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A B S T R A C T   

The adoptive transfer of chimeric antigen receptor-T (CAR-T) cells has shown remarkable clinical responses in 
hematologic malignancies. However, unsatisfactory curative results and side effects for tumor treatment are still 
unsolved problems. Herein we develop a click CAR-T cell engineering strategy via cell glycometabolic labeling 
for robustly boosting their antitumor effects and safety in vivo. Briefly, paired chemical groups (N3/BCN) are 
separately incorporated into CAR-T cell and tumor via nondestructive intrinsic glycometabolism of exogenous 
Ac4GalNAz and Ac4ManNBCN, serving as an artificial ligand-receptor. Functional groups anchored on cell 
surface strengthen the interaction of CAR-T cell and tumor via bioorthogonal click chemistry, further enhancing 
specific recognition, migration and selective antitumor effects of CAR-T cells. In vivo, click CAR-T cell com-
pletely removes lymphoma cells and minimizes off-target toxicity via selective and efficient bioorthogonal 
targeting in blood cancer. Surprisingly, compared to unlabeled cells, artificial bioorthogonal targeting sig-
nificantly promotes the accumulation, deep penetration and homing of CAR-T cells into tumor tissues, ultimately 
improving its curative effect for solid tumor. Click CAR-T cell engineering robustly boosts selective recognition 
and antitumor capabilities of CAR T cells in vitro and in vivo, thereby holding a great potential for effective 
clinical cell immunotherapy with avoiding adverse events in patients.   

1. Introduction 

T-cells engineered to express Chimeric Antigen Receptors (CARs), 
so-called ‘living drugs', has emerged as a promising approach for cancer 
immunotherapy, particularly in the treatment of blood cancers [1–3]. 
However, CAR-T therapy often comes with serious on-target/off-tumor 
effects from its insufficient immune recognition, such as normal B-cell 
aplasia and tumor antigen escape [4–7]. Additionally, the im-
munosuppressive tumor microenvironment as a major obstacle also 
seriously inhibited the infiltration, accumulation, and survival of CAR-T 
cells in tumor [8,9]. Thus, the ideal cancer treatment may require a 
novel armored CAR-T cell, which has been further engineered to boost 
antitumor efficacy and reduce adverse events. 

It was reported that close contact between immune cell and tumor 

cell is essential for intercellular immune recognition, communication, 
activation, and final cytotoxicity in the antitumor immune responses 
[10,11]. Considering that cell-cell interaction in nature is typically 
achieved by contact-mediated connections of surface adhesion mole-
cules and receptors [12–14], T cells genetically expressed additional 
tumor antigen adhesion receptor, such as CD20, CD22 and HER2, can 
effectively resist tumor progression [15,16]. Thus, artificial modifica-
tion on T cell surface with an additional ligand-receptor might be 
simple and effective strategy for improving its anti-tumor effects. This 
approach will also shed a light on strengthening the interaction be-
tween CAR-T cell and tumor via introducing efficient and special arti-
ficial targets to improve the antitumor effects and reduce unwanted 
toxicities during cancer therapy. 

In recent years, bioorthogonal glycometabolic engineering was 
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developed into a reliable technique for modulating cell-surface carbo-
hydrates by the biosynthetic incorporation of unnatural sugars, which 
has emerged as a powerful tool to artificially label and modify target 
cells [17–19]. This novel technology employed the concept of artificial 
bioorthogonal targeting via chemical reaction between functional 
chemical reporters and their complementary groups in vivo [20,21]. 
Azide molecules conjugated monosaccharides are wildly used for gly-
cometabolic labeling of target cells, due to its accessibility, small size, 
inertness and near absence in living system [22–24]. Additionally, our 
previous studies also showed the bicycle [6.1.0] nonyne (BCN) motif 
modified on mannose (Ac4ManNBCN), a complementary group of azide 
molecule, exhibited high efficiency for introducing BCN group into 
tumor cell surface [25,26]. As a result, once the paired chemical re-
porters (-N3/-BCN) are introduced to CAR-T and tumor cells separately, 
bioorthogonal chemistry-guided specific targeting could facilitate con-
nection and activation of CAR-T cell to tumor, thereby further enhan-
cing their antitumor capability. 

In this work, a click CAR-T cell engineering strategy was performed 
for boosting the therapy of CAR-T cells against tumor through meta-
bolic engineering of unnatural sugars containing chemical functional 
groups. The paired functional groups (-N3/-BCN) were efficiently and 
nondestructively incorporated into cell-surface glycans of CAR-T cell 
and B lymphoma cell tumor via glycometabolic engineering of 
Ac4GalNAz and Ac4ManNBCN, respectively. The azide armored CAR-T 
(N3-CAR-T) cell dramatically enhanced the recognition, migration and 
selective killing for BCN-Raji cell via bioorthogonal chemistry-triggered 
cell-cell contact. In mice, N3-CAR-T cells not only obviously enhanced 
efficacy for removing B-cell lymphoma, decreasing the unwanted 
toxicity in blood tumor model, but also significantly improved in-
filtration and homing of CAR-T cells into tumor tissues and further 
inhibited the growth of solid tumor (Scheme 1). This click CAR-T cell 
engineering based on cellular complementary bioorthogonal glycome-
tabolic labeling provided a reliable strategy for CAR-T cell therapy with 
high efficiency and safety, thereby further boosting clinical effects of 
cell immunotherapy in cancer treatment. 

