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Abstract Tripterygium wilfordii Hook F (TWHF) is a traditional Chinese medicine widely used in the

treatment of systemic lupus erythematosus (SLE), with triptolide (TP) as its main active ingredient. How-

ever, its side effects also induced by TP, especially hepatotoxicity and reproductive toxicity, largely limit

its application in a subset of patients. Monoclonal antibodies (mAbs) developed for the treatment of SLE

that deplete B cells by targeting B cell-expressing antigens, such as CD19, have failed in clinical trials,

partly due to their poor efficacy in consuming B cells. Here, we report the development of a rationally

designed antibody‒drug conjugate (ADC), CD19 mAb-TP conjugate, to alleviate the side effects of

TWHF and simultaneously improve the therapeutic efficacy of CD19 mAb. The CD19 mAb-TP conju-

gate, which was named ADC-TP, selectively depleted B cell subsets both in vitro and in vivo and effec-

tively alleviated disease symptoms in mouse lupus models with enhanced therapeutic efficacy than CD19

mAb and fewer side effects than TP. Our present study proposes a CD19 mAb‒TP conjugate strategy to

mitigate the toxicity of TWHF while also enhancing the therapeutical efficacy of CD19 mAbs for the

treatment of SLE, providing a feasible method for improving the current agents used for treating SLE.
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1. Introduction

Tripterygium wilfordii Hook F (TWHF) is a widely used tradi-
tional Chinese medicinal plant whose extracts have been used as
anti-inflammatory and immunosuppressive remedies for cen-
turies1. More than 300 compounds have been identified from ex-
tracts of TWHF. Of these, many are diterpenoids, three of which
dominate the chemical profile and the medicinal chemistry of
TWHF, including triptolide (TP), tripdiolide, and triptonide2.
TWHF exerts its anti-inflammatory and immunoregulatory activ-
ities mainly in two ways. On the one hand, the major diterpenoids
of TWHF can suppress cytokine transcription and other proin-
flammatory genes by inhibiting related inflammatory signaling
pathways, such as ERK1/2-NF-kB and JAK/STAT signaling
pathways3,4. On the other hand, the major diterpenoids of TWHF
can regulate cell differentiation of immune cells or directly induce
the death of immune cell death5-7. However, despite the impres-
sive therapeutical effects on disease activity of autoimmune dis-
eases and inflammatory disorders, side effects elicited by TWHF,
including but not limited to hepatotoxicity, nephrotoxicity, and
reproductive toxicity, are innegligible issues8-10. In addition, long-
term administration of TWHF was reported to have decreased
bone mineral density (BMD) levels in female patients with sys-
temic lupus erythematosus (SLE), indicating that osteoporosis
may be an essential problem for SLE patients treated with
TWHF11. Unfortunately, the toxic ingredients of TWHF, espe-
cially TP, are just right in their medicinal composition, meaning
that they cannot be eliminated in the clinical use of TWHF.
Various delivery strategies have been designed to limit the adverse
effects and enhance the efficacy of TP, but none have been suc-
cessfully applied in clinical practice12,13.

SLE is an autoimmune disease that affects multiple systems
and organs and is more common in women of childbearing age
aged 20‒4014. It is estimated that the global prevalence of SLE is
43.7 per 100,000 people. Among women, the value is as high as
78.73 per 100,000 people15. The incidence rate is higher among
Black, Asian, and Hispanic populations. SLE lesions involve the
skin, skeletal system, respiratory system, cardiovascular system,
etc. Renal failure and brain damage are common causes of death
in SLE patients, with a mortality rate 2‒3 times higher than the
general population16. At present, the drugs used in clinical prac-
tice to treat SLE mainly include antimalarial drugs, glucocorti-
coids, immunosuppressants, and monoclonal antibodies17. Long-
term use of the antimalarial drug hydroxychloroquine poses a
risk of retinal and corneal lesions. Long-term and large-dose use
of glucocorticoids can cause secondary complications such as
infection, hypertension, diabetes, osteoporosis, etc. Immunosup-
pressants such as cyclophosphamide can effectively treat lupus
nephritis. Still, there are potentially severe side effects, including
bone marrow suppression, infection, liver and kidney function
damage, and gonadal suppression18. However, the immunological
events that trigger the onset of clinical manifestations have not yet
been fully defined. The central role of B cells in the pathogenesis
of SLE has more recently gained prominence19. Therefore, B cell-
targeted therapy has become one of the most promising treatment
strategies for SLE20. The treatment approaches to target the B cell
compartment can be broadly summarized as direct depletion,
typically with monoclonal antibodies (mAbs) (e.g., rituximab
targeting CD20), indirect depletion via survival cytokine blockade
(e.g., belimumab targeting BLyS) and co-stimulatory blockade20.
However, belimumab is so far the only biological agent approved
by the U.S. Food and Drug Administration (FDA) in 2011 for the
treatment of SLE21, and no biological agent that directly depletes
B cells has been approved. Although CD20-targeted rituximab has
achieved great success in the treatment of malignant hematolog-
ical tumors, two trials of rituximab in patients with SLE and lupus
nephritis failed to meet their respective primary endpoints22-24.
Insufficient tissue B cell depletion in at least a subset of lupus
patients could explain the failure of rituximab to reach clinical
endpoints25, which may be attributed to the compromised
antibody-dependent cellular cytotoxicity (ADCC) in these pa-
tients26. Thus, newly developed CD20-targeted mAb with greater
ability in B cell depletion was reported to be more efficacious in
the amelioration of disease27.

Additionally, targeting CD19 has emerged as a promising new
approach for improving the treatment of autoimmune diseases. A
humanized anti-human CD19 mAb, inebilizumab, has been eval-
uated in a model of autoimmunity involving mice transgenic (Tg)
for Sle1 and human CD19. Inebilizumab treatment resulted in a
robust reduction of autoantibodies but had minimal effect on total
serum immunoglobulins28. However, in the phase II clinical trial,
obexelimab, a human anti-CD19 mAbs, did not meet the primary
endpoint29. However, previous studies have shown that sustained
B cell depletion by CD19-targeted chimeric antigen receptors
(CARs) T cells effectively treat murine lupus30,31. CD19-targeted
CAR T cell therapy has recently been tested in refractory SLE
patients and has significantly alleviated disease activity32,33. These
studies indicate that CD19 is a feasible therapeutical target for
SLE, but CD19-targeted mAbs alone may be less effective in
adequately eliminating B cells. Thus, increasing the capacity of B
cell-targeting mAbs to deplete B cells could make them more
efficacious in SLE treatment.

Antibody-drug conjugates (ADCs) are an emerging class of
immuno-chemotherapeutics featuring the structure of a mAb
conjugated to cytotoxic agents (warheads) via chemical linkers.
Compared with chemical drugs, ADC drugs possess more excel-
lent targeting capability, which may lead to less “off-target”-in-
duced toxicity. Compared with mAb drugs, ADC drugs possess
more potent cytotoxicity and can achieve more effective disease
control. Despite the success of ADCs achieved in various types of
cancer34, no ADCs have been applied to treat SLE in clinics. In
the present study, we rationally designed a CD19 mAb-TP con-
jugate and evaluated its efficacy for treating SLE in vitro and
in vivo (Scheme 1). CD19 mAb-TP conjugate selectively depleted
CD19þ B cells in in vitro experiments and showed impressive
therapeutical effects in in vivo murine lupus models. Notably, the
efficacy of CD19 mAb-TP was superior to TP and CD19 mAb,
and the adverse reactions were significantly milder than that of TP.
The results presented here propose a rational-designed CD19
mAb-TP conjugate to mitigate the toxicity of TWHF while also
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Scheme 1 The ADC targeting CD19 loaded with TP has been

constructed for clinical treatment of SLE to alleviate toxicity of TP

and enhance the efficacy of monoclonal antibodies.
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enhancing the therapeutical efficacy of CD19 mAb for the treat-
ment of SLE and provides a feasible strategy for improving cur-
rent agents used to treat SLE.

