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ABSTRACT: T-cell acute lymphoblastic leukemia (T-ALL) is an
invasive hematological malignancy characterized by a high relapse
rate, due to the lack of targeted therapies. Despite intensive
chemotherapy having advanced treatment progress, most patients
experience treatment failure and endure severe side effects. Here, a
CD7-specific polymersomal vincristine delivery system was
engineered on the basis of anti-CD7 nanobody-conjugated
chimeric polymersomes (aCD7P-VCR) for targeted chemotherapy
of T-ALL. aCD7P-VCR, with tunable aCD7 nanobody density,
mediated selective targeting and potent inhibition of CD7-positive
CCRF-CEM T-ALL cells, resulting in a half-maximal inhibitory
concentration of 0.11 nM VCR, but caused no obvious toxicity to
normal peripheral blood mononuclear cells or T cells at 10.8 nM
VCR. Interestingly, aCD7P-VCR treatment substantially reduced leukemia progression and invasion in the orthotopic CCRF-CEM
T-ALL model without toxic effects, leading to significantly longer survival than clinically used VCR and nontargeted P-VCR. aCD7P-
VCR is expected to provide an effective and targeted therapeutic approach for T-ALL.
KEYWORDS: vincristine, targeted drug delivery, leukemia, nanomedicines, chemotherapy

1. INTRODUCTION
T-cell acute lymphoblastic leukemia (T-ALL), which originates
from the abnormal proliferation of malignantly transformed T-
cell progenitors, is an aggressive hematological cancer
presenting a dismal prognosis.1−3 With intensive multidrug
chemotherapy, including drugs such as vincristine, glucocorti-
coid and L-asparaginase etc. serving as the standard of care, the
response rate has improved for patients who can tolerate these
treatments.4−7 Nevertheless, long-term side effects frequently
have a substantial impact on the quality of life of survivors.
Moreover, relapse frequently occurs, particularly for adult
patients, wherein nearly half of these patients relapse, with
fewer than 10% achieving sustained remission and long-term
survival.8−10 The primary reason for such a poor prognosis is
the lack of effective salvage options, particularly the absence of
targeted therapies in the clinic.11−13 To date, cytotoxic
nelarabine is the only available drug for relapsed or refractory
T-ALL patients, but it has serious neurotoxicity and limited
efficacy, resulting in a one-year survival rate of less than
30%.14−17 Safe and effective therapeutic strategies are thus
urgently needed.

Ligand-installed nanomedicines have been widely developed
to overcome the limitations of chemotherapy and improve
therapeutic effects in diverse malignancies via selective delivery

to tumor cells and augmenting cellular internalization.18−21

However, little progress has been made in the treatment of T-
ALL because of the lack of suitable surface antigens. A critical
target recently identified for T-ALL is CD7, which is a
transmembrane glycoprotein highly expressed in more than
95% of T-ALL cases and can mediate rapid cell internalization
upon ligand binding.22−24 Several clinical trials have demon-
strated the therapeutic potential of CD7-specific chimeric
antigen receptor T (CAR-T) cells in the treatment of relapsed/
refractory T-ALL patients, resulting in a high response
rate.25−28

Herein, we engineered anti-CD7 nanobody-conjugated
chimeric polymersomes to enable targeted delivery of
vincristine sulfate (aCD7P-VCR), thus potentiating the
treatment of orthotopic T-ALL (Figure 1a). Vincristine sulfate
(VCR) continues to be a cornerstone of intensive chemo-
therapy regimens for T-ALL patients due to its ability to
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disrupt microtubule dynamics and induce cell apoptosis.29

Notably, aCD7P-VCR with varying aCD7 nanobody densities
selectively targeted T-ALL cells, exerting potent inhibition
while presenting negligible toxicity against normal T cells.
aCD7P-VCR dramatically reduced the leukemia burden in the
blood, bone marrow and major organs of orthotopic CCRF-
CEM T-ALL-bearing mice, resulting in a significantly greater
survival benefit compared with free VCR and nontargeted P-
VCR.