2. Experimental section 

2.1. Regents and cell line 

K562 and Raji cells with or without firefly luciferase were obtained 
from Cell Bank Shanghai Institutes Life Sciences under Chinese 
Academy of Science and cultured as each recommendations. Anti-CD3, 

anti-CD8 and anti-CD19 monoclonal antibodies were purchased from 
BD Bioscience. Azido sugar (Ac4GalNAz), tetrazine conjugated Cy5 (Tz- 
Cy5) and Dibenzocyclooctyl (DBCO) conjugated Fluor 488 (DBCO-Fluor 
488) were purchased from Click Chemistry tools (Scottsdale, AZ, USA). 
Other chemicals and reagents for BCN-sugar (Ac4ManNBCN) synthesis 
were obtained from Aladdin or Sigma-Aldrich. 

2.2. Production of CAR-T cells 

Human peripheral blood mononuclear cells (PBMCs) were isolated 
from the heparinized peripheral blood of healthy volunteers by dis-
continuous density gradient centrifugation. To rapidly obtain human T 
cells, 5 × 106 isolated PBMCs seed in 25 cm2 cell culture flask were 
stimulated with Dynabeads® Human T activator CD3/CD28 (Thermo 
Fisher) at a bead-to-cell ratio of 1:1 in the AIM-V media preserved 2% 
FBS (Gibco, BRL Co. Ltd., USA) and 300 IU/mL of human exogenous 
rIL-2 (PeproTech Inc., USA) for additional 5 days. For producing of the 
effective CD19 CAR-T cells, the expanded T cells were transduced with 
lentivirus as our previously described method [24]. Flow cytometry 
analysis indicated that the percentage of CD19 CAR positive T cells 
could reach ~75% under indicated preparation conditions. 

2.3. Unnatural sugar incorporation and bioorthogonal labeling 

The BCN group modified sugar Ac4ManNBCN was synthesized as 
our previously described methods [25]. Raji cells were incubated with 
Ac4ManNBCN at the different concentrations (10, 15, 20 μM), and 
cultured for 48 h. The BCN group modified on Raji cells was detected by 
N3-Cy5.5 (Click Chemistry Tools, AZ) using a confocal laser scanning 
microscope (TSC SP5II Leica, Ernst-Leitz-Strasse, Germany). To de-
termine labeling efficiency of BCN groups, cells were re-suspended in 
PBS containing 0.5% FBS and reacted with N3-Cy5.5 for 30 min, fol-
lowed by flow cytometry analysis. To modify the solid tumor, the Raji 
tumor with intratumoral administration of Ac4ManNBCN was harvested 
for confocal imaging and flow cytometry analysis using N3-Cy5.5 probe. 

To incorporation of azide group into CAR-T cell surface, the human 
PBMCs were pre-treated by anti-CD3/CD28-coated beads and rIL-2 for 
3–4 d, and then a serial concentration (25, 50, 100 μM) of azido sugar 
(Ac4GalNAz) were added respectively to completed AIM-V media and 
co-cultured for another for 48 h. To identify the modification of azide 
group on T cell surface, the confocal imaging and flow cytometry assay 
were performed as the methods mentioned above using DBCO-Fluor 
488 chemical staining. 

Scheme 1. The scheme of click CAR-T cell engineering for boosting CAR-T cell antitumor efficacy and safety in vivo. (a) CAR-T cells and tumor were labeled with 
paired functional groups as an additional ‘ligand-receptor’ by bioorthogonal glycometabolic engineering for facilitating the interaction between CAR-T cell and tumor 
in blood cancer and solid tumor, respectively. (b) This artificial targeting strategy effectively promoted CAR-T cell selectivity, infiltration and homing to tumor, and 
thereby dramatically boosting its antitumor capabilities and safety during immunotherapy. 
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2.4. Cell viability assay 

To explore the effects of glycometabolic engineering on the pro-
liferation of tumor and CAR-T cells. The Raji cells were incubated with 
a serial concentration of Ac4ManNBCN for 48 h, and cell viability was 
assessed using Cell Counting Kit-8 (CCK-8) according to manufactory 
protocol (Dojindo Molecular Technologies, Japan). When the human 
PBMCs were stimulated by beads and rIL-2 for 3–4 day, the obtained 
human T cells were incubated with 50 μM of Ac4GalNAz for another 
48 h. After the incubation, the cell viability was also assessed using 
CCK-8 kit according to previously described method. 

2.5. Targeting assays 

The targeting of N3-CAR-T cell to BCN-Raji cell was analyzed using 
confocal immunofluorescence imaging. CAR-T cells and Raji cells with 
or without labeling were immunostained with anti-CD3 (APC) or anti- 
CD19 (PE) antibodies respectively for 30 min at ice. Subsequently, the 
stained CAR-T cells were seeded into 8-well lab-Tek chamber slides 
(Thermo Fisher Scientific Inc. Waltham, MA) at ratio of 1:1 with stained 
Raji cells, and then incubated in a humidified incubator at 37 °C and 5% 
CO2 for 10–20 min. The fluorescent images were captured at indicated 
time points using the confocal laser scanning microscope. 