2. Materials and methods

2.1. Materials

Anti-mouse CD19 mAb (clone #1D3, BE0150) and IgG2a
(BE0089) isotype controls were purchased from Bioxcell (West
Lebanon, NH, USA). Anti-human CD19 mAbs Denintuzumab
(HY-P99285) and Inebilizumab (HY-P99113) were purchased
from MedChemExpress (NJ, USA). Cyanine 7 (Cy7)-conjugated
Triptolide (R-TPD-7) and TP-PEG2000-NHS (R-NPL-1000) were
obtained from Xi’an Ruixi Biological Technology Co., Ltd.
(Xi’an, China). TP (38748-32-2) was obtained from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). AST activity
assay kit (BC1565), ALT activity assay kit (BC-1555), and
creatinine activity assay kit (BC1535) were purchased from Bei-
jing Solarbio Science & Technology Co., Ltd. (Beijing, China).
Mouse anti-double stranded DNA antibody (IgG) ELISA Kit
(CSB-E11194m) and Mouse anti-nuclear Antibody (IgG) ELISA
Kit (CSB-E12912m) were purchased from CUSABIO (Wuhan,
China). Gibco Dulbecco’s modified Eagle’s medium (DMEM)
(C11995500BT) and RPMI-1640 medium (C11875500BT) were
purchased from Invitrogen (Karlsbad, CA, USA).

2.2. Mice and cell lines

Lupus-prone MRL/MpJ-Faslpr (MRL/lpr) mice and their control
strain MRL/MpJ mice were purchased from the Shanghai Labo-
ratory Animal Center of the Chinese Academy of Sciences
(Shanghai, China). Female C57BL/6J mice and female ICR mice
were purchased from the Laboratory Animal Center of Yangzhou
University (Yangzhou, China). All experimental procedures were
executed according to the protocols approved by the Review
Committee of the Chinese Academy of Medical Science & Peking
Union Medical College. All animal experiments comply with the
National Research Council’s Guide for the care and use of labo-
ratory animals (Approval number: 2022 Animal No. 016). Human
normal liver HL-7702 cell line, MadineDarby canine kidney
(MDCK) cell line, human lymphoblastoid GM12878 cell line,
mouse BAF3 pro-B cell lines, human Jurkat cell line, mouse A20
B cell lymphoma cell line and mouse EL4 T cell lymphoma cell
line for in vitro studies were purchased from American Type
Culture Collection (ATCC) (Mansas, VA, USA).
2.3. Construction of CD19 mAb-TP conjugates

TP-PEG2000-NHS and CD19 mAb were dissolved in an appro-
priate amount of pure water and phosphate-buffered saline (PBS)
(P1020, Solarbio), respectively. Then, TP-PEG2000-NHS solution
and CD19 mAb solution were mixed in a ratio of 10:1, and the
mixed solution was slowly stirred for reactions at room temper-
ature for 3 h. Excessive TP-PEG2000-NHS (with a cut-off mo-
lecular weight of 10 kDa, dialysis medium was pure water) was
removed by dialysis. CD19 mAb-TP conjugate was obtained.
2.4. Determination of DAR value

LC‒MS/MS analysis was employed to determine the DAR value.
Chemicals and instrumentation: formic acid (FA), acetonitrile
(ACN), and methanol were purchased from SigmaeAldrich (St.
Louis, MO, USA). Ultrapure water was prepared from a Millipore
purification system (Milli-Q SQ2, Billerica, MA, USA). An Ul-
timate 3000 coupled with an AB SCIEX TripleTOF 5600 Mass
Spectrometer (AB SCIEX, Boston, MA, USA) with an ESI
nanospray source. Sample preparation: Take an appropriate
amount of protein solution into a 1.5 mL EP tube, centrifuge at
12,000 rcf (Centrifuge 5810 R, Eppendorf, Hamburg, Germany)
for 10 min at 4 �C, and take the supernatant for standby. LCeMS/
MS analysis was performed as follows. For UPLC: Ultimate 3000
(Thermo Fisher Scientific, Waltham, MA, USA). Column:
ACQUITY UPLC Protein BEH C4 Column (300 Å, 1.7 mm,
2.1 mm � 50 mm); Mobile phase: A: 0.1% formic acid in water;
B: 0.1% formic acid in acetonitrile. Total flow rate: 0.300 mL/min.
LC linear gradient: from 5% to 100% B for 10 min, from 100% to
100% B for 3 min, from 100% to 5% B for 1 min, from 5% to 5%
B for 1 min. For mass spectrometry: AB SCIEX TripleTOF 5600
Mass Spectrometer; Mass range: m/z 300e4000.
2.5. Internalization studies

The antibody internalization and lysosome co-localization of cells
were qualitatively evaluated by immunofluorescence. In short,
A20 and EL4 were incubated with ADC-TP at 37 �C for 0.5, 2, 4,
and 6 h, respectively. After infiltrating cells with Tween-20 (0.1%
phosphate buffer) from each time point, the samples were washed
with PBS. Subsequently, rabbit LAMP-1 monoclonal antibody
(MA5-29385, Invitrogen) was added, and the samples were
incubated on ice for 1 h. After washing, the samples were added
with anti-rat IgG Rhodamine antibody (AS022, ABclonal, Wuhan,
China) or anti-rat IgG-AF488 antibody (A-11006, Invitrogen) to
detect ADC-TP and anti-rabbit IgG-FITC (65-6111, Invitrogen) to
detect Lysosome. Use DAPI dye (C1006, Beyotime, Shanghai,
China) to stain the nucleus. Qualitative analysis was achieved
through fluorescence microscopy (OLYMPUS-BX53, Olympus,
Tokyo, Japan) examination.
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2.6. Treatment of MRL/lpr mice

After one week of adaptive feeding, urine samples were collected
from female MRL/lpr mice, and urinary protein (Upro) levels
were assessed by a colorimetric assay strip (URIT1V, URIT,
Guilin, China). The female MRL/lpr mice serum samples were
collected, and serum anti-dsDNA IgG levels were detected using
ELISA. Then, these female MRL/lpr mice aged 16 weeks were
divided into five groups according to Upro levels and serum anti-
dsDNA IgG levels, with MRL/MpJ mice as negative control
(n Z 6 per group). Mice in the TP group were intraperitoneally
injected with 0.05 mg/kg TP thrice weekly. Mice in the TP-PEG
group were intraperitoneally injected with 0.375 mg/kg TP-PEG
thrice weekly, maintaining the same molar amount as TP. Ac-
cording to the average DAR value of ADC-TP (4.75), mice in the
ADC-TP group were intraperitoneally injected with 4.4 mg/kg
ADC-TP three times per week, maintaining the same molar
amount as TP-PEG. Mice in the CD19 mAb group were intra-
peritoneally injected with 4.4 mg/kg CD19 mAb thrice weekly,
keeping the same amount of CD19 mAb as ADC-TP. The serum
samples of MRL/lpr mice and MRL/MpJ mice were collected at
the beginning and end of the observation period. The serum anti-
dsDNA IgG levels were detected by ELISA. Spleens and dLNs
were used to execute immune cell analysis by flow cytometry (BD
LSRFortessa, BD, Franklin Lake, NJ, USA). IHC staining was
performed to analyze the C3 and IgG deposition in the kidneys.