2. EXPERIMENTAL SECTION
2.1. Fabrication of aCD7-Modified Polymersomal

Vincristine Sulfate (aCD7P-VCR). aCD7P-VCR was pre-
pared by introducing aCD7 to the surface of azide-function-
alized P-VCR (N3-P-VCR) via a strain-promoted click
reaction. To facilitate the click reaction, dibenzocyclooctyne-
functionalized aCD7 (aCD7-DBCO) was first synthesized via
an overnight reaction of aCD7 (110 μL, 2 mg/mL) with a 3-
fold molar excess of NHS-PEG4-DBCO (2.7 μL, 2 mg/mL) at
4 °C. aCD7-DBCO was then purified via three rounds of
ultrafiltration (MWCO: 10 kDa) using sodium citrate buffer
(20 mM, pH 7.4) containing 50 mM sodium chloride. Its
DBCO functionality was determined by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) using native aCD7 as a control. The
concentration of aCD7-DBCO was quantified by high-
performance liquid chromatography (HPLC) at a wavelength
of 214 nm.

N3-P-VCR was constructed through co-assembly of poly-
(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate)-b-poly(aspartic acid) (PEG-P(TMC-
DTC)-KD5, 5.0-(15.0-2.0)-0.8 kg/mol) with N3-PEG-P-

(TMC-DTC) (7.9-(15.0-2.0) kg/mol) copolymers (weight
ratio of 98:2) and simultaneous electrostatic interaction-driven
VCR loading, according to our previous report.30 To acquire
aCD7P-VCR with different aCD7 densities, aCD7-DBCO
prepared in advance was added to N3-P-VCR at aCD7 to N3
molar ratios of 1:1, 1.5:1 and 2:1 for 36 h of reaction at 4 °C.
The mixture was then subjected to three cycles of ultra-
filtration (MWCO: 300 kDa) using sterile HEPES buffer (5
mM, pH 7.4). The supernatants were collected to measure the
unreacted aCD7-DBCO by HPLC, and the amount and
surface density of aCD7 conjugated on the surface of aCD7P-
VCR were calculated. The size and size distribution of aCD7P-
VCR as well as that after incubation with 10% FBS or following
a 100-fold dilution with HEPES, were studied via dynamic
light scattering (DLS).
2.2. CD7-Specific Targetability and Endocytosis

Studies. The CD7-specific cellular uptake of aCD7P-VCR
was investigated in CD7-positive CCRF-CEM T-ALL cells,
with CD7-negative 697 B-ALL cells and normal human T cells
used as controls. To enable cellular-level visualization, Cy5-
labeled polymersomes (aCD7P-Cy5 and P-Cy5) were
constructed via incorporation of the Cy5-labeled PEG-
P(TMC-DTC) polymer during the course of assembly. For
flow cytometry studies, CCRF-CEM cells plated in 6-well
plates (2 × 105 cells/well) were cultured with aCD7P-Cy5
bearing different aCD7 surface densities, nontargeted P-Cy5
(Cy5: 27.5 nM) or PBS at 37 °C and 5% CO2 for 4 h (n = 3).
The cells were then centrifuged, rinsed, and suspended in 1×
PBS for prompt analysis (BD FACS Calibur). For comparison,
697 cells (2 × 105 cells/well) and human T cells (4 × 105

cells/well) were cultured with aCD7P-Cy5, P-Cy5 or PBS for 4
h and manipulated as described above for analysis.

To investigate the endocytic pathways of aCD7P-Cy5,
CCRF-CEM cells (5 × 105 cells/well) were pretreated for 1 h
at 37 °C with diverse endocytic inhibitors, including dynasore
at a concentration of 80 μM, chlorpromazine hydrochloride
(CPZ) at 10 μg/mL, amiloride hydrochloride and methylated
β-cyclodextrins (MβCD) at 1 mg/mL. Afterwards, aCD7P-
Cy5 was added for a further 1 h of incubation. The cells were
subsequently collected, washed and resuspended in PBS for
flow cytometry analysis (n = 3). Original CCRF-CEM cells
incubated with aCD7P-Cy5 for 1 h were measured to serve as
a control.