2.6. CAR-T cell migration assay 

1 × 106 CAR-T cells with or without azide modification were sus-
pended in serum free RPMI media and loaded in the upper chamber of 
5.0 μm pore size transwell apparatus (Corning, Lowell, MA). 5 × 105 

Raji cells with or without BCN group in serum free RPMI were added in 
the basolateral chamber of the transwell. After 4 h of co-culture at 
37 °C, the migrated CAR-T cells were harvested from the basolateral 
chamber and counted by flow cytometry using anti-CD3 and anti-CD19 
monoclonal antibody, respectively. 

2.7. Cytokine release 

Cytokine release assays were performed by overnight co-culture of 
N3-CAR-T cells and Raji cells with or without Ac4ManNBCN adminis-
tration at the ratio of 1:1. Cell culture supernatants were harvested and 
then analyzed for IFN-γ, IL-2, and TNF-α using Enzyme Linked 
Immunosorbent Assay (ELISA) according to the manufacturer's proto-
cols (eBioscience, Santiago, CA, USA). 

2.8. Cytotoxicity assay 

Cytolysis activity of CAR-T cells against tumor cells was determined 
using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, 
Madison, USA). CAR-T cells were incubated with Raji or K562 tumor 
cells at a varied ratios from 1:1 to10:1 and the mixture cells were finally 
maintained a total cell density of 1 × 106/ml. After 4 h post-incuba-
tion, the medium supernatants were collected and measured im-
mediately for LDH activities following the manufacturer's instructions. 
The percentage cytotoxicity was calculated according to the following 
formula: Cytotoxicity % = 100 × [((CAR-T cell + target cell) – (CAR-T 
cell alone + target cell alone))/(max target cell lysis − target cells 
alone)]. 

2.9. 3D cell spheroids model 

Raji or BCN-Raji tumor cells (0.5 × 104 cells/well) were seeded as 
co-culture in RPMI 1640 media in cell-repellent surface 96-well mi-
croplates (Greiner Bio-One) and immediately centrifuged at 180×g for 
2 min. Three days after seeding, CAR-T cells with or without azide la-
beling were added to the spheroids at 5 × 104 cells per well for 
overnight incubation. Spheroids were washed three times with PBS to 

remove loosely attached CAR-T cells. The infiltration of CAR-T cells in 
spheroids was also analyzed by confocal inflorescence imaging using 
anti-CD3 and anti-CD19 antibodies, respectively. Simultaneously, 
spheroids were dissociated using Accumax (eBiosciences) for 90 min for 
CAR-T cell quantification by flow cytometry. To determine the cyto-
toxicity of CAR-T cells in spheroids, the live/apoptosis tumor cells were 
detected by Calcein-AM/PI staining assay after 24 h of incubation. 

2.10. Tumor xenograft models 

In brief, 6–8-week-old NOD/SCID mice were bred in house under an 
approved Institutional Animal Care and Use Committee protocol. To 
carry out the blood tumor models, NOD/SCID mice were intravenously 
inoculated with 5 × 105 luciferized Raji cells (day 0). On day 7, 
1 × 107 CAR-T cells (~75% CAR+) with or without azide group 
modification were infused intravenously as previously described [27]. 
PBS treated animals served as controls. In the solid tumor model, to 
obtain the BCN motif modified solid tumors, Raji-Luci tumor cells 
(1.0 × 107 cells) were subcutaneously inoculated on the dorsal flank of 
mice. When the tumor reached about 100 mm2, Ac4ManNBCN (40 mg/ 
kg) or equal value of PBS were administered into Raji tumor-bearing 
mice by intratumoral injection once a day for 4 days. Next, a dose of 
1 × 107 CAR-T cells (~75% CAR+) with or without azide modification 
were infused intravenously every three days. 

After intraperitoneal injection of D-Luciferin (150 mg/kg), tumor 
burden of mouse was measured by the IVIS® system (Caliper) as ra-
diance in the region of interest. Mice were sacrificed upon losing more 
than 15% of body weight or the development of hind limb paralysis. To 
reduce the effect of insufficient of ATP and oxygen ex vivo, luciferin 
signal was detected and quantified in tissue/organ samples using IVIS 
system in 5–10 min, including the tumor, heart, liver, spleen, lung, 
kidney and thighbone. To determine Raji cell number in blood, 50 μl of 
murine blood was drawn at the end of experiments, and the harvested 
cells were analyzed by flow cytometry using anti-CD19 (PE) antibodies. 
After tumor digestion by collagenase/DNase, CAR-T cell infiltrated in 
tumor was analyzed using flow cytometry with anti-CD3, anti-CD8 or 
anti-Myc-alexa 488 antibodies, respectively. Each tumor tissue is ob-
tained from their matched tumor-burden mouse, and all animal samples 
were participated in the whole experimental process (n = 5). 

2.11. Histological staining 

For tissue immunostaining, the tumor, heart, liver, spleen, lung and 
kidney tissues were harvested at 28 d post administration, and em-
bedded in OCT and cut into 8 μm sections, followed by stained with 
anti-CD3, anti-CD8 or anti-Myc tag antibodies respectively. The fluor-
escent images were recorded by confocal microscopy followed by semi- 
quantitation using Image-Pro Plus software. To evaluate CAR-T cell 
infusion-induced pathological change, the above tissues were also 
stained with hematoxylin and eosin (H&E) according to the manu-
factory's protocol (Sigma-Aldrich). 

