.
Weaker expression of CD31 was shown in the group treated with
HER2-CAR-T cells alone than in the untreated group and the
CA4P alone group. Compared with the HER2-CAR-T cells alone
group, the combined treatment groups displayed lower expression
of CD31, suggesting more extensive destruction of tumor vessels (Fig-
ure S4B). In addition, the immunohistochemical analysis also indi-
cated upregulated expression of PD-L1 in the HER2-CAR-T cells
alone and CAR-T cells combined with CA4P treatment groups (Fig-
ure S4B). IFN-g from CD8+ lymphocytes upregulates PD-L1 expres-
sion in ovarian cancer cells and restrains tumor growth. Lymphocyte
infiltration and IFN-g secretion may be the keys for the treatment of
ovarian cancer using anti-PD-1 therapy.29,30 Consistent with our
study, in vitro experiments showed that IFN-g could increase the
expression of PD-L1 in an ovarian cancer cell line in a dose-depen-
dent manner (Figure S4A).

These results suggested that CA4P-assisted HER2-CAR-T cell ther-
apy has a better antitumor effect than do other treatments on the
colorectal cancer PDX model. The effects of the combined treatment
involve the destruction of tumor vessels, promotion of T cell infiltra-
tion, proliferation of CAR-T cells, and decreased expression of the
HER2 antigen.

Mesothelin-CAR-T Cells Combined with CA4P Inhibit Tumor

Growth in PDX Mouse Models of Ovarian Cancer

Are the effective antitumor effects of therapy with CA4P and CAR-T
cells limited to HER2-CAR-T cells? Can this strategy be used to target
other antigens or with other CAR-T cells? To address these issues, we
chose another tumor antigen, mesothelin (Meso), to test the combi-
nation strategy. Meso is a specific surface protein on ovarian cancer
were administered twice a week for a total of five times. (B) Tumor growth curves of

atment, treatment with HER2-CAR-T cells alone could significantly inhibit the growth

inhibit the growth of tumors to some extent, but this difference was not statistically

AR-T cells combined with CA4P group displayed a longer survival time than did the

R2 expression was examined in vivo. Immunohistochemical analysis of tumor tissue

roup, the HER2-CAR-T cells alone group, and the CAR-T cells combined with CA4P

ndividual bands in (D) was performed using GraphPad Prism5 software between the

roup was performed using ImageJ software. Optical densitometric = Positive area�
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tumors. We established a PDXmodel of ovarian cancer in NPGmice.
Using the same design and preparation process as those used for the
HER2-CAR-T cells (Figure S5A), Meso-CAR-T cells were prepared
from healthy donor peripheral blood mononuclear cells (PBMCs).
The proportion of Meso-CAR-T cells was up to 54.3% (Figure S5B)
and a high CD8+/CD4+ ratio (Figures S5C and S5D). The phenotypes
of the Meso-CAR-T cells were mainly naive and central memory,
which is similar to the phenotypes that have been detected as
HER2-CAR-T cells above (Figures S5E and S5F).31 The CAR-T cells
also exhibited low expression levels of exhaustion markers (Figures
S5G and S5H).

A standard luciferase-based bioluminescence assay was used to eval-
uate the cytotoxicity of the Meso-CAR-T cells. The results suggested
that the Meso-CAR-T cells had a specific cytotoxic effect on cells ex-
pressing the Meso antigen and no cytotoxic effect on Meso� cells
(Figures S5I and S5J). We adapted protocols similar to those used
for the colorectal PDX model to establish a Meso+ ovarian cancer
PDX model28 treated with Meso-CAR-T cell therapy. CAR-T cell in-
fusions or CA4P treatments were carried out when the average tumor
volume was approximately 150 mm3 in the NPG mice. Each mouse
was intravenously infused with 1 � 106 cells via the tail vein. CA4P
was intraperitoneally injected into each mouse at a dose of
100 mg/kg 4–6 h before the infusion of the CAR-T cells. The treat-
ments including cell infusion and CA4P injection were conducted
every other week, and three total treatments were administered
(Figure 6A).