2.7. Construction and treatment of pristane-induced lupus-like
mice

Female C57BL/6J mice aged five weeks were intraperitoneally
injected with 500 mL pristane (P2870, SigmaeAldrich, St. Louis.,
MO, USA) per mouse. Fifteen weeks later, mice were given a
booster shot with 500 mL pristane. Urine samples were collected
from the pristane-treated mice, and urinary protein (Upro) levels
were assessed by a colorimetric assay strip (URIT). The serum
samples of pristane-treated mice were collected, and serum anti-
dsDNA IgG levels were detected using ELISA. At 23 weeks,
pristane-treated mice were divided into five groups according to
Upro levels and serum anti-dsDNA IgG levels (n Z 11‒12 per
group). Mice in the TP group were intraperitoneally injected with
0.05 mg/kg TP thrice weekly. Mice in the TP-PEG group were
intraperitoneally injected with 0.375 mg/kg TP-PEG thrice
weekly, maintaining the same molar amount as TP. According to
the average DAR value of ADC-TP (4.75), mice in the ADC-TP
group were intraperitoneally injected with 4.4 mg/kg ADC-TP
three times per week, maintaining the same molar amount as
TP-PEG. Mice in the CD19 mAb group were intraperitoneally
injected with 4.4 mg/kg CD19 mAb thrice weekly, maintaining the
same amount of CD19 mAb as ADC-TP. The serum samples of
pristane-treated mice were collected at the beginning and end of
the observation period. The serum anti-dsDNA IgG levels were
detected by ELISA. Spleens were used to execute immune cell
analysis by flow cytometry. IHC staining was performed to
analyze the C3 and IgG deposition in the kidneys.

2.8. Long-term toxicity study

After one week of adaptive feeding, female ICR mice aged six
weeks were divided into five groups according to body weight
(n Z 6 per group). Mice in the TP group were intraperitoneally
injected with 0.05 mg/kg TP thrice weekly. Mice in the TP-PEG
group were intraperitoneally injected with 0.375 mg/kg TP-PEG
thrice weekly, maintaining the same molar amount as TP. Ac-
cording to the average DAR value of ADC-TP (4.75), mice in the
ADC-TP group were intraperitoneally injected with 4.4 mg/kg
ADC-TP three times per week, maintaining the same molar
amount as TP-PEG. Mice in the CD19 mAb group were intra-
peritoneally injected with 4.4 mg/kg CD19 mAb thrice weekly,
maintaining the same amount of CD19 mAb as ADC-TP. Body
weight and serum ALT and AST levels were monitored every
three weeks. After treatment with these agents for 27 weeks, mice
were sacrificed, and organs, as indicated, were collected for
further analyses.

2.9. Western blot

Western blot was performed as previously described35,36. Primary
antibodies used in Western blot are listed below. Anti-AKT
(AF6261), anti-p70 S6k (AF6226), and anti-eIF2a (AF6087) an-
tibodies were purchased from Affinity Biosciences (Ohio, USA).
Anti-phospho-AKT (Ser473) (4060), anti-phospho-p70 S6k
(Thr421/Ser424) (9204), PARP (9532), Caspase 3 (9662), Caspase
9 (9502), anti-phospho-eIF2a (Ser51) (3398) antibodies were
purchased from Cell Signaling Technology (Boston, MA, USA).
Anti-PGGT1B (ab122122) antibody was purchased from Abcam
(Cambridge, UK). Anti-BAX (50599-2-Ig), anti-RAB14 (15662-
1-AP), anti-GAPDH (10494-1-AP), anti- Bcl2 (68103-1-Ig) anti-
bodies were purchased from ProteinTech Group (Wuhan, China).

2.10. Histological analysis

Tissues were fixed by paraformaldehyde, of which the concen-
tration was 4%, and then embedded in paraffin. Sliced sections of
5 mm thickness were affixed into HistoBond� adhesive micro-
scopic slides. These slides were stained with H&E (hematoxylin
and eosin) and then stored at room temperature. For the immu-
nofluorescence (IF) assay, slides were incubated at 70 �C for 1 h to
dissolve the wax. The slides were further dewaxed by following
sequential incubation: xylene for 10 min, 95% ethanol for 15 min,
and 70% ethanol for 15 min. Then, the slides were incubated in a
blocking buffer (5% FBS in PBST) for 30 min at room temper-
ature. Sections were incubated with primary and secondary anti-
bodies at 4 �C overnight and 30 min, respectively. The following
antibodies were used: FITC-conjugated goat anti-mouse IgG2a
heavy chain (ab97244, Abcam, Cambridge, UK), rat anti-mouse to
C3[11H9] (ab11862, Abcam), and rhodamine goat anti-rat IgG
(H þ L) (AS022, ABclonal, Wuhan, China). The mouse kidneys’
immune-complex (IC) depositions were analyzed and evaluated
using a digital fluorescence microscope (OLYMPUS).

2.11. IC50 measurement

Cells were treated with corresponding agents with various con-
centrations for 12 or 48 h, and cell viability was detected by MTT
(C0009M, Beyotime) assay. Dose-response curves were fitted by
GraphPad Prism 9 software. Then, IC50 values were calculated.

2.12. Flow cytometry of dLNs and spleen tissues

dLNs and spleen tissues were ground and filtered to obtain a
single-cell suspension. Approximately 1 � 106 cells were sus-
pended in PBS and incubated with mouse Fc-R block (101302,
Biolegend, San Diego, CA, USA) at room temperature for 10 min
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and then incubated with fluorescent dye-conjugated antibodies
against surface markers at 4 �C for 45 min in the dark. Cells were
fixed and permeabilized for intracellular staining with a Tran-
scription Factor Buffer Set (562574, BD Pharmingen) and then
stained with fluorescent dye-conjugated antibodies for 1 h at 4 �C
in the dark. The following fluorescent dye-conjugated antibodies
were used in this study: Zombie Aqua (423102, Biolegend);
Zombie NIR (423106, Biolegend); FITC-conjugated anti-CD3
antibody (100204, Biolegend); PerCP/Cyanine5.5-conjugated
anti-CD4 antibody (116012, Biolegend); FITC-conjugated anti-
CD4 antibody (553047, BD Pharmingen); APC/Cyanine7-
conjugated anti-CD8 antibody (557654, BD Pharmingen);
BV421-conjugated anti-CD44 antibody (563970, BD Pharmin-
gen); FITC-conjugated anti-CD44 antibody (103022, Biolegend);
PE/Cyanine7-conjugated anti-CD62L antibody (560516, BD
Pharmingen); Biotin-conjugated anti-CXCR5 antibody (551960,
BD Pharmingen); APC-conjugated anti-PD-1 antibody (562671,
BD Pharmingen); BV711-conjugated anti-CD19 antibody
(115555, Biolegend); PE-conjugated streptavidin (554061, BD
Pharmingen); BV605-conjugated anti-B220 antibody (103244,
Biolegend); PE/Cyanine7-conjugated anti-CD38 antibody
(102718, Biolegend); PE-conjugated anti-FAS antibody (152608,
Biolegend); AF647-conjugated anti-GL-7 antibody (561529, BD
Pharmingen); PerCP/Cyanine5.5-conjugated anti-IgD antibody
(405710, Biolegend); BV421-conjugated anti-CD138 antibody
(142508, Biolegend); APC/Cyanine7-conjugated anti-CD11b
antibody (557657, BD Pharmingen); PE-conjugated anti-CD25
antibody (102008, Biolegend); APC-conjugated anti-FOXP3
antibody (17-5773-82, Invitrogen); APC-conjugated anti-IFN-g
antibody (554413, BD Pharmingen); PE-conjugated anti-IL-4
antibody (554389, BD Pharmingen); PE/Cyanine7-conjugated
anti-IL-17A antibody (506922, Biolegend).

