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Abstract
Chimeric antigen receptor (CAR) T cell therapy, a type of adoptive cell therapy, has been successfully used when treating 
lymphoma malignancies, but not nearly as successful in treating solid tumors. Trophoblast cell surface antigen 2 (Trop2) is 
expressed in various solid tumors and plays a role in tumor growth, invasion, and metastasis. In this study, a CAR targeting 
Trop2 (T2-CAR) was developed with different co-stimulatory intercellular domains. T2-CAR T cells demonstrated a powerful 
killing ability in the presence of Trop2-positive cells following an in vitro assay. Moreover, T2-CAR T cells produced multiple 
effector cytokines under antigen stimulation. In tumor-bearing mouse models, the CD27-based T2-CAR T cells showed a 
higher antitumor activity. Additionally, more CD27-based T2-CAR T cells survived in tumor-bearing mice spleens as well 
as in the tumor tissue. CD27-based T2-CAR T cells were also found to upregulate IL-7Rα expression, while downregulating 
PD-1 expression. In conclusion, the CD27 intercellular domain can enhance the T2-CAR T cell killing effect via multiple 
mechanisms, thus indicating that a CD27-based T2-CAR T cell approach is suitable for clinical applications.
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CAR​	� Chimeric antigen receptor
T2-CAR​	� Trop2-specific CAR​
TAA​	� Tumor-associated antigen
FDA	� Food and Drug Administration
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IL-2	� Interleukin-2

IL-7	� Interleukin-7
IL-15	� Interleukin-15
TNF-α	� Tumor necrosis factor-α
UTD	� Untransduced
IFN-γ	� Interferon-γ
PBMCs	� Peripheral blood mononuclear cells
IVIS	� In Vivo Imaging System
LDH	� Lactate dehydrogenase
TNBC	� Triple-negative breast cancer
TIL	� Tumor infiltrated lymphocyte

Background

Adoptive cell therapy (ACT) utilizes a patient’s own immune 
cells to treat diseases, such as cancer, chronic infection, and 
autoimmunity [1], with emerging preclinical data suggesting 
that ACT approaches provide multiple advantages relative to 
other cancer immunotherapies [2]. One implementation of 
ACT utilizes genetically modified T cells that express chi-
meric antigen receptors (CARs) target CD19, which is asso-
ciated with B cell lymphoid malignancies [3]. Therefore, this 
therapy is called CAR T cell therapy and has been approved 
by the US Food and Drug Administration (FDA) for treat-
ing leukemia and lymphoma (tisagenlecleucel, CTL019). 
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Recently, the use of CAR T cell therapy in solid tumors is 
also being explored [4].

In any immunotherapy, identifying an abnormal protein 
that only expressed on the surface of tumor cells, which is a 
tumor-specific antigen (TSA), is ideal, but identifying one 
that can serve as a CAR T cell target is rare. Alternatively, 
tumor-associated antigens (TAAs) that tend to be highly 
expressed on tumor cells, but less common on normal cells 
are instead utilized. In leukemia, the TAA CD19 has been 
successfully utilized as a CAR T cell target [5], while other 
TAAs, including GD2, MUC1, and Her2, have been exam-
ined in solid tumors [6]. Owing to the high heterogeneity 
associated with tumors, current studies examining CAR T 
cell targets have only involved in a portion of tumors. So, 
it is still necessary to identify additional targets for CAR T 
cell applications.

Trophoblast cell surface antigen 2 (Trop2) is a cell sur-
face glycoprotein that is highly expressed in a variety of late-
stage epithelial carcinomas, such as triple-negative breast 
cancer (TNBC) [7, 8], and has only been identified in normal 
trophoblast cells, prostate stem cells, and liver oval cells 
[9, 10]. A Trop2 mutation has been associated with gelati-
nous drop-like corneal dystrophy [11], and Trop2 has been 
shown to play an important role in cancer cell proliferation, 
migration, invasion, and metastasis [12]. Increased Trop2 
expression is associated with a poor prognosis, increased 
tumor aggressiveness and metastasis, and decreased overall 
survival rate [13–15]. In previous studies, the administration 
of Trop2 antibody in the treatment of lung cancer, breast 
cancer, and urothelial carcinoma was shown to be safe and 
efficacious [8, 16–18]. Overall, these findings suggest that 
Trop2 may be a promising target for CAR T cell cancer 
therapy.