Compared with the group treated with Meso-CAR-T cells alone, the
group treated withMeso-CAR-T cells combined with CA4P exhibited
an inhibition of tumor growth based on tumor volumemeasurements
(p < 0.01) (Figure 6B). The mice that received Meso-CAR-T cells
combined with CA4P had a longer survival period than did the
mice treated with Meso-CAR-T cells alone (Figure 6C). IFN-g in
the peripheral blood showed higher levels in the combined treatment
group than in the other group (Figure 6D). The weight of the NPG
mice in both groups did not decrease significantly (data not shown),
and no obvious depilation, rashes, or mental burnout were observed,
which suggested that no serious side effects occurred in the combined
treatment group.

More extensive necrosis could be found in the Meso-CAR-T cells
combined with CA4P treatment group than in the other group by
Figure 4. Detection of the T Cell Proportion, IFN-g Secretion within the Periph

SKOV3 CDX Model Treated with HER2-CAR-T Cells in Combination with Multi

(A) Immunohistochemical detection of the infiltration of T cells (CD3) in the HER2-CAR-

30 mm. (B) Comparison of peripheral blood of mice in the HER2-CAR-T cells alone gro

combined CA4P group had a higher proportion of CAR-T cells after 22 days (n = 3, p =

tumors from the combined treatment group was higher than that in the tumors from t

difference in the proportion of splenic T cells between the two groups (n = 3, p = 0.3434).

group 1 month after treatment (n = 3, p < 0.001). (F) Comparison of the Kaplan-Meier su

results showed that the CD8/CD3 ratio was positively correlated with prognosis in ovarian

https://cistrome.shinyapps.io/time). (G) Positive correlations of the T helper 1 (TH1) cell
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H&E staining. Terminal deoxynucleotidyltransferase-mediated deox-
yuridine triphosphate nick end labeling (TUNEL) staining showed
more tumor cell apoptosis in the combined treatment group than
in the other groups (Figures 6E and 6F). Additionally, there was
more T cell infiltration and less CD31 and Meso expression detected
by immunohistochemical analysis in the combined treatment group
than in the other treatment group (Figure 6E).

These results suggest that CA4P-assisted Meso-CAR-T cell therapy
has more effective antitumor activities than do other treatments in
the ovarian cancer PDX model. The activities of the treatment with
CAR-T cells combined with CA4P may involve the destruction of tu-
mor vessels, promotion of T cell infiltration, proliferation of CAR-T
cells, and increased expression of secreted IFN-g.

DISCUSSION
The combination of CAR-T cells and CA4P showed effective anti-
tumor activities in colon (HER2+) and ovarian (Meso+) tumor
models. The overall survival rate of mice receiving the combined
treatment was higher than that of mice receiving any single treatment.
The combined group exhibited less tumor-related antigen expression
and more tumor tissue necrosis and tumor cell apoptosis than did the
other groups. In addition, CA4P promoted T cell infiltration and
enhanced IFN-g secretion in both the CDX and PDX mouse models.

CAR-T cells recognize surface antigens of tumor cells and exhibit spe-
cific cytotoxicity against these malignant cells. The expansion and
persistence of adoptively transferred T cells is necessary for a sus-
tained antitumor effect.32 In addition, even when a target antigen of
a solid tumor is identified, a CAR-T cell must infiltrate the tumor
site to kill tumor cells.33 Only a minority of solid tumor types are re-
ported to be effectively treated by CAR-T cells, and these types
include glioblastoma, pancreatic cancer, mesothelioma, and
sarcoma34–42 to some extent. Until now, studies of CAR-T cell ther-
apy alone have achieved limited progress in solid tumors.