2.12. Statistical analysis 

Experiment data were expressed as the mean  ±  standard deviation 
from at least four independent experiments. The differences among 
groups were calculated using Student's t-test or one-way ANOVA ana-
lysis followed by Tukey’ s post-test (GraphPad Prism, GraphPad 
Software, La Jolla, CA). Differences were considered significant at 
*p  <  0.05, **p  <  0.01, and ***p  <  0.001. 
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Fig. 1. The glycometabolic labeling performance of azido-or BCN-sugar in active CAR-T and tumor cells, respectively. (a) The scheme of artificial metabolic labeling 
for CAR-T and tumor cells. (b–e) Confocal imaging and flow cytometry analyses of CAR-T and Raji cells separately stained with DBCO-Fluor488 and N3-Cy5.5 for 
30 min after incubation with Ac4GalNAz and Ac4ManNBCN, respectively. Scale bar = 10 μm. (f–h) Flow cytometry analyses of the stability of BCN group on Raji cell 
in vitro and in vivo from day 0 to day 6 post labeling of BCN groups using Ac4ManNBCN. (i–j) The generation of BCN groups on tumor tissues were analyzed by 
confocal microscopy and flow cytometry using Tz-Cy5 probe. Scale bar = 20 μm. 

H. Pan, et al.   Bioactive Materials 6 (2021) 951–962

954



3. Results 

3.1. Efficient cellular glycometabolic modification for CAR-T and tumor 
cells 

To modify the functional chemical groups on CAR-T cells and Raji 
tumor cells, both the cells were treated with N3- or BCN-sugar respec-
tively for 48 h (Fig. 1a). Cell-surface –N3 and -BCN groups were sepa-
rately detected by DBCO- or azide-terminated fluorophore (DBCO- 
Fluor488 and N3-Cy5.5), and then analyzed by confocal imaging and 
flow cytometry. Unnatural sugar, especially Ac4GalNAz, treated CAR-T 
cells exhibited robust fluorescence labeling in a dose-dependent 
manner, indicating the efficient metabolic incorporation of bio-func-
tional unnatural sugar into CAR-T cells (Fig. 1b–c and S1a). As shown 
in Fig. 1d-e, Raji cells treated with Ac4ManNBCN displayed strong 
Cy5.5 fluorescence intensity on the cell surface, indicating the suc-
cessful expression of BCN groups. In addition, we evaluated the effect of 
unnatural sugar administration on cell viability using CCK-8 assay. As 
the results, the administration of Ac4GalNAz (50 μM) and Ac4ManNBCN 
(20 μM) had no effects on CAR-T or tumor cell proliferation, respec-
tively (Figs. S1b and S2), suggesting a good bio-safety of cell glyco-
metabolism. To further determine the stability of BCN groups on Raji 
cell, we also tested the expression level of BCN groups on BCN-Raji cell 
in medium without BCN-sugar or blood tumor model from day 0 to day 
6. The flow data demonstrated that Raji cells maintained stronger Cy5.5 
fluorescence intensity from day 0 to day 4, and it decreased to some 
extent until on day 6 both in vitro and in vivo (Fig. 1f–h), suggesting 
metabolism modification of BCN-sugar has a better stability on Raji 
tumor cells. 

Simultaneously, we also analyzed metabolic labeling of BCN-sugar 
in solid Raji tumor tissues by intratumorally administrated with 
Ac4ManNBCN. The confocal imaging in tumor tissues showed that al-
most all tumor tissues treated with Ac4ManNBCN were labeled by tet-
razine-conjugated fluorescence probes (Tz-Cy5) via bioorthogonal 
chemistry. In contrast, there was no significant fluorescent signals were 
observed in the control groups (Fig. 1i). Moreover, the labeling effi-
ciency of tissues with fluorophore Cy5 was analyzed by flow cytometry. 
The flow cytometry data showed that 98.1% of Cy5-positive cells were 
detected in the tumor tissue with BCN-sugar administration (Fig. 1j), 
remarkably consistent with the results of tissue fluorescence imaging. 
These data suggested that BCN-sugar were able to effectively metabolic 
labeled Raji solid tumors with BCN groups in vivo, which will provide 
an artificial bioorthogonal targeting for anti-tumor treatment in the 
follow-up experiments. 

3.2. Artificial bioorthogonal targeting enhances the interaction of CAR-T 
cells for B lymphoma cells 

Although CAR-T cells can effectively recognize tumor through the 
special bind between CAR and targeting antigen, some tumor cells can 
escape killing via antigen escape triggered by spontaneous mutation 
and selective expansion of antigen-negative tumor cells [28–30]. To 
enhance tumor targeting capacity, CAR-T cells administered with 
Ac4GlcNAz (N3-CAR-T) were incubated with Ac4ManNBCN-treated Raji 
cells (BCN-Raji), and the recognition of CAR-T cell to Raji cell was 
analyzed by confocal imaging. The fluorescent images showed that the 
number of cluster of N3-CAR-T cells and BCN-Raji cells was 2-fold of 
that of CAR-T cell and Raji cells at 20 min (Fig. 2a–b), indicating click 
functional groups on cell surface enhanced the recognition of CAR-T 
cell to Raji cell. Moreover, compared to the cells without metabolic 
labeling, N3-CAR-T cells can rapidly bind BCN-Raji cells and aggregated 
into bigger cell clusters from 0 to 20 min. To further confirm the in-
teraction of N3-CAR-T cell and BCN-Raji cell, in vitro cell migration and 
invasion were also performed using transwell chambers and flow cy-
tometry assay. The results clearly revealed that artificial targeting 
strategy increased the invasion of CAR-T cells by 20% compared with 