CAR T cells could specifically recognize and eliminate 
tumor cells in a major histocompatibility complex (MHC)-
independent manner. The essential components of the CAR 
structure include an extracellular antigen binding domain, 
spacer domain such as a CD8 hinge, a transmembrane 
domain, and an intracellular signaling domain contain-
ing CD3ζ chains linked with co-stimulatory molecules. In 
these elements, the antigen-binding domain, which is often 
a single-chain fragment variant (scFv) of a monoclonal 
antibody, recognizes and specifically binds to the tumor 
antigen. Furthermore, the receptor also contains a co-stim-
ulatory molecule domain that could promote CAR T cell 
activation with the cooperation of the CD3 signaling [19]. 
Moreover, these co-stimulatory molecules, which include 
CD28, CD27, ICOS, 4-1BB, or OX40, could enhance T cell 
proliferation and cytotoxic function [20]. When constructing 
CARs, different co-stimulatory domains could induce differ-
ent downstream signaling. Thus, selecting a co-stimulatory 
domain that would enhance the killing ability of CAR T 
cells is essential. After antigen stimulation, CAR T cells are 

activated and release multiple cytokines that stimulate vari-
ous immune responses to promote tumor elimination [21, 
22]. While CAR T cells have been successful in treating 
hematologic malignancies, their efficacy in treating solid 
tumors is still limited by the paucity of specific antigens and 
the immunosuppressive microenvironment in solid tumors 
[23, 24].

CD27, which belongs to the TNFR superfamily, is con-
stitutively expressed on both CD8 and CD4 T cells, natu-
ral killer T cells, and other immune cells[25]. CD27 co-
stimulatory signaling promotes T cell activation, clonal 
expansion, and effector T cell differentiation, survival and 
memory. During T cell priming, the absence of CD27 signal-
ing results in abortive T cell clonal expansion, dysfunctional 
CD8 T cell memory and antitumor responses[25]. When 
activated T cells undergo clonal expansion, CD27 co-stim-
ulation counteracts apoptosis by increasing expression of 
the antiapoptotic molecule Bcl-xL [26, 27], downregulat-
ing the expression of FasL and decreasing the sensitivity 
to FasL-induced apoptosis [28]. Moreover, CD27 signaling 
enhances CAR T cell expansion, effector functions, and sur-
vival in vitro, as well as augmenting CAR T cell persistence 
and antitumor activity in vivo [29]. However, it remains 
unclear if CD27 signaling could enhance CAR T cell activ-
ity in a solid tumor.

In this study, Trop2-specific CAR (T2-CAR) T cells were 
developed with different co-stimulatory signaling molecules. 
The killing ability of T2-CAR T cells was then determined 
in both in vitro and in vivo models. The results revealed 
that T2-CAR T cells could serve as a potential treatment for 
Trop2-positive tumors, and that CD27 signaling may have 
a potential application in treating solid tumors with CAR T 
cell therapy.

Materials and methods

CAR construction

The sequence encoding the anti-Trop2 scFv antibody in the 
VL-VH orientation (Supplementary Fig. 1a) was based on 
the sequence of hRS7 [30], while the anti-human CD19 scFv 
was derived from a FMC-63 clone as previously described 
[31]. The constructed CARs contained a scFv, a human 
CD8a hinge domain, a transmembrane domain, a co-stimu-
latory intracellular signaling domain (varied), and a CD3ζ 
intracellular signaling domain. All of the constructed CARs 
were then cloned into the lentiviral vector-CSII. To gener-
ate the murine CARs, the same structures were employed, 
with the exception of the intracellular signaling domains 
being murine, and these CARs were cloned into the MIGR1 
retroviral vector.
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Lentivirus and Retrovirus production

For lentivirus production, HEK293T cells were cultured 
with DMEM medium and 8 × 106 cells were seeded per 
10-cm dish. On the next day, the cells were transfected 
with CAR-expressing plasmids (12 μg), an encoding vesic-
ular stomatitis virus (VSV-G) envelope protein plasmid 
pMD.2G (5 μg) and a packaging plasmid psPAX2 (10 μg) 
using the calcium phosphate method. Retrovirus produc-
tion was performed in the same way, with the exception 
of the MIGR1 plasmid and pCL-Eco retrovirus packaging 
being utilized instead. The culturing medium was changed 
at 6 h post-transfection, with the viral supernatants were 
harvested 48 h later. For T cells transduction, 1 × 106 
activated T cells were plated onto a 12-well plate coated 
with retronectin (Takara Bio), followed by the addition of 
5 ml of fresh supernatant with 8 μg /ml polybrene (Sigma) 
and 10 ng/ml IL-2. The plates were then centrifuged for 
90 min at 600 g and incubated at 37 °C overnight, with 
the medium changed to RPMI 1640 medium for culturing.