2.13. Living imaging

MRL/lpr mice in the onset stage (22 weeks) were randomly
divided into three groups, namely the TP-Cy7 group, CD19 mAb-
Cy7 group, and ADC-TP-Cy7 group, to investigate the CD19
mAb-mediated B cell targeting ability. Mice were injected intra-
peritoneally and recorded as 0 h. At 48 h after injection, the
fluorescence signal distribution in mice was recorded using in vivo
imaging systems (IVIS spectroscopy, PerkinElmer, Waltham, MA,
USA). Then, mice were euthanized, and the hearts, livers, spleens,
lungs, kidneys, lymph nodes, uterus, and ovaries were collected
for imaging under the IVIS imaging system to observe the fluo-
rescence intensity of each tissue.

2.14. Human blood samples

Human blood samples were collected from healthy donors.
Human peripheral blood mononuclear cells (PBMCs) were freshly
isolated by density gradient centrifugation. The isolated PBMCs
were cultured in RPMI1640 with 10% FBS and 1% penicillin/
streptomycin for further treatments.

2.15. Statistical analysis

Data were analyzed using the GraphPad Prism 9 software (San
Diego, CA, USA). All data were expressed as the
means � standard error of the mean (SEM). Student’s t-test and
one-way ANOVA were used to calculate statistical significance.
Significant differences were marked as *P < 0.05; **P < 0.01;
***P < 0.001; n.s., not significant.

3. Results

3.1. Design, prepare, and characterize CD19 mAb-TP
conjugate

Since the toxicity of TWHF is generally derived from the untar-
geted accumulation of the major diterpenoids of TWHF in organs
and tissues13, we hypothesized that reducing the cytotoxicity of
the major diterpenoids of TWHF by chemical modification or
increasing targeting of the major diterpenoids of TWHF to target
cells by conjugation of mAbs could vastly reduce the toxicity of
TWHF. Considering that reducing the cytotoxicity of the major
diterpenoids of TWHF by chemical modification will also reduce
their killing effect on target cells, while increasing the number of
drug molecules to target cells by conjugating mAbs may
compromise the loss of efficacy caused by chemical modification,
we proposed to combine these two approaches. PEGylation is a
commonly used chemical modification of drug molecules in
clinical practice37. Thus, we intended to construct CD19 mAb-TP
conjugate using PEG2000-NHS as a non-cleavable linker. Initially,
we obtained TP modified with PEG2000-NHS (Fig. 1A and B). We
compared the cytotoxicity between PEGylated TP and TP in
human normal hepatocytes HL-7702 cells, MadineDarby canine
kidney (MDCK) cells, human EpsteineBarr virus-transformed B
cell line GM12878 cells, murine pro-B cell line BAF3 cells, and
human T-cell lymphoma cell line Jurkat cells. As shown in
Fig. 1C, the IC50 values of PEGylated TP were 5e10 times higher
than those of TP in these cell lines, indicating that PEGylation
reduced the cytotoxicity of TP. We then conjugated PEGylated TP
to a mouse CD19 blocking mAb by covalently binding the NHS
reactive group of PEGylated TP to the dissociating amino group
(-NH2) of CD19 mAb (Fig. 1D), and we named the CD19 mAb-
TP conjugate ADC-TP. The drug-to-antibody ratio (DAR), defined
as the number of warheads conjugated per antibody, is an essential
factor affecting ADC efficacy and safety. The DAR value 4.0 was
well established for microtubule inhibitor ADC warheads in
multiple clinically approved ADCs, demonstrating excellent
clinical efficacy and human safety profiles34,38. As shown in
Fig. 1E, CD19 mAb conjugated with 4 TP molecules was the
primary structural form of ADC-TP, and the average DAR value
of ADC-TP was 4.75.

3.2. ADC-TP is efficiently internalized after binding to CD19
and selectively targets CD19þ B cells

To determine whether ADC-TP could efficiently deliver TP into
target cells, we examined internalization kinetics after treating
A20 cells, a mouse CD19-positive B-cell lymphoma cell line, with
ADC-TP. We noticed that ADC-TP could be detected by an
AF488-conjugated goat anti-rat IgG antibody as early as 2 h in
A20 cells (Fig. 2A). In contrast, ADC-TP could not be detected in
CD19-null mouse T lymphoma cells, EL4, at the corresponding
time points (Fig. 2A). Consistently, we also observed that ADC-
TP co-localized with lysosome in A20 cells at the early stage
(2 h) of cellular uptake, suggesting that ADC-TP could enter cells
smoothly and be deposited in lysosome to release PEGylated TP
(Fig. 2B). In contrast, ADC-TP could not even be detected in EL4
cells until the late stages of observation (Fig. 2B). Furthermore,



Figure 1 Construction and characterization of PEGylated TP and ADC-TP. (A) Chemical structure of TP-PEG2000-NHS. (B) The synthesis of

TP-PEG2000-NHS was verified by 1H NMR. (C) HL-7702, MDCK, GM12878, BAF3, and Jurkat cells were treated with TP or TP-PEG2000-NHS

with various concentrations for 48 h, and then an MTT assay was performed to detect cell viability. IC50 curves were drawn using GraphPad Prism

9 software, and the IC50 values were calculated (n Z 5‒6). (D) Structure diagram of CD19 mAb-TP conjugate ADC-TP. (E) DAR value dis-

tribution of ADC-TP. Data are represented as mean � SEM.
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we noted that the IC50 values of TP were comparable in A20 cells
(35.40 nmol/L) and EL4 cells (24.96 nmol/L) (Fig. 2C and D).
The IC50 value of PEGylated TP was increased in both A20 cells
(315.1 nmol/L) and EL4 cells (405.8 nmol/L) (Fig. 2E and F),
suggesting decreased cytotoxicity of PEGylated TP compared to
TP. In addition, compared with PEGylated TP, ADC-TP showed a
lower IC50 value (57.83 nmol/L) in CD19-positive A20 cells but a
significantly higher IC50 value (296.3 nmol/L) in CD19-null EL4
cells (Fig. 2G and H), indicating that CD19 facilitated the uptake
of ADC-TP. However, the difference between the two IC50 values
was less significant than expected; we thus analyzed CD19
expression in A20 and EL4 cells. We observed that EL4 cells had
a particular expression of CD19 (Fig. 2I), which was much lower
than that in A20 cells. To better characterize ADC-TP targeting to
CD19, CD19 was forcedly expressed in Chinese hamster ovarian
(CHO) cells, and its expression was validated by Western blot
(Fig. 2J). TP, PEGylated TP, and ADC-TP cytotoxicity were
detected in CD19þ and CD19e CHO cells, respectively. We noted
that the IC50 values of TP in CD19þ CHO cells and CD19e CHO
cells were 87.41 and 94.93 nmol/L, respectively (Fig. 2K and L),
suggesting TP was toxic to both CD19þ CHO cells and CD19‒

CHO cells. Consistently, the IC50 value of PEGylated TP in
CD19þ CHO cells (468.1 nmol/L) was comparable with that of
CD19e CHO cells (397.8 nmol/L) (Fig. 2M and N). However, the
killing ability of ADC-TP on CD19þ CHO cells was significantly
enhanced, with an IC50 value of only 6.13 nmol/L (Fig. 2O),
while the IC50 value of ADC-TP was as high as 27.21 mmol/L in
CD19e CHO cells (Fig. 2P). These data demonstrate that ADC-TP
could be efficiently internalized after binding to CD19.