unlabeled controls (Fig. 2c). 
For mechanistic in vitro studies on the role of bioorthogonal tar-

geting in CAR- T cell infiltration within tumor, lymphoma spheroids of 
Raji cells were established using three-dimension (3D) cell culture 
system as previous studies [31,32]. As we expected, bioorthogonal 
modification effectively enhanced the infiltration depth of CAR-T cells 
into Raji spheroids in a relatively short time (Fig. 2d). Flow cytometry 
analysis also showed the number of CAR-T cells in the spheroids was 
also obviously increased by artificial bioorthogonal targeting 
(Fig. 2e–f). Next, we further assessed the capacity of antitumor cytokine 
production of the CAR-T cells as indicated above conditions. As shown 
in Fig. 2g–i, click CAR-T cells significantly increased the expression of 
cytokine IL-2, IFN-γ and TNF-α when compared to CAR-T cells alone, 
indicating artificial targeting boosting anti-tumor cytokine secretion of 
CAR-T cells. Taken together, these data distinctly demonstrated that not 
only artificial bioorthogonal targeting rapidly increased the recognition 
and adhesion of CAR-T cell to B lymphoma Raji cell, but also enhanced 
the migration, infiltration and anti-tumor response of CAR-T cells in 
vitro. 

3.3. Artificial bioorthogonal targeting selectively boosts CAR-T cell 
antitumor capability 

The interaction between CAR-T cells and tumor cells also detailed 
investigated by measuring killing activity of CAR-T cells against Raji 
cells. The distinct dynamic profiles of tumor killing by CAR T cells were 
examined and analyzed using live fluorescence imaging and flow cy-
tometry assay, respectively. Compared to unlabeled cells, Raji cells 
were quickly stained by PI and more PI-positive cells were observed in 
BCN/N3-labeled group from 1 to 3 h (Fig. 3a–b), indicating more ef-
fective tumor killing after incubation with modified CAR-T cells. Si-
multaneously, bioluminescence imaging assay and Calcein-AM/PI 
staining also proved the excellent cytotoxicity efficacy of N3-CAR-T 
cells against BCN-Raji cells compared to the unlabeled cell group (Fig. 
S3 and Fig. S4), further confirming the action of artificial bioorthogonal 
targeting for enhancing CAR-T cell cytotoxicity. 

To further explore the mechanism of bioorthogonal modification in 
enhanced anti-tumor immunity, CAR-T cells were separately incubated 
with Raji cells or CD19neg K562 cells under the condition with or 
without bioorthogonal targeting, and then the lactose dehydrogenase 
(LDH) activity was measured. The results showed that unlabeled CAR-T 
cells was ~65% killing efficiency in Raji cells, and N3-CAR-T cells ex-
hibited stronger cytotoxic effect on BCN-Raji cells (~93%) (Fig. 3c). 
Interestingly, we also clearly found that bioorthogonal modification 
could effectively enhance the recognition and adhesion of CAR-T and 
CD19neg K562 cells (Fig. S5), but it did not significantly improve killing 
efficiency of CAR-T cell against CD19neg K562 as Raji cell (Fig. S6), 
probably due to lack of special CD19 antigen on K562 tumor cells. More 
importantly, compared to the unlabeled CAR-T cells, azido CAR-T cells 
significantly boosted their cytotoxicity to BCN-Raji cells in the mixture 
of Raji and BCN-Raji cell (Fig. 3d–e). These data suggested that artificial 
bioorthogonal targeting selectively and effectively boosted the cyto-
toxicity of CAR-T cells against Raji cells, which was depended on the 
recognition and interaction between CAR-T cells and its special tumor 
cells. In addition, the effect of bioorthogonal targeting on CAR-T cy-
totoxicity was also evaluated in vitro tumor model, the killing of CAR-T 
cell against tumor spheroids were analyzed using Calcein AM/PI 
staining. The fluorescent images and flow cytometry analysis showed 
more apoptotic tumor cells was detected in bioorthogonal group than 
unlabeled controls (Fig. 3f–h), which can be attributed to bioorthogonal 
targeting-boosted CAR-T cell infiltration in tumor spheroids as pre-
viously mentioned (Fig. 2d–e). 
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3.4. Click CAR-T cell safely and efficiently removes B-cell lymphoma in vivo 
via artificial bioorthogonal targeting 