Human T cells and mouse T cells isolation 
and modification

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the whole blood of healthy volunteer donors 
(Guangzhou Blood Center, Guangzhou) by using the 
Ficoll-Hypaque density gradient centrifugation methods. 
Primary human CD8+ T cells were negatively purified 
from the PBMCs using a MACS magnetic column with 
a human CD8 T lymphocyte enrichment set DM (BD-
IMag™) according to the manufacturer's protocol. T cells 
were activated using Dynabeads® Human T-Expander 
CD3/CD28 (11141D, Thermo Fisher Scientific) and 
recombinant IL-2 at 10 ng/ml (R&D) for 2 d. The activated 
T cells were then infected with fresh lentiviral superna-
tants. The transduced T cells were continually cultured 
in RPMI 1640 (Invitrogen) with 10% fetal bovine serum 
(Gibco) for an additional 5 d in the presence of 10 ng/ml 
IL-2, 10 ng/ml IL-7 and 10 ng/ml IL-15. The transduc-
tion efficacy was determined with flow cytometry analy-
sis (Supplementary Fig. 1b, c). Similarly, mouse CD8+ 
T cells generated from wild-type C57BL/6 female mice 
were purified with a mouse CD8+ T cell negative enrich-
ment kit (eBioscience, USA). T cells were activated with 
immobilized anti-CD3e antibody (5 μg/mL, eBioscience) 
and anti-CD28 (2 μg/mL, eBioscience) antibodies in the 
presence of murine IL-2 (ProSpec) for 24 h and then were 
infected with retroviral supernatants followed by addi-
tional incubation for 2 d with 10 ng/ml murine IL-2. The 
transduction efficacy was determined with flow cytometry 
analysis (Supplementary Fig. 4).

Cell lines and cell culture

All cells lines, including MDA-MB-231, MDA-MB-
231-fLuc, SKOV3, EC109, A549, A549-Trop2+, MCF7, 
BGC823, and 293 T, were cultured in high-glucose DMEM 
(Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% 
fetal bovine serum (FBS) and 100 U/mL penicillin/strep-
tomycin (Invitrogen). LLC-Trop2+, MC38-Trop2+, BxPC-3 
and H1975 cells were maintained in conditioned RPMI 1640 
(Invitrogen) containing 10% FBS (Gibco) and 100 U/ml pen-
icillin/streptomycin. MDA-MB-231, SKOV3, EC109, A549, 
MCF7, BGC823, BxPC-3, H1975, MC38, LLC, and 293 T 
cells were obtained from ATCC (Manassas, VA, USA). 
A549-Trop2+ cells were established by infecting A549 with 
lentivirus carrying Trop2-IRES-GFP, followed by sorting 
GFPhigh cells (BD FACSAria II). MDA-MB-231-fLuc cells 
were established by infecting MDA-MB-231 cells with len-
tiviruses carrying luciferase-IRES-RFP, followed by sorting 
RFPhigh cells. LLC-Trop2+ and MC38-Trop2+ were estab-
lished by infecting LLC and MC38 cells with recombinant 
retroviruses carrying Trop2-IRES-GFP moiety, followed by 
GFPhigh sorting. All cell lines were maintained in a humidi-
fied atmosphere containing 37 °C and 5% CO2.

In vitro cytotoxicity assay

The cytotoxic activity of the CAR T cells was evaluated 
using the CytoTox 96® Non-Radioactive Cytotoxicity Assay 
(G1781, Promega) following manufacture guideline. The 
lactate dehydrogenase (LDH) release was evaluated after 
8 h in the supernatant with effector-to-target (E: T) ratios of 
1:1, 2:1, 5:1, and 10:1.

Intracellular cytokine staining and flow cytometry 
analysis

T cells were co-cultured with target cells at a 2:1 ratio, 
with 2 × 106 cell/ml seeded in 24-well flat bottom tissue-
culture plates at 37 °C and 5% CO2 for 16 h with RPMI-
1640 plus 10% FBS. Brefeldin A inhibitor was added at 8 h 
after co-culture. Cells were harvested, and surface staining 
for anti-human CD3 was performed. The cells were then 
fixed, permeabilized, and stained with cytokine antibodies 
according to the manufacture’s guidelines (88–8824-00, eBi-
oscience Intracellular Fixation & Permeabilization Buffer 
Set). Human T2-CAR T cells were detected with Alexa-
Fluor 488 conjugated goat anti-mouse IgG(H + L) anti-
bodies (A-11001, Invitrogen). For the detection of murine 
T2-mCAR T cells, the GFP within the retroviral MIGR1 
vector was employed. The following Abs were used in flow 
cytometry analysis: PE-conjugated anti-human Trop2 (clone 
MR54, eBioscience), Alexa-Fluor 488 conjugated goat 
anti-mouse IgG(H + L) antibodies (A-11001, Invitrogen), 
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Pacific blue conjugated mouse anti-human CD3 (clone 
UCHT1, Invitrogen), APC conjugated mouse anti-human 
IFN-γ (clone 4S.B3, Invitrogen), PE-Cyanine7 conjugated 
mouse anti-human TNF-α (clone MAb11, Invitrogen), and 
PE-conjugated mouse anti-human Granzyme-B(clone GB11, 
Invitrogen). The following Abs were used in mouse T cell 
detection: PE-conjugated anti-mouse TCR (clone H57-
597, Invitrogen), PE-Cyanine7 conjugated anti-mouse CD8 
(clone 53–6.7, Invitrogen), APC conjugated anti-mouse 
PD-1 (clone J43, Invitrogen), and PerCP-Cyanine5.5 conju-
gated anti-mouse CD127 (clone A7R34, Invitrogen). FACS 
analysis was performed with flow cytometry (LSR Fortessa, 
BD) and FlowJo software (FlowJo_V10, BD). An Annexin 
V-PE Apoptosis Detection Kit (BD Pharmingen) was used 
to evaluate apoptosis levels according to the manufacture’s 
guidelines.