For confocal laser scanning microscopy (CLSM) studies,
CCRF-CEM cells (3.5 × 105 cells/well) were plated into poly-
D-lysine-pretreated 24-well plates containing glass slides and
cultured for 4 h. Subsequently, the cells were incubated for an
additional 4 h with aCD7P-Cy5 or P-Cy5 (Cy5: 21 nM). The
cells were then rinsed, fixed with a 4% paraformaldehyde
solution for 15 min and stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 3 min. Finally, microscope slides
were prepared by mounting glass slides containing adhered
cells for fluorescence imaging using CLSM.
2.3. In Vitro Anti-T-ALL Efficacy of aCD7P-VCR. The in

vitro anti-T-ALL effect of aCD7P-VCR was evaluated in CD7-
positive CCRF-CEM and Jurkat T-ALL cells via a cell counting
kit-8 (CCK-8) assay. 697 B-ALL cells and human peripheral
blood mononuclear cells (PBMCs) were used as controls. In
brief, CCRF-CEM or Jurkat cells (1.5 × 104 cells/well) seeded
in 96-well plates were treated with aCD7xP-VCR, free VCR or
nontargeted P-VCR for 48 h. The concentration of VCR
ranged from 0.01 to 10.8 nM for CCRF-CEM cells, and from
0.01 to 10 nM for Jurkat cells. Then, 10 μL of CCK-8 solution

Figure 1. (a) Schematic showing the engineering of anti-CD7
nanobody directed polymersomal vincristine sulfate (aCD7P-VCR)
for targeted chemotherapy of orthotopic T-ALL. Created with
BioRender.com. (b) Size distributions of N3-P-VCR and aCD7xP-
VCR (x = 2.5, 4.4, 7.1). (c) MALDI-TOF-MS spectra of aCD7-
DBCO2.1 and aCD7. (d) Size distribution of aCD7P-VCR after
incubation with 10% fetal bovine serum (FBS) or 100-fold dilution
with HEPES.
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was added, and the mixture was incubated for another 3-5 h.
The absorbance of each well at 450 nm was measured with a
Varioskan LUX (Thermo Fisher Scientific). Cell viability was
determined by comparing the absorbance values to those of
control cells incubated with HEPES only (n = 6). The
cytotoxicity of aCD74.4P-VCR in 697 cells (1.5 × 104 cells/
well, n = 6) and PBMCs (5 × 105 cells/well, n = 3) was
similarly evaluated, with P-VCR as the nontargeted control.
2.4. Proapoptotic Effect of aCD7P-VCR on T-ALL. The

proapoptotic activity of aCD7P-VCR in CCRF-CEM T-ALL
cells was evaluated using an Annexin V-APC/7-AAD apoptosis
detection kit. CD7-positive human T cells served as a normal
control. CCRF-CEM cells plated in 6-well plates (5 × 105

cells/well) were treated with aCD7P-VCR, free VCR or
nontargeted P-VCR for 24 h at a concentration of 2.2 nM
VCR. The cells were subsequently harvested, washed twice
using PBS and resuspended in 200 μL of 1× binding buffer.
The collected cells were stained in the dark with 2 μL of
Annexin V-APC and 10 μL of 7-AAD, and then analyzed by
flow cytometry. Cells treated with apoptosis positive control
solution and HEPES were used as positive and negative
controls, respectively.

To corroborate the selectivity and safety of aCD7P-VCR,
human T cells in 6-well plates (5 × 105 cells/well) were treated
with aCD7P-VCR for 24 h at 0.1, 1.1, 10.8, and 108.3 nM
VCR and stained similarly for analysis via flow cytometry.
2.5. Establishment of the Orthotopic CCRF-CEM T-

ALL Xenograft Model. All animal procedures were
perfomred under protocols approved by Soochow University
Laboratory Animal Center and the Animal Care and Use
Committee of Soochow University. To establish the orthotopic
T-ALL model, female NOD. CB17-Prkdcscid/IL2rgtm1/Bcgen
(B-NDG) mice (6-8 weeks, Biocytogen) were intravenously
inoculated with 5 × 105 CCRF-CEM cells each, which is
denoted as day 0. On days 3, 6, 12, 24 and 27, blood was
withdrawn from the orbital venous plexus of each mouse to
monitor leukemia progression. The blood samples were treated
with 1× ACK lysis buffer to crack red blood cells, followed by
centrifugation and suspension in 1× PBS containing 0.1% FBS.
A total of 1 × 106 cells were stained for 15 min using an APC-
conjugated anti-human CD45 antibody (1 μL), rinsed with
PBS and analyzed by flow cytometry. On day 27, moribund
mice were euthanized, and the liver, spleen and hind limbs
were harvested for assessment of leukemia infiltration. Tissues
were ground into single-cell suspensions and handled similarly
to the blood samples for analysis.
2.6. In Vivo Efficacy of aCD7P-VCR in Treating T-ALL.