The effects of artificial bioorthogonal targeting on CAR-T cell anti- 
tumor capability were further determined in blood tumor mice model. 
6-8 week-old NOD/SCID mice were intravenously (i.v.) inoculated with 
Raji-Luci cells with or without Ac4ManNBCN administration, followed 
by i. v. injection by N3-CAR-T or unlabeled CAR-T cells on day 6 after 
tumor inoculation, respectively (Fig. 4a). For comparing with ther-
apeutic effect, some tumor-bearing mice were i. v. injection with 
phosphate buffered saline (PBS) as negative control. The biolumines-
cence imaging showed that mice administrated with N3-CAR-T cells 
exhibited extremely weak signal from day 15 to day 28 when compared 
to unlabeled CAR-T cell treated mice. However, the mice treated with 
PBS showed stronger bioluminescence signal on the early time of day 
10 and the signal intensity reached peak on day 20 (Fig. 4b–c), sug-
gesting artificial bioorthogonal targeting significantly enhanced the 
efficiency of CAR-T cell for killing Raji cells in vivo. To make a more 
comprehensive evaluation for therapeutic effect of CAR-T cells, the 

body weight and survival rate of mice were also separately measured 
and monitored during animal experiments. The body-weight of mice 
with bioorthogonal targeting treatment kept steady from d 5 to d 28, 
while the mice with unlabeled CAR-T cell administration appeared 
significant weight loss at d 28, especially the body-weight of control 
mice decreased by 17% from d 5 to d 20 (Fig. 4d). After the final trial, 
all mice in the PBS control and 3 of 7 mice in unlabeled CAR-T cell 
treated groups died by day 32 after tumor inoculation. In contrast, mice 
treated with N3-CAR-T cells showed markedly increased survival 
(Fig. 4e). These data suggested that the CAR-T cell therapy based on 
bioorthogonal targeting significantly remove tumor cells and improve 
the survival of tumor-bearing mice. 

The effect of bioorthogonal targeting on CAR-T cell mediated tumor 
cell clearance was further evaluated by tissue bioluminescence imaging 
and flow cytometry analysis. Ex vivo bioluminescence imaging showed 
that the controls exhibited strong bioluminescent signal in lung and 
thigh bones, indicating untreated Raji-Luci cells mainly located in this 
two tissues of mice. However, compared to unlabeled CAR-T cell, CAR- 
T cells with bioorthogonal targeting resulted in extremely weak signal 

Fig. 2. The effect of artificial bioorthogonal targeting over cell surface on CAR-T cell recognition, migration, and antitumor response. (a) The interaction between 
CAR-T and Raji cell was analyzed by confocal imaging. The white circles indicated cell clusters of T and Raji cells. (b) the number of cell cluster in the co-culture of 
CAR-T and Raji cells with or without treatment by Ac4ManN-BCN (20 μM) and Ac4GalNAz (50 μM) respectively, at early 20 min. (c) Transwell assay of CAR-T cell 
migration with or without bioorthogonal targeting using flow cytometry. (d) Fluorescence imaging analysis of CAR-T cell infiltration into tumor spheroids.(e-f)CAR-T 
cell infiltration was quantified by flow cytometry using anti-Myc tag antibodies. (g–i) The release of IL-2, IFN-γ and TNF-α was determined using ELISA assay. 
*p  <  0.05, **p  <  0.01. 
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in lung and thigh bone tissue of tumor-bearing mice (Fig. 4f–g). Si-
multaneously, peripheral blood of mice was harvested and the per-
centage of Raji-Luci cells in blood was quantified using flow cytometry 
on day 28 after tumor inoculation. As shown in Fig. 4h–i, the percen-
tage of Raji-Luci cells in blood of bioorthogonal targeting group de-
creased by nearly 10-folds when compared to unlabeled CAR-T cell 
treated mice. In contrast, the percentage of Raji-Luci cell in blood of 
control group increased up to 10.1%. These data clearly demonstrated 
that CAR-T cells with bioorthogonal targeting rather than unlabeled 
cells could completely eliminate tumor in mice. 

It is also important to increase the safety of CAR-T cell therapy when 
improving the specificity of the modified T cells [33,34]. To assess the 
potential toxicity of CAR T cell therapy, susceptible murine organs, 
including the heart, liver, spleen, lung, and kidney, were excised and 
examined histologically. No off-target toxicity was detected against 
these indicated organs after injection of N3-CAR T cells. However, un-
labeled CAR-T cell administration caused serve pathological lesions in 
different organs, such as inflammatory cell infiltration and significant 
epithelium thickening in the alveoli (Fig. S7). More importantly, there 
are no obvious infiltration of extraneous CAR-T cell was observed in 
lung and spleen tissue of azido CAR-T cell group compared to CAR-T 
cell treated mice alone (Fig. S8), indicating the extra bioorthogonal 

targeting modification could effectively avoid CAR-T cell cytotoxicity to 
normal cells. Hence, the CD19 specific CAR-T cell therapy based on 
artificial bioorthogonal targeting was safe and had no off-target toxicity 
on mice. 