Next, we set out to study whether the rationally designed
ADC-TP could selectively target CD19-positive B cells. As shown
in Fig. 2Q, both TP and ADC-TP showed desirable inhibitory
effects on total cell viability of primary mouse splenic B cells,
whereas ADC-TP was more potent than TP. Consistently, TP and
ADC-TP decreased the frequency of CD19þ B cells, and the ef-
ficacy of ADC-TP was better than that of TP (Fig. 2R). Inversely,



Figure 2 ADC-TP is efficiently internalized after binding to CD19 and selectively targets CD19þ B cells. (A) Time-dependent images of A20 and

EL4 cells that were pretreatedwithADC-TP. Scale barZ 100 mm. (B) Time-dependent images ofA20 and EL4 cells that were pretreatedwithADC-TP.

Scale barZ20mm. (CeH)CD19þA20Bcells andCD19‒EL4Tcellswere treatedwithTP, PEGylatedTP, andADC-TPwith various concentrations for

12 h, and then anMTTassay was performed to detect cell viability. IC50 curves were drawn using GraphPad Prism 9 software, and the IC50 values were

calculated (nZ 6). (I) The CD19 protein expression in A20 and EL4 cells was analyzed byWestern blot, with GAPDH as the loading control. (J) CHO

cells were transfected with mouse CD19-expressing plasmid for 48 h; the CD19 protein expression was analyzed byWestern blot, with GAPDH as the

loading control. (KeP)CD19þCHOcells andCD19- CHOcellswere treatedwith TP, PEGylated TP, andADC-TPwith various concentrations for 12 h,

and then an MTT assay was performed to detect cell viability. IC50 curves were drawn using GraphPad Prism 9 software, and the IC50 values were

calculated (nZ 6). (QeS) Primary mouse splenocytes were treated with 50 nmol/LTP and 10 nmol/L ADC-TP for 48 h; the frequencies of living cells

(Q), CD19þ B cells (R), and CD3þ T cells (S) were analyzed by flow cytometry (nZ 5). Data are represented as mean� SEM. Statistical analysis was

performed with one-way ANOVA. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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TP and ADC-TP increased the frequency of CD3þ T cells, and the
efficacy of ADC-TP was consistently better than that of TP
(Fig. 2S). Hence, these data strongly suggest that ADC-TP could
selectively target CD19þ B cells.

3.3. Pharmacological and toxicological evaluation of ADC-TP
in lupus-prone MRL/lpr mice

Next, we evaluated the therapeutical potential of ADC-TP in spon-
taneous lupus-prone MRL/lpr mice. Compared with MRL/MpJ
control mice, MRL/lpr mice developed skin lesions characterized
by redness, swelling, and ulceration. At the same time, ADC-TP
significantly alleviated this symptom, which was also reflected by
the reduction of the thickness of stratum corneum and inflammatory
cell infiltration in hematoxylin and eosin (HE) staining of back skin
tissues (Fig. 3A). The size and total cell numbers of the spleens were
significantly reduced by ADC-TP treatment, which was more effi-
cient than TP, TP-PEG (namely previously mentioned TP-PEG2000-
NHS) and CD19mAb (Fig. 3B, Supporting Information Figs. S1 and
S2A). Similarly, the size and total cell numbers of lymph nodes (LNs)
were also significantly decreased by ADC-TP treatment (Fig. 3C and
Supporting Information Fig. S3A). In addition, ADC-TP treatment
had a significant renal protective effect, manifested by a decrease in
urine protein (Upro) levels and blood urea nitrogen (BUN) levels
(Fig. 3D and E). Consistent with this, HE staining showed swollen
glomeruli and inflammatory cell infiltration in the kidneys from
MRL/lpr mice, which was obviously ameliorated by ADC-TP
treatment (Fig. 3F and G). Consistently, IgG&C3 immunofluores-
cent staining showed that ADC-TP treatment reduced the deposition
of IgG and C3 in the glomeruli (Fig. 3F). Notably, the levels of serum
anti-double strand DNA (anti-dsDNA) antibodies, one of the most
important biomarkers for SLE diagnosis, was lower in ADC-TP
treatment group (Fig. 3H). Subsequently, the spleens and draining
LNs (dLNs) were analyzed by flow cytometry. Excitingly, the fre-
quencies and numbers of B220þB cells in the spleens and dLNswere
both significantly reduced by ADC-TP treatment (Fig. 3I and J, Figs.
S2B and S3B). The numbers of CD19þ B cells in the spleens and
dLNs were also dramatically reduced (Figs. S2C and S3C). These
results strongly support that ADC-TP could efficientlymitigate lupus
symptoms by depleting B cells. We also analyzed the effects of these
treatments on various subsets of immune cells by flow cytometry
using gating strategies shown in Fig. S1. Upon ADC-TP treatment,
the frequencies of splenic naı̈ve B cells and memory B cells were not
obviously changed, but the numbers of splenic naı̈ve B cells and
memory B cells both show a decreasing trend (Fig. S2D‒S2G).
Although there was no significant change in the proportion of
germinal center (GC) B cells, its number showed a decreasing trend
(Fig. S2H and L). Further analysis showed that these treatments did
not induce any changes in the frequencies and numbers of antibody-
secreting cells (ASCs), plasmablasts, and plasma cells (PCs) in the
spleens (Fig. S2I‒S2K and Fig. S2M‒S2O). Consistently, these
treatments did not show significant differences in the frequency and
number of naı̈ve B cells in dLNs (Figs. S3D and S3F). Although the
frequency of memory B increased after ADC-TP treatment, the
number actually decreased compared to the model group in dLNs
(Figs. S3E and S3G). In addition, all these treatments did not influ-
ence the frequencies of GC B cells, ASCs, plasmablasts, and PCs in
dLNs (Fig. S3H‒S3K), and the cell numbers of GC B cells, ASCs,
plasmablasts, andPCs in dLNswere also not be influenced byTP, TP-
PEG and CD19 mAb (Fig. S3L‒S3O). Meanwhile, ADC-TP
decreased the cell numbers of GC B cells and ASCs and trended to
reduce the cell numbers of plasmablasts in dLNs, but ADC-TP
ultimately did not affect the number of PCs (Fig. S3L‒S3O). For
CD4þ T cell subsets, we noticed that ADC-TP increased the fre-
quency of CD4þ T cells in both spleens and dLNs (Supporting
Information Figs. S4A and S5A). Furthermore, ADC-TP reduced
the proportion of naı̈ve T in spleens but did not significantly impact
the proportion of naı̈ve T in dLNs (Figs. S4B and S5B). However,
these treatments showed no effects on the frequencies of effector T
cells and centralmemoryT cells in both spleens and dLNs (Figs. S4C,
S4D and S5C, S5D). ADC-TP showed no noticeable effect on the
number of CD4þ T cells in the spleens but decreased the number of
CD4þ T cells in dLNs (Figs. S4E and S5E). In addition, ADC-TP
decreases the number of naı̈ve T cells, effector T cells, and central
memory T cells in both spleens and dLNs (Figs. S4F‒S4H and
S5FeS5H). Further analysis showed that ADC-TP decreased the
frequencies of splenic Tfh cells without affecting the splenic Th1,
Th2, Th17, and Treg cells (Fig. S4I‒S4M). The number of splenic
Tfh significantly decreased, and there is a decreasing trend in the
numbers of splenic Th1, Th2, Th17, and Treg cells in the ADC-TP
group (Fig. S4N‒S4R). In dLNs, ADC-TP reduced the frequency
of Tfh cells and increased the frequency of Th2, Th17, and Treg cells
while showing no effects on the frequencies of Th1 cells (Fig. S5I‒
S5M). The number of Tfh cells in dLNs was reduced after ADC-TP
treatment, while the numbers of Th1, Th2, Th17, and Treg cells in
dLNs were not influenced by ADC-TP treatment (Fig. S5N‒S5R).
Thesefindings suggest thatADC-TP inhibitsGCBcells andTfh cells
in MRL/lpr mice.