The in vivo efficacy of aCD74.4P-VCR in treating T-ALL was
evaluated in orthotopic CCRF-CEM T-ALL-bearing mice.
PBS, free VCR and nontargeted P-VCR served as controls. On
day 5 post model establishment, the mice were randomly
grouped and intravenously administered different VCR
formulations every 4 days (Q4D) at 0.25 mg VCR equiv./kg
for a total of 5 doses. The weight and status of the mice were
periodically monitored during the treatment. Peripheral blood
was collected on days 21, 24, and 27 to monitor tumor
progression (n = 3).

To further assess the effect of aCD7 surface density on the
efficacy of aCD7P-VCR in treating T-ALL, orthotopic CCRF-
CEM T-ALL-bearing mice were assigned randomly to different
groups on day 3 post tumor inoculation for two cycles of
treatment with aCD7xP-VCR (x = 2.5, 4.4, 7.1), P-VCR, free
VCR or PBS (n = 8). Four injections (Q3D) at a VCR dosage

of 0.25 mg/kg were administered intravenously in each cycle,
and there was a one-week interval between the two cycles. The
weight and status were periodically monitored. Peripheral
blood was collected on days 21, 26, and 31 to monitor tumor
progression (n = 3). At the end point of the treatment, 3 mice
from each group were randomly sacrificed. The leukemia
burden in the liver, spleen, bone marrow and peripheral blood
was assessed by flow cytometry. Histological analysis was
performed using hematoxylin & eosin (H&E) staining and the
samples were examined with an Olympus BX41 microscope.
The remaining 5 mice were utilized for survival rate
monitoring.
2.7. Statistical Analysis. The data were expressed as the

means ± standard deviations and were analyzed using
GraphPad Prism 7 software. Statistical comparisons between
groups were performed via One-way ANOVA with Tukey’s
post hoc test. Kaplan−Meier survival curves were generated
and compared by the log-rank (Manel-Cox) test. *p < 0.05,
**p < 0.01 and ***p < 0.001.

3. RESULTS AND DISCUSSION
3.1. Formation and Characterization of aCD7P-VCR.

The development of targeted nanotherapeutics for T-ALL has
long been hindered by the lack of specific surface antigens.
Recently, CD7 has emerged as a key target for T-ALL,
prompting the initiation of several clinical trials exploring
CD7-targeted CAR-T therapies.24 This study aims to develop
aCD7 nanobody decorated chimeric polymersomes with a
negatively charged cavity to effectively load and selectively
deliver VCR (aCD7P-VCR), the frontline cytostatic drug for
T-ALL patients, to enable targeted nanochemotherapy of T-
ALL. aCD7P-VCR was facilely constructed by clicking an
aCD7 nanobody onto the surface of N3−P-VCR, which was
assembled from PEG-P(TMC-DTC)-KD5 with N3-PEG-
P(TMC-DTC) (98:2 in weight). N3-P-VCR physically loaded
with 4.5 wt % VCR showed a small size of 41 nm and a low
polydispersity index (PDI) of 0.08 (Figure 1b, Table 1), which

was similar to our previous report and was previously
demonstrated to have long-term storage stability and
reduction-triggered fast VCR release.31 To enable the click
reaction, the aCD7 nanobody was first reacted with NHS-
PEG4-DBCO at a 3:1 molar ratio, resulting in aCD7-DBCO
with an average DBCO functionality of 2.1 (Figure 1c). The
click reaction of N3-P-VCR with aCD7-DBCO at N3 to aCD7-
DBCO molar ratios of 1:1, 1:1.5 and 1:2 yielded aCD7xP-VCR
with different aCD7 surface densities (x) of 2.5, 4.4, and 7.1
aCD7 per P-VCR, respectively (Table 1). All aCD7xP-VCR
displayed a similar size of 47-48 nm, which was slightly larger
than that of the P-VCR (41 nm), and demonstrated a narrow

Table 1. Characterization of aCD7xP-VCR

Polymersomes
aCD7-DBCO to N3
(feeding molar ratio)