3.5. Click CAR-T cell effectively delays the growth of subcutaneous 
xenograft tumor via artificial bioorthogonal targeting 

In consideration of excellent therapeutic effect of CAR-T cells with 
bioorthogonal targeting in blood cancer, thus the potency of this tar-
geting strategy was also investigated in solid tumor model. Raji cell not 
only is well known blood cancer model due to CD19 molecule targeting, 
but also can grow into tumor tissues in mouse subcutaneous like other 
solid tumor cells. Thus, the Raji cell subcutaneous xenograft model was 
adopted to study the targeting and antitumor effect of click CAR-T cell. 
CAR-T or N3-CAR-T cells were intravenously injected into tumor- 
bearing mice which were pretreated with either PBS or Ac4ManNBCN, 
respectively (Fig. 5a). Next, the burden of tumor in mice were analyzed 
by time-dependent in vivo and ex vivo bioluminescence imaging ana-
lysis. The signal intensity in tumor of mice in PBS control was about 
1.8-fold higher than CAR-T cell group, and 10-fold higher than ex-
perimental group with bioorthogonal targeting on the day 25 post CAR- 

Fig. 3. Bioorthogonal targeting selectively and effectively boosted cytotoxicity of CAR-T for tumor cells. (a) Time-lapse live microscopy was used to measure CAR-T 
cell cytotoxicity against target cells in the presence of PI (100 μM). Images were acquired every 30 min, and displayed the overlays of the anti-CD3-FITC antibody 
(green), PI (red), and bright field channels.(b) The apoptosis of Raji cells were analyzed by flow cytometry using PI at 3 h post administration of CAR-T cells. (c) LDH 
release analysis of CAR-T cell killing activity to Raji cells. (d–e) Flow cytometry analysis evaluated the selective cytotoxicity of azido CAR-T cells in mixed Raji cells. 
(f-h) The killing activity of CAR T cells with or without bioorthogonal targeting was analyzed using the 3D tumor spheroid model. The death rate of tumor cells in 3D 
tumor spheroids was separately analyzed using confocal imaging and flow cytometry at 24 h post-incubation. 
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T cell injection (Fig. 5b–c). Moreover, the mice were sacrificed and the 
bioluminescence signal of different organs and tumor were measured at 
the experimental end. Similarly, the signal intensity of tumor in N3- 
CAR-T cell treated mice decreased by 65% than unlabeled CAR-T cell 
group, but no obvious signal was detected in other organs (Fig. S9). 
Compared to PBS or unlabeled CAR-T cell treated groups, N3-CAR T 
cells led to a dramatic reduction in tumor burden in BCN-modified 
mice. Next, we also measured the tumor volume and survival of mice 

from 0 to 32 days post CAR-T cell injection. We found that intravenous 
delivery of N3-CAR T cell not only delayed tumor growth, but also was 
associated with a notably better survival (Fig. 5d–e). In contrast, mice 
treated with unlabeled CAR-T cells reached a humane experimental end 
point by 35 days after initial tumor modeling. 

Since the efficacy of CAR-T cells is known to be directly propor-
tional to the density and persistence of CAR-T cell in tumor [35–37], 
the accumulation and infiltration of extraneous T cells in tumor was 

Fig. 4. The artificial bioorthogonal targeting effectively boosted tumor clearance by CAR-T cells in blood cancer. (a) Raji-luci cells with or without BCN-motifs were 
intravenously inoculated into 6-week-old NOD/SCID mice. Six days later, mice were infused intravenously with indicated CAR-T cell every other week. (b) Tumor 
burden was monitored by bioluminescence imaging (BLI) every few days, and (c) quantified by the radiance detected in the region of interest (ROI). (d) The body 
weight change and (e) survival rate of mice in each group were separately monitored daily until day 40 post-inoculation. (f) On day 28, mouse organs, including 
heart, liver, spleen, lung, kidney, and thigh bone, were harvested and imaged by BLI, and (g) quantified by the radiance detected in the ROI. (h–i) The blood of mouse 
were harvest and the amount of peripheral Raji cells was measured by flow cytometry using anti-human CD19 antibodies. *p  <  0.05. 
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further analyzed using quantitative flow cytometry and immuno-
fluorescence assay at experimental end. Our data showed that the 
number of infiltrated CD3 T and CD8/CAR-T cells in tumor tissue of N3- 
CAR-T cell administrated mice was respectively about 2-folds and 2.6- 
folds higher than that in unlabeled CAR-T group (Fig. 6a–d). It in-
dicated that there were more extraneous CAR T cells without azide tag 
lose trafficking into tumor during the treatment process. Simulta-
neously, the tissue immunofluorescence also showed the infiltrated 
extraneous CD8 T cell in tumor were about 2.5-folds in N3-CAR-T cell 
infused mice when compared to unlabeled CAR-T group (Fig. 6e–f), 
consistent with the previous results of flow cytometry analysis. 

Surprisingly, the confocal images demonstrated a great many N3-CAR-T 
cells trafficked into deep regions of the tumor with sugar treatment, 
however, most unlabeled CAR-T cells only located tumor tissue edge in 
the unlabeled group (Fig. 6g). These data suggested that artificial 
bioorthogonal targeting dramatically boosted the homing and accu-
mulation of extraneous CAR-T cells, particularly the successful traf-
ficking and infiltration of cytotoxic CD8 CAR-T cells in deep tumor 
tissue, which was crucial for effectively eliminating solid tumor 
[38,39]. 