Establishment of a tumor‑bearing model

All studies complied with the ethical regulations established 
by the Institutional Animal Care and Use Committee of Sun 
Yat-Sen University (IACUC, SYSU). NCG mice (NOD/
ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt, Nanjing Gem-
Pharmatech) were used to establish the human carcinoma 
tumor-bearing models. Female NCG mice (6–8 weeks old) 
were inoculated subcutaneously (s.c.) with 1 × 106 MDA-
MB-231 cells. At 3 d, 1 × 106 transduced CAR T cells were 
adoptively transferred into the tumor-bearing mice via the 
tail vein. Tumor size was measured, and the tumor volume 
was calculated as follows: (major axis of tumor) × (minor 
axis of tumor)2/2. To observe the inhibition of the T2-CAR T 
cells in tumor metastasis in vivo. NCG mice were inoculated 
intravenously (i.v.) in the tail with 5 × 105 MDA-MB-231-
fLuc cells. On day 3, the mice were intraperitoneally (i.p.) 
infused with 150 mg/kg of VivoGlo Luciferin (Promega). 
The mice were anesthetized, and the tumor was imaged 
using an in vivo imaging system (IVIS, PerkinElmer). Next, 
1 × 106 CAR T cells were administered intravenously (i.v.) 
into the tumor-bearing mice. The mice were re-analyzed at 7 
and 10 d using the IVIS imaging system with Living Image 
software (PerkinElmer). To assess the antitumor effects of 
mCAR T cells in the established MC38-Trop2+ mice tumor 
models, 6–8 weeks old female C57BL/6 mice were inocu-
lated subcutaneously (s.c.) with 5 × 105 tumor cells in the 
right flank (0 d). At 7 d, 2 × 106 CAR T cells were injected 
intravenously (i.v.). In the LLC-Trop2+ model, C57BL/6 
mice were inoculated (s.c.) with 4 × 106 tumor cells in right 
flank (0 d), and then injected (i.v.) with 2 × 106 CAR T cells 
at 7 d. In some experiments, mice were inoculated (s.c.) with 
5 × 105 MC38-Trop2+ cells (0 d), and then injected (i.v.) with 
1 × 106 CAR T cells at 14 d. On day 21, spleen cells and 
tumor‐infiltrating lymphocytes were harvested to assess the 
ratio and kinetics of the CAR T cells.

Immunohistochemistry

Tumors were formalin fixed, embedded in paraffin, and sec-
tioned into 5 μm sections. The sections were then stained 
with anti-CD3 (ab5690, Abcam) according to the manufac-
ture’s guidelines (DGSP-H12, DINGGUO), and images were 
obtained using an optical microscope (DM6000B, Leica).

Statistical Analysis

Data were analyzed using Prism (version 7.0, GraphPad) 
software and the results were presented as mean ± SEM 
where indicated. Statistical significance was determined 
by using a one-way ANOVA with Dunnett’s test or a two-
way ANOVA analysis. Survival curves were calculated by 
implementing a Log-rank (Mantel-Cox) test. *p < 0.05, ** 
p < 0.01, *** p < 0.001, and **** p < 0.0001 were consid-
ered significant.

Results

T2‑CAR T cells specifically recognized and killed 
Trop2‑positive cells

Four different T2-CARs including CD28 (named T2-28z 
CAR), CD27 (T2-27z CAR), ICOS (T2-COSz CAR), and 
4-1BB (T2-BBz CAR), were constructed (Fig. 1a). Trop2 
expression was evaluated using flow cytometry analysis 
on tumor cell lines (Supplementary Fig. 2). Trop2 highly 
expressed on MDA-MB-231, BxPC-3, and EC109, but not 
on A549 (Supplementary Fig.  2a-d). A549-Trop2+ cell 
was established with Trop2 over-expression into A549 cell 
(Supplementary Fig. 2e). LDH release assay was adopted to 
determine the tumor killing abilities of the T2-CAR T cells. 
All of the T2-CAR T cells, regardless of the co-stimulatory 
element, could efficiently kill MDA-MB-231, BxPC-3, and 
EC109 tumor cells (Fig. 1b-d). The enhanced T2-CAR T cell 
cytotoxicity against tumor cells was accompanied with an 
elevated E: T ratio. To test T2-CAR cell specificity, A549 
and the A549-Trop2+ cells were compared in a lysis study. 
As expected, T2-CAR T cells killed the A549-Trop2+ cells, 
but not the A549 cells (Fig. 1e, f), which demonstrating the 
specificity and potent cytotoxicity of these T2-CAR T cells 
in targeting Trop2-positive cells.