Number of
aCD7 per
P-VCRa

Size
(nm)b PDIb

N3-P-VCR - - 41 0.08
aCD72.5P-
VCR

1:1 2.5 47 0.15

aCD74.4P-
VCR

1.5:1 4.4 48 0.21

aCD77.1P-
VCR

2:1 7.1 47 0.12

aDetermined via HPLC. bDetermined via DLS at 25 °C.
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size distribution (PDI: 0.12-0.21) (Figure 1b, Table 1). We
previously verified the vesicular spherical structure of blank P
via cryo-TEM.32 TEM images of aCD7P-VCR further revealed
a uniform and spherical structure (Figure S1), with a size close
to that determined by DLS. In addition, aCD7P-VCR was
robust against either incubation with 10% FBS or 100-fold
dilution, showing a negligible change in size distribution
(Figure 1d).
3.2. In Vitro Targetability and Selective Anti-T-ALL

Activity of aCD7P-VCR. CD7, a T-lineage specific antigen, is
largely and commonly overexpressed in T-ALL, making it a
promising target under extensive evaluation.33−36 Here, CD7-
positive CCRF-CEM T-ALL cells were employed to assess the
T-ALL-specific targetability and antineoplastic activity of
aCD7P-VCR, and CD7-negative 697 B-ALL cells and CD7-
positive normal human T cells were used as controls. As shown
in Figure 2a, the uptake of aCD7P-Cy5 with either 2.5, 4.4, or

7.1 aCD7 on the surface of CCRF-CEM cells was markedly
enhanced compared with that of nontargeted P-Cy5, showing a
10.9- to 12.2-fold higher Cy5 fluorescence intensity (***p <
0.001). Thereinto, the cellular association of aCD7-P-VCR
seemed to reach a plateau as the aCD7 density increased to
4.4, which was utilized for further study in control cells. In
CD7-negative 697 cells, the cellular interaction of aCD74.4P-
Cy5 was comparable to that of P-Cy5 and was 4.5-fold lower
than that in CCRF-CEM cells (Figure 2b). Of note, aCD74.4P-
Cy5 exhibited a 1.7-fold lower cellular association in CD7-
positive normal T cells than in CCRF-CEM T-ALL cells,
despite its higher cellular association relative to that of non-
targeted P-Cy5 (Figure 2c).

The uptake pathway of aCD74.4P-Cy5 in CCRF-CEM cells
was further studied via the use of diverse endocytic inhibitors
to pretreat the cells. The results showed that pretreating cells
with CPZ/dynasore clathrin/dynamin inhibitors hindered the
internalization of aCD74.4P-Cy5 to the greatest extent,
suggesting that receptor-mediated endocytosis is the prime
uptake pathway (Figure 2d). In addition, macropinocytosis
and caveolae-dependent endocytic pathways also play roles, as
evidenced by the significant inhibition of internalization in
amiloride- and MβCD-pretreated cells. CLSM images clearly
displayed stronger Cy5 fluorescence in aCD74.4P-Cy5-treated
CCRF-CEM cells than in cells incubated with P-Cy5 (Figure
2e). These results demonstrated that aCD7 nanobody
installation enabled polymersomes to target CD7-positive
CCRF-CEM T-ALL cells and boosted their uptake.

The in vitro selective anti-T-ALL activity of aCD7P-VCR
was evaluated in CCRF-CEM and Jurkat cells via CCK-8
assays, with 697 B-ALL cells and normal human PBMCs used
as controls. Consistent with the results of flow cytometry
studies, aCD7P-VCR with any aCD7 density showed higher
anti-T-ALL efficacy than P-VCR toward CCRF-CEM cells
(Figure 3a). Wherein, aCD74.4P-VCR exhibited the highest

potency with a half-maximal inhibitory concentration (IC50) of
0.11 nM, which was 4.4- and 3.2-fold lower than those of free
VCR and P-VCR, respectively. Similar results were also
observed in CD7-positive Jurkat cells, in which aCD74.4P-
VCR exhibited 4.5- and 2.4-fold stronger anti-T-ALL activity
than free VCR and P-VCR (IC50: 0.25 versus 0.94 and 0.61
nM), respectively (Figure 3b). However, in CD7-negative 697
cells, similar cytotoxicity was observed for aCD74.4P-VCR and
P-VCR, for which the IC50 value (0.23 nM) was 2.1-fold higher
than that of aCD74.4P-VCR in CCRF-CEM cells (Figure 3c).
Importantly, aCD74.4P-VCR was nontoxic to human PBMCs
even at a VCR concentration as high as 10.8 nM (Figure 3d).