Of note, ADC-TP treatment had no noticeable effect on the
body weight, suggesting that ADC-TP did not cause systemic
toxicity in MRL/lpr mice (Fig. 3K). Moreover, the liver coeffi-
cient of MRL/lpr mice was increased, and ADC-TP treatment
reduced the liver coefficient (Fig. 3L). The results of HE staining
might explain this finding, as the infiltration of inflammatory
cells in the liver of MRL/lpr mice increased, and ADC-TP
treatment significantly alleviated this lesion (Fig. 3M). Consis-
tently, serum ALT (alanine aminotransferase) levels of MRL/lpr
mice tended to increase compared with that of MRL/MpJ mice,
and ADC-TP treatment suppressed this increasing trend
(Fig. 3N). Notably, serum AST (aspartate aminotransferase)
levels of MRL/lpr mice were significantly increased compared to
that of MRL/MpJ mice, and ADC-TP treatment significantly
decreased it (Fig. 3O). These data indicated a spontaneous in-
flammatory liver injury of MRL/lpr mice, and ADC-TP treat-
ment ameliorated the liver injury of MRL/lpr mice. Meanwhile,
these data also suggest that this lupus-prone mice model is un-
suitable for evaluating possible hepatotoxicity induced by ADC-
TP. Besides, the organ coefficients of the uterus and ovaries of
mice did not change (Fig. 3P). However, we observed a reduc-
tion in the number of growing and mature follicles in the cortex
of ovarian tissue after TP treatment. In contrast, ADC-TP
treatment did not affect the number and growth of follicles
(Fig. 3Q). In addition, a small number of necrotic and exfoliated
epithelial cells were observed in the uterine tissue after TP
treatment but was not found in the group with ADC-TP treat-
ment (Fig. 3Q). Collectively, these data suggest that ADC-TP
possesses better therapeutical effect than TP with less influ-
ence on the reproductive system.

3.4. Pharmacological and toxicological evaluation of ADC-TP
in pristane-induced lupus-like mice

To further confirm these findings observed in MRL/lpr mice, we
evaluated the therapeutical efficacy and toxicity of ADC-TP in



Figure 3 ADC-TPmitigates disease activity in lupus-proneMRL/lprmice. FemaleMRL/lprmice at the age of 16weekswere equally divided into

five groups according to basic Upro levels and serum anti-dsDNA levels, with MRL/MpJ mice at the same age as negative control (nZ 6 for each

group). After administration of TP, TP-PEG, CD19 mAb, and ADC-TP, as mentioned in the Materials and methods part, mice were sacrificed, and

tissues, as indicated below,were collected for further analysis. (A) Pictures of back skin and representative pictures ofHE staining of back skin tissues.

Scale barZ 200 mm. (B) Pictures and organ coefficient of spleens (nZ 6). (C) Organ coefficient of dLNs (nZ 6). (D) Upro levels (nZ 6). (E) Serum

BUN levels (nZ 6). (F) Representative pictures of HE staining, IgG, and C3 immunofluorescent staining of kidneys. Scale barsZ 200 mm. (G) Renal

pathological score (nZ 6). (H) Serum anti-dsDNA levels (nZ 6). (I) The frequency of splenic B220þB cells (nZ 6). (J) The frequency of B220þB

cells in dLNs (nZ 6). (K) Body weight curve (nZ 6). (L) Organ coefficient of the liver (nZ 6). (M) Representative pictures of HE staining of livers.

Scale bar Z 100 mm. (N) Serum ALT levels (n Z 6). (O) Serum AST levels (n Z 6). (P) Organ coefficient of uterus and ovary (n Z 6). (Q)

Representative pictures of HE staining of the uterus and ovary. Scale barZ 200 mm. Data are represented as mean � SEM. Statistical analysis was

performed with one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.
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pristane-induced lupus-like mice compared with treatment with TP,
TP-PEG, and CD19mAb (Fig. 4A). After treatment for 12weeks, we
did not observe a change of body weight (Fig. 4B). Excitingly, ADC-
TPwas sufficient to decrease serum anti-dsDNA levels while TP, TP-
PEG, and CD19 mAb showed no effect on it (Fig. 4C). Consistently,
ADC-TP also reduced Upro levels, and although the difference did
not reach statistical significance, it was still superior to TP, TP-PEG,
Figure 4 ADC-TP ameliorates murine lupus nephritis in pristane-induc

were injected with pristane as indicated to establish a lupus-like model wi

like mice were divided into five groups according to Upro levels and serum

of TP, TP-PEG, CD19 mAb, and ADC-TP, as mentioned in the Materials a

were collected for further analysis. (A) Experimental schedule. (B) Body w

Upro levels (n Z 11‒12). (E) Representative pictures of HE staining of kid

immunofluorescent staining of kidneys. Scale bar: 100 mm. (G) Pictures an

splenic B220þ B cells (n Z 11‒12). (IeM) Organ coefficient of the heart

(N) Representative pictures of HE staining of the heart, liver, lung, uterus, a

Statistical analysis was performed with one-way ANOVA. *P < 0.05; **
and CD19 mAb treatments (Fig. 4D). HE staining of the kidney
showed that ADC-TP was able to mitigate inflammatory cell infil-
tration in the glomeruli, while TP, TP-PEG and CD19mAbwere less
effective (Fig. 4E). Further, IgG and C3 immunofluorescent staining
showed thatADC-TP treatment reduced the deposition of IgG andC3
in the glomeruli and the efficacy was more potent than TP, TP-PEG,
and CD19 mAb treatments (Fig. 4F). Interestingly, although these
ed lupus-like mice. 59 female C57BL/6J mice at the age of 5 weeks

th 11 untreated mice as normal control. Then, pristane-induced lupus-

anti-dsDNA levels (n Z 11‒12 for each group). After administration

nd methods part, mice were sacrificed, and tissues, as indicated below,

eight (n Z 11‒12). (C) Serum anti-dsDNA levels (n Z 11‒12). (D)
neys. Scale bar Z 200 mm. (F) Representative pictures of IgG and C3

d organ coefficient of the spleen (n Z 11‒12). (H) The frequency of

(I), liver (J), lung (K), kidney (L), uterus, and ovary (M) (n Z 11‒12).
nd ovary. Scale bar Z 100 mm. Data are represented as mean � SEM.