Fig. 5. The antitumor effects of CAR-T cells with metabolic bioorthogonal targeting in solid tumor. (a) NOD/SCID mice bearing Raji-luci tumors with or without 
Ac4ManNBCN treatment were treated with an intravenous infusion of 10 × 106 N3-CAR-T cells or CAR-T cells as previous methods. (b) Tumor burden was monitored 
by BLI every few days, and (c) quantified by the radiance detected in the ROI. (d) The tumor volume and (e) survival rate of mice in each group were separately 
monitored daily until day 35 post-inoculation. Data shown are mean  ±  SEM (n = 5), differences between groups were analyzed using Student's t-test. *p  <  0.05, 
**p  <  0.01. 
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4. Discussion 

Given the adverse events and major bottleneck of CAR-T cell 
therapy, previous many methods has been developed to improve their 
safety and efficacy. However, these studies on CAR-T cell therapy have 
been mainly limited in T cell modification and reconstruction in genetic 
level, including expression functional cytokine/chemokine and active 
molecules [40,41]. However, these techniques are complex and time- 
consuming processes, particularly, the curative effect and safety issue 

remain the major challenge during engineered T cell therapy [42,43]. 
Herein, we present a novel chemically armored CAR-T cell via in-
troducing artificial bioorthogonal targeting to improve their antitumor 
effects and reduce unwanted toxicities. The artificial click CAR-T cell 
engineering not only effectively elevated CAR-T cell recognition, in-
filtration and homing to tumor tissues, but also significantly enhanced 
their antitumor efficacy and biosafety in vivo. 

Bioorthogonal chemistry based glycometabolic labeling is a novel 
strategy to achieve cell-cell connection and communication by cell 

Fig. 6. CAR-T cell penetration and accumulation in Raji solid tumors. NOD/SCID mice bearing Raji tumors with or without Ac4ManNBCN treatment were ad-
ministrated by an intravenous injection of 10 × 106 N3-CAR-T cells or CAR-T cells as previous methods, the tumor tissues have been harvested for the following 
analysis at 28 d post administration. (a–d) The amount of CAR-T cells in tumor tissues was measured by quantitative flow cytometry analysis using anti-Myc tag, anti- 
CD8 and anti-CD3 antibodies staining, respectively. (e–g) Confocal fluorescent imaging analysis of CAR-T cell penetration and accumulation in distinct regions of 
tumor tissues using anti-CD8 and anti-Myc tag antibodies, respectively. *p  <  0.05. 
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natural metabolic process. In our study, the paired functional groups 
were successfully and efficiently incorporated into CAR-T cells and 
tumor cells with no effects on cell proliferation and functional activ-
ities. Particularly, these chemical groups expressed on cell surface can 
stable in mice for 6 days (Fig. 1), which provided enough time for ar-
mored CAR-T cells selectively capturing tumor cells in vivo. We also 
found that artificial bioorthogonal labeling significantly increased cy-
tokine production, tumor infiltration and cytotoxicity of CAR-T cells, 
when compared unlabeled CAR-T cell did (Fig. 3). More importantly, 
the LDH assay showed that CAR-T cells exhibited stronger cytotoxicity 
against CD19+ Raji cells than CD19− K562 cells on the same condition 
of bioorthogonal targeting (Fig. S6). These findings suggested that this 
cell-cell connection medicated by artificial bioorthogonal targeting 
could promoted the interaction of CAR-T and tumor cells, thereby 
further strengthen the CAR-T-cell activation and anti-tumor capability. 

Considering CD19 expressed on the surface of B-cell lymphoma and 
most normal B cells simultaneously, and the off-tumor toxicity related 
to CAR T-cell therapy is still concerning. Our current study showed that 
bioorthogonal targeting effectively boosted the specific recognition, 
infiltration and accumulation of CAR-T cells in different tumor models 
(Figs. 2, 3 and 6). Furthermore, we also found that N3-CAR-T cells can 
selectively and priorly kill the BCN-Raji cells in the mixture of Raji cells 
with or without BCN-modification (Fig. 3), which could reduce the 
potential off-target effect of CAR-T cell therapy. That could be attrib-
uted that bioorthogonal targeting triggered high affinity of scFv to 
CD19 and selectively boosted efficient damage of CAR-T against tumor 
cells. For safety, we histopathologically examined the potential sys-
temic toxicity in different murine organs and found that bioorthogonal 
targeting-guided CAR T therapy did not cause notable pathological 
changes and exogenous T lymphocyte infiltration in major murine or-
gans (Figs. S7 and S8). It clearly demonstrated that artificial bioor-
thogonal targeting guided CAR-T cell therapy was safe and had no 
unexpected off-target effects on mice. 

5. Conclusion 

In conclusion, the present study reported a click CAR-T cell en-
gineering strategy using metabolic bioorthogonal chemistry for 
boosting the cytotoxicity of CAR-T cells in vitro and in vivo. The arti-
ficial bioorthogonal strategy effectively facilitated the interaction be-
tween CAR-T cells and tumor, and remarkably elevated antitumor cy-
totoxicity of CAR-T cells in blood cancer with reducing potential off- 
target effects. More importantly, this artificial targeting strategy sig-
nificantly enhanced CAR-T cell accumulation and penetration into deep 
tumor tissues, and obviously improved the curative effect of solid 
tumor. Hence, bioorthogonal chemistry-armored artificial modification 
is an efficient and versatile strategy to boost target recognition and 
therapeutic efficacy of CAR T cells in vivo, thereby holding a great 
potential for effective clinical CAR-T and TCR-T cell therapy with 
avoiding adverse events in patients. 
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