VCR, a broad-spectrum antitumor agent, is known to inhibit
tubulin polymerization and induce cell apoptosis.37−40 There-

Figure 2. Cellular uptake investigations. (a) Flow cytometry
histograms of CCRF-CEM cells after 4 h of incubation with
aCD7xP-Cy5 (x = 2.5, 4.4, 7.1), P-Cy5 or PBS, and the corresponding
quantitative analysis of Cy5 fluorescence (n = 3). (b) Histograms and
quantitative analysis of Cy5 fluorescence in aCD74.4P-Cy5- or P-Cy5-
treated 697 cells (n = 3). (c) Cellular association of aCD74.4P-Cy5
and P-Cy5 in normal human T cells following 4 h of incubation. (d)
Changes in the cellular uptake of aCD74.4P-Cy5 in CCRF-CEM cells
after incubation with different endocytic inhibitors (n = 3). (e) CLSM
images of CCRF-CEM cells incubated with aCD74.4P-Cy5 or P-Cy5
for 4 h. Scale bars are 25 μm. **p < 0.01, ***p < 0.001.

Figure 3. Anti-T-ALL and proapoptotic activity of aCD7P-VCR.
Viability of (a) CCRF-CEM cells, (b) Jurkat cells and (c) 697 cells
after 48 h treatment with different VCR formulations (n = 6). (d)
Cytotoxicity of aCD74.4P-VCR against human PBMCs (n = 3). (e)
Apoptosis of CCRF-CEM cells following 24 h incubation with
different formulations at 2.2 nM VCR. (f) Apoptosis of human T cells
after treatment with aCD74.4P-VCR at different VCR concentrations.
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fore, we analyzed the proapoptotic effect of aCD74.4P-VCR in
CCRF-CEM cells via Annexin V-APC/7-AAD staining, using
normal human T cells as a control. As expected, aCD74.4P-
VCR caused 57.3% apoptosis in CCRF-CEM cells at 2.2 nM
VCR, which was greater than that of free VCR (29.6%) and P-
VCR (44.4%) (Figure 3e). It is noteworthy that for normal
human T cells, aCD74.4P-VCR did not induce apoptosis at 10.8
nM VCR, and only limited apoptosis was observed at a high
VCR concentration of 108.3 nM, showing an apoptosis rate
3.6% higher than that of the PBS group (Figure 3f). It is
evident that aCD7P-VCR, which is capable of targeting CD7,
potently and selectively inhibited the proliferation of T-ALL
cells but had little toxicity to normal human cells.
3.3. In Vivo Therapeutic Efficacy of aCD7P-VCR in

Treating T-ALL. To corroborate the efficacy of aCD7P-VCR
in treating T-ALL in vivo, an orthotopic CCRF-CEM T-ALL
xenograft model was established via injecting CCRF-CEM cells
directly into the tail veins of B-NDG mice. Twenty-four days
after the model was established, an obvious leukemia burden
was observed in the peripheral blood (16.1%), which sharply
increased and caused mouse death with a median survival time
of 28 days (Figure S2a, b). Furthermore, a severe leukemia
burden of over 93% was detected in the bone marrow, liver
and spleen (Figure S2c), which was similar to previous
reports41,42 and consistent with the clinical features of T-ALL
patients,43−45 confirming the successful establishment of the
orthotopic CCRF-CEM T-ALL model.

On day 5 post inoculation of CCRF-CEM cells, anti-T-ALL
treatments were initiated via tail vein injection of aCD74.4P-
VCR, free VCR, P-VCR (VCR: 0.25 mg/kg) or PBS for 5
times (Figure 4a). T-ALL progression was effectively inhibited
by aCD74.4P-VCR, and the proportion of leukemia cells in the
peripheral blood was as low as 0.5% on day 27. However, P-
VCR and free VCR only marginally slowed the progression of
leukemia cells in the peripheral blood, with the leukemia
burden increasing over 12-fold from day 21 to 27 (2.3% to
31.2% and 1.9% to 24.1%), which was 62.4- and 48.2-fold
greater than that of the aCD74.4P-VCR group on day 27,
respectively (Figure 4b,c). Accordingly, P-VCR or free VCR
treated mice displayed a similar median survival time to the
PBS group (28 versus 26 days). In contrast, aCD74.4P-VCR
treatment provided a significantly better survival benefit than
all the other groups and prolonged the median survival to 39
days (Figure 4d, **p < 0.01). The weight of mice in all the
groups did not significantly change (Figure 4e).