P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.
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treatments did not reduce the size of the spleens (Fig. 4G),wedid note
a significant decline of the frequency of B220þ B cells in the spleens
upon TP-PEG and ADC-TP treatments (Fig. 4H). In addition, ADC-
TP effectively reduced the ratio of splenic CD19þB cells, with better
efficacy than TP and CD19mAb (Supporting Information Fig. S6A).
Further analysis showed that ADC-TP decreased the frequencies of
splenic naı̈veBcells,memoryBcells, andASCs (Figs. S6B,S6C, and
S6E), with an unexpected effect that increased the frequency of
splenic GC B cells, plasmblasts, and PCs (Fig. S6D, S6F and S6G).
Interestingly, the frequency of splenic CD4þ T cells was increased
after ADC-TP treatment (Fig. S6H), which might result from the
dramatic decline of splenic CD19þ B cells. However, there was no
significant change in the proportion of CD8þ T cells (Fig. S6I).
Further analysis displayed that compared to TP, ADC-TP increased
the frequency of splenic naı̈ve T cells (Fig. S6J). ADC-TP had almost
no effect on the proportion of effectorT cells and effectively increased
the proportion of central memory T cells (Figs. S6K and S6L).
However, ADC-TP showed no effects on the frequencies of splenic
Th1, Th2, Th17, and Tfh cells (Fig. S6M‒S6P) but unexpectedly
decreased the frequency of splenic Treg cells (Fig. S6Q). Hence,
ADC-TP may act mainly through depleting B cells, with minor in-
fluence on CD4þ T cells in the spleens from pristane-induced lupus-
like mice. Comprehensively, these data suggest that ADC-TP effec-
tively mitigated disease activity in pristane-induced lupus-like mice,
and its therapeutical efficacy was superior to TP and CD19 mAb. In
addition, we observed that TP and TP-PEG increased the organ co-
efficient of the heart, liver, lung, and kidney but had no influence on
the organ coefficient of the uterus and ovary, while CD19 mAb and
ADC-TP did not affect the organ coefficient of these organs (Fig. 4I‒
M). HE staining showed that TP and TP-PEG lead to increased in-
flammatory infiltration in the liver and lung, but no visible pathologic
changes were found in the heart, uterus, and ovary (Fig. 4N). CD19
mAb and ADC-TP consistently did not induce any pathologic
changes in these organs (Fig. 4N). It is noteworthy that although TP
reduced renal inflammatory infiltration (Fig. 4E), it still increased the
organ coefficient of the kidney (Fig. 4L). Taken together, these results
demonstrate that ADC-TP is more effective and safer than TP and
CD19 mAb in pristane-induced lupus-like mice.

3.5. Long-term toxicity study of ADC-TP

Afterward, to study whether this rationally designed ADC-TP
could cause cumulative toxicity, we carried out a long-term
toxicity study of ADC-TP compared to TP, TP-PEG, and CD19
mAb. Female ICR mice were given these agents with equal molar
TP for up to 27 weeks. We did not observe a body weight change
during the long-term administration of ADC-TP, as well as TP,
TP-PEG, and CD19 mAb (Fig. 5A). ADC-TP also did not increase
serum ALT and AST levels (Fig. 5B and C). However, TP and TP-
PEG significantly increased serum ALT and AST levels, and the
magnitude of TP-PEG-induced increase of ALT was smaller than
that of TP, suggesting that hepatotoxicity induced by TP-PEG was
slighter than that caused by TP (Fig. 5B and C). Unexpectedly,
CD19 mAb treatment also elevated serum ALT and AST levels
(Fig. 5B and C). Further, although the organ coefficient of the liver
was not changed by long-term administration of ADC-TP, TP, TP-
PEG, and CD19 mAb (Fig. 5D), we observed that TP and TP-PEG
treatment resulted in cellular swelling of the liver while ADC-TP
treatment showed no effect on it (Fig. 5E). In addition, serum
BUN levels and the organ coefficient of the kidney were not
altered by long-term administration of ADC-TP, TP, TP-PEG and
CD19 mAb (Fig. 5F and G). Consistently, HE staining of the
kidney also did not exhibit any pathological changes (Fig. 5H).
Moreover, serum BUN levels and the organ coefficient of the
uterus and ovary were also not altered by long-term administration
of ADC-TP, TP, TP-PEG, and CD19 mAb (Fig. 5I and J). HE
staining showed no morphological changes in the uterus and ovary
(Fig. 5H). Besides, long-term administration of ADC-TP, TP, TP-
PEG, and CD19 mAb had no effects on the organ coefficient of
the lung, heart, and spleen (Fig. 5K‒M). In summary, these results
indicate that long-term use of ADC-TP is safe, and this is
particularly important for SLE with long treatment periods.

3.6. Reduced accumulation of ADC-TP in the liver, kidney,
uterus and ovary

Next, we set out to analyze the mechanisms underlying ADC-TP
improvement. As the side effects of TWHF or TP primarily
derived from its untargeted accumulation in other organs, we
determined the lymphoid tissue specificity and untargeted accu-
mulation of ADC-TP in other organs in MRL/lpr mice. To visu-
alize the distribution of TP, CD19 mAb, and ADC-TP in vivo,
these agents were prelabeled with Cy7 and injected intraperito-
neally into mice two times (Fig. 6A). As shown in Fig. 6B, TP-
Cy7, CD19 mAb-Cy7, and ADC-TP-Cy7 all mainly accumu-
lated in the abdominal cavity and some was observed in the neck.
Excitingly, the accumulation of ADC-TP-Cy7 and CD19 mAb in
the neck was increased than that of TP-Cy7 (Fig. 6B). For further
analysis, the accumulation of TP-Cy7, CD19 mAb-Cy7, and
ADC-TP-Cy7 in specific organs, mice were sacrificed and heart,
liver, spleen, lung, kidney, LNs, uterus and ovary were harvested
for visualization. The fluorescence imaging of in vitro tissues
showed that TP-Cy7 mainly accumulated in the liver and kidney,
but a considerable amount of TP-Cy7 also accumulated in the
spleen, LNs, uterus, and ovary, and less accumulated in the heart
and lung (Fig. 6C and D, Supporting Information Fig. S7A and
S7B). Notably, the accumulation of CD19 mAb-Cy7 and ADC-
TP-Cy7 in the liver, kidney, uterus, and ovary were decreased
than that of TP-Cy7 (Fig. 6C, D, and Fig. S7CeS7E). In contrast,
the accumulation of CD19 mAb-Cy7 and ADC-TP-Cy7 in LNs
was markedly increased than that of TP-Cy7 (Fig. 6C, D, and
Fig. S7F). Unexpectedly, the accumulation of CD19 mAb-Cy7
and ADC-TP-Cy7 in the spleens was comparable to that of TP-
Cy7 (Fig. 6C, D, and Fig. S7G). Collectively, these data demon-
strate that ADC-TP accumulates more in lymphoid tissues and less
in the liver, kidney, uterus, and ovary compared with TP.