Cytokines produced by T2‑CAR T cells

T2-CAR T cell effectors production was measured by flow 
cytometry with intracellular staining (Fig. 2). The produc-
tion levels of IFN-γ, Granzyme-B and TNF-α were upregu-
lated in all T2-CAR T cells co-cultured with MDA-MB-231, 
BxPC-3, or EC109 when compared to the negative control 
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CD19-CAR T cells (Fig. 2a, b). Compared to A549-Trop2+ 
cells, lower level effectors production was observed when 
co-cultured with A549 cells (Fig. 2c), thus showing that 
T2-CAR T cells specifically modulate effectors production 
in the presence of Trop2 antigen stimulation. Comparing to 
T2-28z or T2-BB CAR T cell, T2-27z CAR T cell produced 
more effectors when co-cultured with any Trop2-positive 
cells (Fig. 2a-c). Furthermore, when compared to T2-COS 
CAR T cells, T2-27z CAR T cells showed better Granzyme-
B production in all of the tumor cells, then with varied per-
formance on IFN-γ and TNF-α amongst different tumor cells 
(Fig. 2a, b). Overall, T2-27z CAR T cells performed better 
on effectors production.

T2‑27z CAR T cells exhibit antitumor activity 
in a NCG tumor‑bearing model

Previous studies have shown that CD28-based CAR T cells 
have been broadly used in leukemia therapy, and many solid 

tumors clinical studies [32]. 4-1BB has a better effect on 
the survival of CAR T cells than CD28, and also shows 
comparable therapeutic effects in the in vivo study and clini-
cal practice [33, 34]. ICOS signaling domain enhances the 
persistence of CAR-expressing CD4 T cells and promotes 
TH17 cell function in tumor-bearing mice [35]. For T cells, 
CD27 co-stimulatory could promote survival of activated 
T cells and help establishment of the effector T cell pool 
[36]. T2-27z CAR T cells performed better on effectors 
production in the in vitro study (Fig. 2). However, whether 
CD27 signaling benefit for CAR T cells therapeutic effects 
still remain unknown. Therefore, T2-27z CAR T cells were 
selected to further investigate their therapeutic effect on solid 
tumors with in vivo models which compared to the effective 
of CD28-based CAR T cells. The results showed that the 
tumor growth was dramatically inhibited by both T2-28z 
and T2-27z CAR T cells with no significant difference in 
the NCG tumor-bearing model (Fig. 3a, b). This inhibition 
was maintained until day 37, two mice in CD19-28z CAR 

Fig. 1   T2-CAR T cells specifically recognize and kill Trop2-positive 
cells. a Schematic diagram representing different Trop2-specific 
CARs and CD19-28z CAR. b–f The cytotoxic activity of different 
second-generation T2-CAR T cells with different tumor cells. Sta-

tistical significance was determined relative to the CD19-28z group. 
All data are presented as mean ± SEM from experiments (one-way 
ANOVA with Dunnett’s test). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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T cell treatment group displaying morbidity symptoms that 
met the experimental endpoint criterion. Findings showed 
that the T2-27z and T2-28z CAR T cells exhibited higher 
tumor infiltration compared to the CD19-28z CAR T cells 
(Fig. 3c). To determine whether T2-CAR T cells could 
inhibit tumor metastasis, MDA-MB-231 metastasis model 
was established via a tail vein injection. Bioluminescence 
imaging results showed that T2-27z and T2-28z CAR T cells 
could effectively suppress tumor growth and lung metastasis 
when comparing to the CD19-28z CAR T cells (Supplemen-
tary Fig. 3). Overall, both T2-27z and T2-28z CAR T cells 
showed potent antitumor efficacy in NCG tumor-bearing 
models.

T2‑27z CAR T cells exhibit an enhanced antitumor 
activity in an immunocompetent tumor‑bearing 
mice model

Given the limitation of immunodeficient mice tumor models, 
an immunocompetent mice tumor model was chosen to exam-
ine the antitumor effect of T2-CAR T cells. Second-generation 
murine T2-CAR (T2-mCAR) T cells targeting the human 

Trop2 antigen were established. The structure was the same 
as the human CARs, but the intracellular signaling domains 
were changed into murine signaling domains (Fig. 4a). The 
transduction efficacies of all mCAR T cells were similar (Sup-
plementary Fig. 4). Both T2-m27z and T2-m28z CAR T cells 
dramatically induced MC38-Trop2+ and LLC-Trop2+ cytotox-
icity, which demonstrating the potent killing effect in response 
to Trop2 antigen stimulation (Fig. 4b, c). In MC38-Trop2+ 
and LLC-Trop2+ tumor-bearing mice, T2-m27z CAR T cell 
treatment more significantly inhibited the tumor compared to 
T2-m28z CAR T cells (Fig. 4d, f). Moreover, T2-m27z CAR 
T cell treated mice showed an extended survival time when 
compared to the T2-m28z group (Fig. 4e, g). These results 
demonstrate that T2-m27z CAR T cells displayed better anti-
tumor activity in vivo than T2-m28z CAR T cell in immuno-
competent tumor models.