To study the effect of aCD7 density and further improve
therapeutic efficacy, two cycles of treatment with aCD7P-VCR
bearing different aCD7 densities were performed using
nontargeted P-VCR, free VCR and PBS as controls. Four
injections were administered at 3-day intervals in each cycle,
and there was a one-week rest period prior to the second cycle
(Figure 5a). aCD7P-VCR with different aCD7 densities (2.5,
4.4 and 7.1) potently inhibited the proliferation of T-ALL cells,
with the leukemia burden in the peripheral blood persistently
below 0.4% from days 21 to 31 (Figures 5b and S3). Moreover,
the leukemia burden was lower than that in mice following a
single cycle of treatment (0.52% on day 27). In comparison,
leukemia cells proliferated rapidly in the blood of P-VCR- or
free VCR-treated mice, with 2.4-2.6% T-ALL cells on day 21,
which increased to 29-34% on day 31, approximately 100-fold
higher than those in the aCD7P-VCR groups. Consistently,
aCD7P-VCR strongly inhibited T-ALL invasion into the liver,
spleen and bone marrow, resulting in a significantly lower

leukemia infiltration rate as well as liver and spleen weights
than those in all the control groups (***p < 0.001, Figure 5c-
e). Survival analysis showed that aCD7P-VCR with 2.5, 4.4, or
7.1 aCD7 on the surface substantially improved the survival
benefits of mice, with the same median survival time of 43
days, which was significantly longer than free VCR (29 days),
P-VCR (31 days) and one cycle of aCD7P-VCR treatment
(**p < 0.01) (Figure 5f). Of note, the survival benefit of
aCD7P-VCR treatment in T-ALL-bearing mice was compara-
ble to that of previously reported CD7-specific CAR-T
therapy.41 All formulations were well tolerated under the
therapeutic protocols with no noticeable body weight changes
in the mice (Figure 5g).

Histological analysis provided further proof of the significant
anti-T-ALL efficacy of aCD7P-VCR, as mice treated with
aCD72.5P-VCR, aCD74.4P-VCR and aCD77.1P-VCR all pre-
sented normal histomorphology of organs and hind legs with
no clear leukemia cells (Figures 6 and S4). This contrasts
sharply with P-VCR-, free VCR- and PBS-treated mice, for
which substantial leukemia infiltration was observed in the
bone marrow, liver and spleen. The abnormal proliferation of
leukemia cells within the bone marrow can inhibit normal
hematopoiesis, inducing anemia and hemorrhage, which are
typical signs in ALL patients.46,47 As shown by H&E-stained
hind limbs, mice treated with PBS, free VCR or P-VCR
suffered severe loss of hematopoietic cells in the bone marrow

Figure 4. Anti-T-ALL efficacy of aCD74.4P-VCR in orthotopic CCRF-
CEM T-ALL-bearing mice. PBS, free VCR and P-VCR served as
controls. (a) Treatment and surveillance schedule. (b) Percentages of
CCRF-CEM cells in the peripheral blood of different groups at
various time points (n = 3) and (c) representative flow cytometry
patterns. (d) Kaplan−Meier survival curves and (e) body weight
changes in mice treated with different formulations (n = 5). *p < 0.05,
**p < 0.01, ***p < 0.001.
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cavity, whereas aCD7P-VCR-treated mice effectively main-
tained normal hematopoiesis with normal hematopoietic tissue
and abundant hematopoietic cells (Figure 6). Taken together,
these results confirmed that aCD7P-VCR with different aCD7
densities can selectively target CD7-overexpressing T-ALL
cells, leading to significant anti-T-ALL efficacy and survival
benefits with good safety.

4. CONCLUSIONS
In this study, we have demonstrated that anti-CD7 nanobody
engineered polymersomes enabled targeted delivery of
vincristine sulfate (aCD7P-VCR), leading to potent chemo-
therapy of T-ALL. aCD7P-VCR with controllable aCD7
densities can selectively target and potently inhibit the
proliferation of CD7-positive T-ALL cells but does not
influence normal T cells. Moreover, aCD7P-VCR, regardless
of aCD7 density, effectively reduced the leukemia burden in
the orthotopic T-ALL model and provided a significant
survival benefit. The CD7 selectivity and high safety of

aCD7P-VCR render it a promising targeted treatment option
for T-ALL.
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