The abnormal vascular and interstitial barrier is regarded as a key
obstacle preventing CAR-T cells from infiltrating into tumor tissue
and reacting to solid tumor cells. This abnormal neovascular structure
in tumors helps to establish the tumor microenvironment and main-
tains drug resistance, such as immunosuppression and chemothera-
peutic resistance.43 Therefore, the destruction or inhibition of the
neovascular system is a key step before CAR-T cell treatment. Via
eral Blood Cell Population, and T Cell Infiltration into Tumor Tissue in the

ple CA4P Treatments

T cell group and in the HER2-CAR-T cells combined with CA4P group. Scale bars,

up and the HER2-CAR-T cells combined with CA4P group by flow cytometry. The

0.0119) and 29 days (n = 3, p = 0.0173) of treatment. (C) The proportion of T cells in

he HER2-CAR-T cells alone group (n = 3, p < 0.01)). (D) There was no significant

(E) ELISA detection of the IFN-g level in the peripheral blood ofmice in each treatment

rvival curves classified by CD3 and CD8 expression in different types of cancer. The

cancer (CD3E, p = 0.015; CD3D, p = 0.026; and CD8a, p = 0.39) (TIMER database:

quantity and TNF expression with prognosis by Kaplan-Meier survival analysis. TNF
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Figure 5. PDX Mouse Models of HER2-Positive Colorectal Cancer Treated with HER2-CAR-T Cells Combined with CA4P

(A) PDX models were established using tissue derived from a HER2-positive colorectal patient. Further cell infusions or CA4P treatments were carried out when the average

tumor volume was approximately 150mm3 in NPGmice. Cells were intravenously infused via the tail vein at a dose of 1� 106 cells per mouse. The mice were divided into the

following treatment groups: normal T (NT) cells, HER2-CAR-T cells, NT cells combined with CA4P treatment, and HER2-CAR-T cells combined with CA4P treatment. CA4P

was injected into each mouse intraperitoneally at a dose of 100 mg/kg 4–6 h before the infusion of NT/CAR-T cells. The treatments including cell infusion and CA4P injection

(legend continued on next page)
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binding to the colchicine binding site on tubulin, CA4P inhibits
microtubule polymerization.17,18 In addition, CA4P shows high selec-
tivity for tumor vasculature due to selective blocking of the signaling
pathway of the endothelial cell-specific connexin VE-cadherin.19

Therefore, CA4P restrains tumor growth by selectively damaging
tumor vasculature, which reduces tumor blood flow and leads to
extensive tumor necrosis.22–24,44,45 In our study, CA4P inhibited the
proliferation and migration of HUVECs, disrupted the polymeriza-
tion of microtubules, and caused morphological deformation in
HUVECs in vitro, and CA4P treatment could impair blood vessels
in the tumor site in vivo. These effects would increase vascular perme-
ability and promote the infiltration of CAR-T cells into solid tumors.
To enhance the auxiliary effect, CAR-T cells were infused into mice
4–6 h after the injection of CA4P in this study. This design helped
CAR-T/T cells traffic to the inner regions of solid tumors. Currently,
there are no similar results in the treatment of solid tumors with
vascular interference agents other than CA4P combined with
CART, which is worthy of our further study.

Sengupta et al.46 showed that CA4P combined with doxorubicin
treatment increases the therapeutic index and alleviates side effects.
Clinical trials studying the treatment of cancer patients suggest that
combination with CA4P improves the therapeutic outcomes of pa-
tients treated with carboplatin and paclitaxel.47 In our study, CA4P
injection in combination with CAR-T cell infusion displayed syner-
gistic antitumor effects on colorectal and ovarian tumor models.
With this combination therapy, the infiltration of T cells was shown
in tumor tissues, while the peripheral blood showed the accumulation
of CAR-T cells as well as an enhanced IFN-g level in the CDX and
PDX mouse models. Specific to function, IFN-g secreted by CD8+

CAR-T/T cells is also involved in decreases in VEGF secretion and
angiogenesis.48 Moreover, IFN-g directly induces tumor angiogenesis
degeneration in endothelial cells.49 The reason for the high level of
IFN-g secretion is that CAR-T cells specifically recognize a surface
antigen on tumors and secrete cytokines to enhance cytotoxicity to
malignant cells.