CD27 signaling increases T2‑m27z CAR T cell 
survival

To reveal the reason that T2-m27z CAR T cells display a 
better antitumor activity in vivo, CAR T cells were examined 

Fig. 2   Cytokines produced by T2-CAR T cells. Cytokines released by 
a variety of T2-CAR T cells when co-cultured with MDA-MB-231 
cells (a), BxPC-3 and EC109 cells (b), or A549/A549-Trop2+ cells 
(c) were analyzed. All data are displayed as a mean ± SEM (n = 3), 

with differences determined relative to the CD19-28z group (one-way 
ANOVA with Dunnett’s test). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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in tumor-bearing mouse models. The results showed that the 
proportion of CAR T cells were significantly higher in tumor 
tissues treated with T2-m27z than with T2-m28z (Fig. 5a), 
as well as in splenocytes (Fig. 5b), indicating the better sur-
vival of T2-m27z than T2-m28z in the in vivo model. To 
reveal the role of CD27 signaling in regulating cell survival 
and apoptosis, the apoptosis status was examined in dif-
ferent mCAR T cells co-cultured with MC38-Trop2+ cells 
(Fig. 5c). The T2-m27z CAR T cells showed less apoptosis, 
both in early and late stages, relative to the T2-m28z CAR 
T cells (Fig. 5d, e), suggested that CD27 enhances T2-m27z 
CAR T cell survival, consistent to previous studies [36].

CD27 signaling regulated IL‑7Rα and PD‑1 
expression in T2‑m27z CAR T cell

Previous reports have suggested that CD27 stimulation could 
promote the expression of IL-7Rα, which is necessary for T 
cell survival. To delineate the role of IL-7Rα in enhancing 
T2-m27z CAR T cell survival, the expression of cell surface 
IL-7Rα was examined by flow cytometry at 12 h post-co-
culturing with Trop2-positive cells. The results showed that 
IL-7Rα expression was significantly increased on T2-m27z 
CAR T cell, but no change was observed on T2-m28z CAR 
T cells (Fig. 6a, b). To examine whether this increase could 
enhance T2-m27z CAR T survival, IL-7 was added as a 

functional compensation to observe apoptosis changes in 
different CAR T cells. The addition of IL-7 dramatically 
inhibited T2-m28z CAR T cell apoptosis and narrowed the 
difference between it and T2-m27z (Fig. 6c, d), which is con-
sistent with previous studies [37]. These results demonstrate 
that IL-7Rα plays an important role in T2-27z mCAR T cell 
survival and could be partially functionally compensated by 
IL-7 cytokine supplementation. PD-1, the T cell exhaustion 
marker, is also transcriptionally regulated by CD27 [38]. 
T2-m27z CAR T cells have a lower PD-1 expression, both 
stimulation co-culture in vitro and in tumor microenviron-
ment, compared to T2-m28z CAR T cells (Fig. 6e, f). These 
findings indicate that CD27 could prevent T cell exhaustion 
in addition to the observed potent CAR T cell antitumor 
activity.

Discussion

A major concern in cellular immunotherapy is the potential 
of “on-target, off-tumor” toxicity. Selecting a wide spectrum 
TAA is also important for a successful CAR T therapy. The 
Trop2 protein, which plays an important role in tumorigen-
esis and is associated with tumor aggressiveness and metas-
tasis, is highly expressed in various solid tumor cells. Trop2 
is overexpressed in colon cancer tissues and is associated 

Fig. 3   Antitumor activities of T2-CAR T cells in a tumor-bearing 
NCG mouse model. a Tumor size was measured by digital calipers. 
b Tumor tissues were examined at 37  days postinoculation. c CAR 
T cells were detected by immunohistochemical staining with anti-

human CD3 Ab (shown in brown), scale bar = 100 μm. All data are 
presented as mean ± SEM (N = 4 mice/group (two-way ANOVA)). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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with colon cancer pathogenesis. Furthermore, Trop2 expres-
sion is correlated with cancer patient’s survival rates. Clini-
cal trials have revealed that the drug conjugated anti-Trop2 
antibodies provide a good therapeutic efficiency in TNBC 
patients [39]. Therefore, Trop2 may provide an attractive 
and potential target for CAR T cell immunotherapy. Herein, 
CAR T cells targeting Trop2 could inhibit tumor growth in 
a tumor-bearing model (Fig. 3). Moreover, Trop2 targeted 
CAR T cells have also displayed a killing effect on gastric 

cancer [40]. Thus, these findings suggest that T2-CAR T 
cells could be used to treat Trop2-positive cancers.