It is necessary to adopt various approaches to overcome the potential
limitations of CAR-T cells in the treatment of solid tumors. The more
effective combined treatment will be considered for cancer immuno-
therapy. The key point to make is that this combination has synergis-
tic effects on tumor cells and their microenvironment. CA4P therapy
disrupts the tumor neovascular system and causes necrosis in tumors,
which is correlated with T cell or drug infiltration into tumors. Full
exposure of CAR-T cells to tumor antigens results in the secretion
were conducted every other week, and three total treatments were administered. (B) Tum

NT treatment, and HER2-CAR-T cell treatment alone groups, the HER2-CAR-T cells co

by measuring tumor volume (n = 3, p < 0.01). (C) The weight of the mice in the combined

mice was dynamically monitored by flow cytometry. The results showed that there was a

cells alone group at 28 and 42 days after the first treatment (n = 3, p < 0.01). More deta

group (1#, 46#, 7#) are displayed in (E). (F) CA4P and CAR-T cell-treated HER2-positiv

histochemical analysis of tumor tissue samples showed that CD3 and HER2 expressio

CAR-T cells combined with CA4P treatment group. Scale bars, 50 mm.
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of high levels of cytokines (such as IFN-g) and cytotoxicity to intra-
tumor cells. Then, IFN-g more extensively inhibits tumor angiogen-
esis. CA4P and CAR-T cells exerted synergistic effects on colorectal
and ovarian tumor models in our study. Even so, the toxicity of the
combined application of CAR-T cells and CA4P needs to be further
evaluated in clinical trials. Consistent with our results, some evidence
also showed that the IFN-g secreted by the infiltrated CD8+ T cells
could upregulate PD-L1 expression in ovarian cancer cells and
restrain tumor growth.29,30 We can imagine our CA4P plus CAR-T
cell strategy combined with immune checkpoint blockade, such as
anti-PD-L1 or anti-PD-1 therapy,29,30 to obtain better antitumor
effects.

MATERIALS AND METHODS
Cell Lines and Culture

The HCT116, SKOV3, MDA-MB-231, PANC1, A549, and Raji cell
lines obtained from the National Infrastructure of Cell Line Resource
(Beijing, China), and human HEK293T cells (ATCC, USA), were all
cultured in DMEM (Gibco, USA), except for the Raji cells, which were
cultivated in RPMI 1640 medium (Gibco, USA). Both media were
supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Gibco, USA), and the cells were incubated in a humidified incubator
with 5% CO2 at 37�C and passaged every 2 days with a complete cul-
ture medium change.

Plasmid Construction and Lentivirus Production

A DNA sequence encoding a single-chain variable fragment (scFv),
CD8a hinge and transmembrane region, a 4-1BB costimulatory
signaling domain, and the cytoplasmic region of the CD3z chain
was synthesized by BGI Genomics (Beijing, China). The CAR en-
coded by the DNA sequence was inserted into a self-inactivating
(SIN) pRRL lentiviral vector with XbaI and SalI sites. The lentiviral
vector (16 mg), psPAX2 (12 mg), and pMD2.G (4 mg) were cotrans-
fected into HEK293T cells in 10-cm dishes with the calcium phos-
phate method as previously described.25 The medium was changed
after 12 h. The supernatants were collected after a subsequent
24–48 h of cultivation. These supernatants were filtered through
0.22-mm polyvinylidene fluoride filters (Millipore, USA) and stored
at �80�C for future use.

Generation of CAR-T Cells

All PBMCs used in our study were obtained from healthy donors.
CD3+ T cells were cultured in X-VIVO 15 medium (Lonza) supple-
mented with 10% FBS and 100 U/mL IL-2 (PeproTech, USA). These
cells were prestimulated with anti-CD3/CD28 beads (Thermo Fisher
or growth curves of different groups were created. Compared with the CA4P alone,

mbined with CA4P treatment group exhibited inhibited tumor growth, as determined

treatment group did not change significantly (n = 3). (D) The peripheral blood in the

higher proportion of CAR-T cells in the combined treatment group than in the CAR-T

iled data for CAR-T cell detection in the peripheral blood of the combined treatment

e colorectal tumors were histopathologically analyzed. H&E staining and immuno-

n differed among the untreated group, the HER2-CAR-T cells alone group, and the



Figure 6. PDX Mouse Models of Meso+ Ovarian Cancer Treated with Meso-CAR-T Cells Combined with CA4P

(A) PDX models were established using tissue derived from a Meso+ ovarian cancer patient. Further cell infusions or CA4P treatments were carried out when the average

tumor volume was approximately 150mm3 in NPGmice. Cells were intravenously infused via the tail vein at a dose of 1� 106 cells per mouse. Themice were divided into two

groups: the Meso-CAR-T cell group and the Meso-CAR-T cells combined with CA4P treatment group. CA4P was injected into each mouse intraperitoneally at a dose of

100 mg/kg 4–6 h before the infusion of CAR-T cells. The treatments including cell infusion and CA4P injection were conducted every other week, and three total treatments

were administered. (B) Tumor growth curves for the two groups are shown. The CAR-T cells combined with CA4P treatment group exhibited more inhibition of tumor growth

than did the CAR-T cells alone group (n = 5, p < 0.05)). (C) Kaplan-Meier survival analysis of all groups is shown. TheMeso-CAR-T cells combined with CA4P group displayed

a longer survival time than did the CAR-T cells alone group. (D) The IFN-g level in the peripheral blood of the mice in the two groups was detected by ELISA 20 days after

treatment (n = 3, p < 0.05)). (E) Histopathological analysis was used to assess CA4P and CAR-T cell-treated Meso+ ovarian tumors. H&E staining and immunohistochemical

analysis of tumor tissue samples assessed the CD3, CD31, and Meso expression in these two groups, and more extensive necrosis and T cell infiltration and less CD31 and

Meso expression was detected in the combined treatment group by immunohistochemical analysis. Scale bars, 50 mm. (F) Analysis by TUNEL staining was used to evaluate

the degree of apoptosis. Red fluorescence shows apoptotic cells; blue DAPI fluorescence indicates nuclei. Scale bars, 100 mm. TUNEL analysis suggested more tumor cell

apoptosis occurred in the combined treatment group than in the CAR-T cells alone group.
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Scientific, USA) (1:1 bead-to-cell ratio) for 48 h and transduced with
the CAR lentiviral vector. Transduction efficiency was evaluated by
flow cytometry 6 days later.

Flow Cytometry

The expression and phenotype of CAR-T cells was examined by flow
cytometry with an Alexa Fluor 647-conjugated anti-mouse/human
IgG, F(ab0)2 antibody (BioLegend). The fluorochrome-conjugated an-
tibodies included anti-CD3, anti-CD4, anti-CD8, anti-CD45RO, anti-
CD62L, anti-CD45RA, anti-LAG-3, anti-TIGT, anti-TIM-3, and
anti-PD-1 (CD279) antibodies (all antibodies were purchased from
BD Biosciences, USA). Isotype-matched fluorochrome-conjugated
immunoglobulin (Ig) antibodies were used as negative controls.
Flow cytometry was performed with a FACSCalibur and analyzed
with its software (BD Biosciences, USA) or FlowJo 7.6.1.

Cytotoxicity Assay

To identify the cytotoxicity of CAR-T cells in vitro, a lentiviral expres-
sion vector for high antigen expression was constructed, and then
target cells were transfected. The endogenous expression or overex-
pression of the corresponding antigen was confirmed by flow
cytometry. Normal T or CAR-T cells and HER2/Meso+ or HER2/
Meso� tumor cells were cocultured in a 96-well plate for 20 h at a
defined effector to target (E:T) ratio, and then cytotoxicity was eval-
uated by a standard bioluminescence assay based on luciferase.25

Cytokine Release Assay

Cytokine release was detected by an ELISA after 24 h of culture in the
presence of normal T or CAR-T cells. Tumor cells that were HER2/
Meso positive or HER2/Meso negative were cultivated in a 96-well
plate. Normal T or CAR-T cells were cocultured with the tumor cells
for 24 h at different E:T ratios. Briefly, the CAR-T cells were cocul-
tured with the tumor cells (1 � 104) in RPMI 1640 medium at a final
volume of 200 mL in 96-well plates. The supernatants were harvested
after 24 h of coculture, and IFN-g and IL-2 levels were measured with
ELISA kits (BioLegend, San Diego, USA).