In CAR T cells, the CAR intracellular domain determines 
the ultimate fate and function of CAR T cells. In the second 
generation of CAR T cell designs, co-stimulatory signaling 
was integrated into the intracellular domain and combined 
with CD3 signaling to generate fully functioning CAR T 
cells that effectively secrete cytokines, as well as having an 
effective tumor killing ability [41]. CD28 signaling enhances 

Fig. 4   CD27 signal enhances murine T2-CAR T cells antitumor 
activity. a Schematic representation of murine CARs constructs. 
Cytotoxic activity of mCAR T cells co-cultured MC38-Trop2+ (b) 
or LLC-Trop2+ (c) cells. Tumor growth curve of MC38-Trop2+ (d) 
(N = 5, CD19-m28z group; N = 7, T2-m28z group; N = 6, T2-m27z 
group (two-way ANOVA)). e The survival of the mice was shown. 
p values; were calculated by Log-rank (Mantel-Cox) test. p = 0.0089 

(T2-m28z vs. CD19-m28z.); p = 0.0003 (T2-m27z vs CD19-m28z); 
p = 0.0297(T2-m28z vs. T2-m27z). Tumor growth curve (f) and sur-
vival (g) of LLC-Trop2+ (N = 5 mice/group; p values were calculated 
by Log-rank (Mantel-Cox) test. p = 0.6854 (T2-m28z vs. CD19-
m28z.); p = 0.0431 (T2-m27z vs CD19-m28z); p = 0.0466(T2-m28z 
vs. T2-m27z). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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the T cell metabolic signature [34], and the incorporation of 
the CD28 domain into CARs improves T cell proliferation 
and IFN-γ production [32]. Meanwhile, other co-stimula-
tory domains have been assessed including 4-1BB, CD27, 
ICOS, and OX40 [42], different signals will have different 
impacts on CAR T cell antitumor activity and fate. Com-
pared to CD28, 4-1BB signaling enhances T cell survival 
and antitumor activity by inducing mitochondria enlarge-
ment [43]. Incorporating an ICOS domain in the CAR leads 
to Th17/Th1 T cell polarization, and ICOS based Th17 CAR 
T mediates an efficient antitumor response [35]. However, 
CD27 has a greater effect on T cell proliferation [42] and 
enhances T cell survival to increase its tumor-infiltrating 
ability of T effector cells [29, 44]. OX40 is essential for T 
cell survival and enhances the function of CAR T cells by 
reducing IL-10 production [45]. In this study, CD27 signal-
ing showed a potential role in antitumor activity (Fig. 4), 
with T2-27z CAR T cells showing a more powerful killing 
effect in immunodeficient NCG model (Fig. 3), which is 
consistent with previous studies [29]. Furthermore, T2-m27z 
CAR T cells displayed a better antitumor activity relative 
to T2-m28z CAR T cells in the immunocompetent model 

(Fig. 4). These results demonstrate that CD27 intracellular 
signaling can enhance T2- CAR T cell antitumor effects.

In the immunodeficient tumor-bearing model, the mice 
lack of intact immune environment and mouse cytokines 
cannot take effect on human CAR T cells, mouse MHC 
molecular cannot present antigen to human CAR T cells 
either, which will distort the CAR T cell immune response 
to tumor. As well, tumor growth and its microenvironment 
can be taken effect by lack of human cytokine or other signal 
stimulation. All of those may lead to eliminate the therapeu-
tic differences by different CAR T cells. Syngeneic models 
of immunocompetent mice can provide integrated immune 
system and normal tumor microenvironment. In immuno-
competent tumor-bearing model, CAR T cell would not 
only stimulated by CAR, but also through the endogenous 
T cell receptor (TCR) activation and other signaling. Previ-
ous study showed that TCR stimulation of CD8, rather than 
CD4, CAR T cell with CD28 co-stimulatory was associated 
with T cell exhaustion and apoptosis in immunocompetent 
mice [46]. In this study, we found that T2-27z CAR T cell 
therapy performed better than T2-28z CAR T cell in immu-
nocompetent mice, rather immunodeficient mice (Fig. 4). 

Fig. 5   CD27 signal enhances 
T2-CAR T cells survival. a 
The proportions of CAR T 
cells in CD8+ T cells in tumor 
tissue and spleen (b) at 7 d after 
CAR T cell infusion in MC38-
Trop2+ tumor-bearing mice 
(mean ± SEM; n = 4 for each 
group). c T2-mCAR T cells 
were co-cultured with MC38-
Trop2+ cells. Apoptosis levels 
in mCAR T cells were analyzed 
using Annexin V/7-AAD dye‐
staining at 12 h post-stimula-
tion. d, e Early and late apopto-
sis levels of co-cultured CAR-T 
cells were detected at different 
time periods (mean ± SEM; 
n = 3). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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These results demonstrated that immune system integration 
is critical for evaluating CAR T cell therapy efficiency.

Co-stimulatory receptors amplified the T cell response 
in concert with TCR signaling, and subsequently affected 
the strength and lifespan of the response. CD28 and CD27, 
which are the two most important co-stimulatory elements 
in T cells, belong to different families. CD28 belongs to 
the immunoglobulin family, which serves largely as a TCR 
signal amplifier [47], while CD27 belongs to the TNF recep-
tor family, which mediates a different signaling pathway. 
Furthermore, CD27 co-stimulation counteracts apoptosis by 
downregulating the expression of FasL [28] and increasing 
Bcl-xL [26, 27], an antiapoptotic factor that promotes T cell 
clonal expansion. In this study, T2-m27z CAR T cells dem-
onstrated a higher resistance to apoptosis when co-cultured 
with tumor cells (Fig. 5c, d), with more tumor-infiltrating 
lymphocytes (TIL) and splenocytes accumulated in T2-m27z 
CAR T cell tumor-bearing mice than in mice treated with 
T2-m28z CAR T cells (Fig. 5a, b). These results show that 

CD27 signaling can increase T2-CAR T cells antiapoptotic 
abilities and overall cell survival in immunocompetent tumor 
models.

CD27 signaling promotes IL-7Rα transcriptional re-
expression upon TCR signaling stimulation [48]. IL-7Rα 
is broadly expressed throughout the lymphoid system and 
contains a common gamma chain (γc) that is ubiquitously 
expressed on lymphocytes, with IL-7 responsiveness 
largely controlled by the presence or absence of IL-7Rα 
[49]. Furthermore, IL-7/IL-7R signaling could poten-
tially promote cell viability, cell cycle progression, and 
growth [50]. T cells continue to express IL-7R in both 
naive and memory states, and IL-7 signaling is critical 
for the long-term maintenance of all T cell populations. 
Furthermore, IL-7 promotes cell survival by modulating 
the intrinsic pathway, which enhances CAR T cell survival 
and provides apparent anticancer benefits [37]. Herein, the 
findings suggest that IL-7Rα expression is significantly 
increased in T2-m27z CAR T cells (Fig. 6a, b), and IL-7 

Fig. 6   CD27 signaling regulated 
IL-7Rα and PD-1 expression. 
IL-7Rα expression in mCAR 
T cells was analyzed by flow 
cytometry at 12 h post-co-
culturing with MC38-Trop2+ 
(a) or LLC-Trop2+ cells (b). 
Early (c) and late apoptosis (d) 
of the co-cultured CAR T cells 
was detected with/without IL-7 
additive. PD-1 expression was 
analyzed by flow cytometry in 
mCAR T cells at 12 h post-co-
culturing with MC38-Trop2+ 
(e) or TIL (f). *p < 0.05, 
** p < 0.01, ***p < 0.001, 
****p < 0.0001
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supplement could benefit T2-m28z cell survival and nar-
row the difference seen between it and T2-m27z (Fig. 6c, 
d). As the apoptosis level of T2-m27z CAR T after tumor 
cell activation was slightly increased, it may be the reason 
to observe no effect on IL-7 addition to T2-m27z CAR cell 
apoptosis that have significantly decreased on T2-m28z 
CAR cell. Thus, increasing IL-7Rα expression could help 
to enhance T2-m27z survival.

In exhausted CD8 T cells, high PD-1 expression is the 
hallmark and contributes to the exhaustion. This exhaus-
tion is characterized by a high expression of co-inhibitory 
receptors, including PD-1, Tim3, and LAG3 [51]. In a pre-
vious study, anti-CD27 treatment correlates with lower 
PD-1 levels in CD8+ TILs in a lung metastases tumor 
model [52]. In this study, PD-1 expression was increased 
in activated T2-m28z CAR T cells and TILs relative to the 
T2-m27z CAR T cells (Fig. 6e, f). The lower PD-1 levels 
in the T2-m27z CAR T cells may prevent T cell exhaus-
tion, which may be another mechanism by which CD27 
signaling enhances the T2-mCAR T cell killing effect.

Overall, these findings have revealed that CD27 signal-
ing performs more effectively than CD28 when utilizing 
Trop2 CAR T cells in solid tumor treatment. Furthermore, 
CD27 signal enhances the killing effect of T2-CAR T cells 
by increasing CAR T cell survival and antiapoptotic abili-
ties. This enhancement was also partially due to the alle-
viation of IL-7Rα expression, as well as preventing T cell 
exhaustion via reduced PD-1 expression.

Précis: Trop2 may provide an attractive and potential 
target for CAR T cell immunotherapy. Furthermore, the 
addition of a CD27 intercellular domain can enhance the 
killing effect of CAR T cells via multiple mechanisms, 
thus indicating that T2-27z CAR is more suitable for clini-
cal application.
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