Cell Proliferation Assay

The effect of CA4P on cell proliferation was detected by a cell count-
ing kit-8 (CCK8) assay. HT29 cells, SKOV3 cells, HER2-CAR-T cells,
and HUVECs were seeded at a concentration of 2 � 104 in each well
of 96-well plates and cultured overnight. Then, CA4P was added to
the 96-well plates at different concentrations. The proliferation of
the cells was measured using the CCK8 assay at the indicated time
points. The CCK8 test was carried out according to the manufac-
turer’s instructions (Mei5 Biological Company, China). The absor-
bance of each well was measured with a microplate reader at dual
wavelengths of 450 nm and 690 nm.

Animal Experiments

We detected the antitumor effect of CAR-T cell therapy combined
with CA4P on subcutaneous CDX models and PDX models. In the
CDX model, SKOV3 (HER2+) cells representing ovarian tumors
were subcutaneously injected into severe combined immunodeficient
86 Molecular Therapy Vol. 28 No 1 January 2020
NPG mice. The PDX models were established with tissue derived
from HER2+ colorectal or Meso+ ovarian cancer patients.28 Further
experiments were carried out when the size of the tumor was approx-
imately 50 or 150 mm3. Approximately 2 weeks after tumor cell injec-
tion, normal T or CAR-T cells were injected into mice via the tail vein.
For the groups treated with the combined therapy or CA4P alone,
CA4P was intraperitoneally injected into mice at a dose of
100 mg/kg 4–6 h before T/CAR-T cell infusion. Posttreatment assess-
ments were performed twice a week via flow cytometry, tumor-infil-
trating lymphocyte (TIL) detection, peripheral blood tests, and
TUNEL staining. Tumor burdens were monitored weekly using the
Xenogen IVIS (Caliper Life Sciences). Tumor volumes were calcu-
lated with the following formula: V = 1/2(length � width2). Mice
with large tumor masses were euthanized early because of humanitar-
ian considerations. The protocols were approved by the Ethical Com-
mittee of Peking University Health Science Center.

Histology, Immunohistochemistry, and TUNEL Staining

Analyses

Tissue specimens were fixed with 10% formalin, dehydrated with
ethanol, and embedded in paraffin. The tissue samples were sliced
into 4-mm-thick continuous sheets. The tissue sections were stained
with H&E. Immunohistochemical staining was carried out by the
streptavidin peroxidase method according to the manufacturer’s in-
structions (Fuzhou Maixin Biotechnology Development Company,
China). The expression levels of HER2, Meso, CD31, CD3, PD-
L1, and Ki-67 were detected by immunohistochemistry. Microtu-
bules were stained with a mouse anti-b-tubulin antibody. All
antibodies were purchased from Abcam. The protocols were per-
formed according to the operation guide of immunohistochemistry.
For immunohistochemistry, tissue samples were fixed with 4% para-
formaldehyde and embedded with paraffin. These sections were
subjected to antigen retrieval. Samples were then incubated with
corresponding antibodies overnight at 4�C. The samples were
washed with PBS and incubated with a horseradish peroxidase
(HRP)-conjugated IgG antibody. Then, the samples were observed,
and images were collected with an optical microscope (CX41-
23C02; Olympus, Tokyo, Japan). TUNEL staining was used to eval-
uate apoptosis in the tissue samples. The staining was carried out
according to the manufacturer’s instructions (Yi Sheng Biological
Company). Red fluorescence represents apoptotic cells, whereas
blue fluorescence (DAPI staining) represents nuclei.

Statistical Analyses

The data obtained in this study are expressed as the average ± SD
(x ± s). Data comparisons between two samples were tested by a Stu-
dent’s t test, and those among multiple samples were tested by
ANOVA. The significant difference level was set at a = 0.05. This
means a difference was significant when the p value was less than
0.05. The p values are generally represented as follows: *p < 0.05,
**p < 0.01, and ***p < 0.001. Fluorescence-activated cell
sorting (FACS) data were analyzed by FlowJo 7.6.1 software or BD
FACSCalibur tools. In this study, GraphPad Prism5 was used to
generate graphs and perform statistical analyses.
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