3.7. ADC-TP triggers apoptosis, ERS and suppresses mTOR
signaling in B cells

Next, we investigated whether ADC-TP retained the cytotoxic ef-
fect of TP. In A20 B cells, ADC-TP triggered apoptosis as TP did
(Fig. 7A). At protein levels, ADC-TP increased the cleavage of
PARP, Caspase 9 and Caspase 3, downregulated the expression of
anti-apoptotic protein Bcl2 and upregulated the expression of pro-
apoptotic protein BAX (Fig. 7B). In addition, ADC-TP inhibited
the phosphorylation of p70 S6K and AKT, suggesting ADC-TP was
able to suppress mTOR signaling, which is essential for cell pro-
liferation and survival39 (Fig. 7C). Surprisingly, ADC-TP and TP
both increased the phosphorylation of eIF2a and ATF4 expression,
indicating the induction of endoplasmic reticulum stress (ERS) by
ADC-TP and TP (Fig. 7C). Furthermore, these findings were
confirmed in primary splenic B cells (Fig. 7D). We also checked
these findings in B220þ B cells from dLNs of MRL/lpr mice and



Figure 5 ADC-TP is safe in a long-term toxicity study. Female ICR mice at the age of 6 w were equally divided into five groups according to

body weight (n Z 6 for each group). After administration of TP, TP-PEG, CD19 mAb, and ADC-TP, as mentioned in the Materials and methods

part, mice were sacrificed, and tissues, as indicated below, were collected for further analysis. (A) Body weight change curve. (B) Serum ALT

levels (n Z 6). (C) Serum AST levels (n Z 6). (D) Organ coefficient of the liver (n Z 6). (E) Representative pictures of HE staining of the liver.

Scale bar Z 100 mm. (F) Serum BUN levels (n Z 6). (G) Organ coefficient of the kidney (n Z 6). (H) Representative pictures of HE staining of

the heart, spleen, lung, kidney, uterus, and ovary. Scale bar Z 100 mm. (I) Serum E2 levels (n Z 6). (J) Organ coefficient of the uterus and ovary

(n Z 6). (K) Organ coefficient of the lung (n Z 6). (L) Organ coefficient of the heart (n Z 6). (M) Organ coefficient of the spleen (n Z 6). Data

are represented as mean � SEM. Statistical analysis was performed with one-way ANOVA. *P < 0.05; **P < 0.01; n.s., not significant.
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Figure 6 Biodistribution of ADC-TP in MRL/lpr mice. (A) Schematic design of TP-Cy7, CD19-Cy7, and ADC-TP-Cy7 biodistribution in

MRL/lpr mice. (B) In vivo NIR fluorescent images of MRL/lpr mice at 48 h after administering TP-Cy7, CD19-Cy7, and ADC-TP-Cy7 (n Z 5).

(C) Representative ex vivo NIR fluorescent images of seven major organs, including heart (H), liver (L), spleen (S), lung (LU), kidney (K), lymph

nodes (LN), uterus, and ovary (U&O). (D) Quantified normal organ distribution of TP-Cy7, CD19-Cy7, and ADC-TP-Cy7 (n Z 5). Data are

represented as mean � SEM. Statistical analysis was performed with one-way ANOVA. *P < 0.05; **P < 0.01.
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the spleens of pristane-induced lupus-like mice. As shown in
Fig. 7E, ADC-TP increased the protein expression of BiP in B220þ

B cells from dLNs of MRL/lpr mice, indicating the induction of
ERS in B220þ B cells by ADC-TP treatment in vivo. Consistent
with previous in vitro findings, ADC-TP treatment increased the
cleavage of Caspase 3 and decreased the phosphorylation of S6
ribosomal protein in B220þ B cells from the spleens of pristane-
induced lupus-like mice, suggesting that the induction of
apoptosis and inhibition of mTOR signaling after ADC-TP treat-
ment (Fig. 7F and G). Hence, ADC-TP could act by inducing
apoptosis and ERS and inhibiting mTOR signaling in B cells.

3.8. Human ADC-TPs selectively deplete B cells in PBMCs
from healthy donors

To verify the feasibility of the ADC strategy in humans, we con-
structed two human ADC-TPs named ADC-TP (Den) and ADC-TP
(Ine) by coupling PEGylated TP with two anti-human CD19
blocking mAbs, Denintuzumab (Den) and Inebilizumab (Ine),
respectively. In addition, we constructed a control ADC-TP (IgG)
using untargeted humanized IgG. We compared the efficacies of TP,
TP-PEG, Den, Ine, ADC-TP (IgG), ADC-TP (Den), and ADC-TP
(Ine) on killing B cell subsets in PBMCs from healthy donors. As
one mouse CD19 mAb molecule conjugated at most nine TP
molecules (Fig. 1E), we had reason to speculate that one human
CD19 mAb molecule conjugated no more than 10 TP molecules.
Thus, we treated human PBMCs with 100 nmol/L TP, 100 nmol/L
TP-PEG, 10 nmol/L ADC-TP (IgG), 10 nmol/L Den, 10 nmol/L
Ine, 10 nmol/L ADC-TP (Den), and 10 nmol/L ADC-TP (Ine) for
48 h. As shown in Fig. 8A, 100 nmol/LTP and 100 nmol/LTP-PEG
slightly reduced the frequency of CD19þ B cells. 10 nmol/L Den,
10 nmol/L Ine, 10 nmol/L ADC-TP (Den), and 10 nmol/L ADC-TP
(Ine) dramatically reduced the frequency of CD19þ B cells.
Notably, the efficacies of 10 nmol/L ADC-TP (Den) and 10 nmol/L
ADC-TP (Ine) were better than 10 nmol/L Den and 10 nmol/L Ine,
respectively. In addition, 100 nmol/L TP, 100 nmol/L TP-PEG,
10 nmol/L Den, 10 nmol/L ADC-TP (Den) and 10 nmol/L ADC-
TP (Ine) increased the frequency of CD3þ T cells (Fig. 8B). Un-
expectedly, 10 nmol/L ADC-TP (IgG) decreased the frequency of
CD3þ T cells (Fig. 8B). Furthermore, although the efficacy of
10 nmol/L ADC-TP (Den) on increasing the frequency of CD3þ T
cells was comparable to that of 10 nmol/L Den, the efficacy of
10 nmol/L ADC-TP (Ine) on increasing the frequency of CD3þ T
cells was significantly better than that of 10 nmol/L Ine (Fig. 8B).
Meanwhile, the efficacies of 10 nmol/L ADC-TP (Den) and
10 nmol/L ADC-TP (Ine) on increasing the frequency of CD3þ T
cells were both better than that of 100 nmol/L TP-PEG (Fig. 8B).
Collectively, these results suggest that the ADC-TP strategy is
effective in enhancing the efficacy of human CD19 mAbs and TP.

4. Discussion

In our present study, CD19 mAb-TP conjugate (ADC-TP) was
designed to reduce the side effects of TP and improve the efficacy



Figure 7 Mechanisms underlying the cytotoxicity of ADC-TP. (A) A20 cells were treated with 50 nmol/L TP, 50 nmol/L TP-PEG, and

10.5 nmol/L ADC-TP for 48 h, then cells were double-stained with Annexin V and PI, and the apoptotic rate was measured by flow cytometry

(n Z 5‒6). (B, C) A20 cells were treated with 50 nmol/L TP, 50 nmol/L TP-PEG, and 10.5 nmol/L ADC-TP for 48 h, and the expression of

indicated proteins was analyzed by Western blot, with GAPDH as the loading control (n Z 3). (D) Primary mouse splenic B cells were treated

with 50 nmol/L TP, 50 nmol/L TP-PEG, and 10.5 nmol/L ADC-TP for 48 h; the expression of indicated proteins was analyzed by Western blot,

with GAPDH as the loading control (nZ 3). (E) BiP expression in B220þ B cells from dLNs of MRL/lpr mice mentioned before was analyzed by

flow cytometry (n Z 6). (F, G) Cleaved-Caspase 3 and p-S6 expression in splenic B220þ B cells of pristane-induced lupus-like mice mentioned

before was analyzed by flow cytometry (n Z 11‒12). Data are represented as mean � SEM. Statistical analysis was performed with one-way

ANOVA. *P < 0.05; **P < 0.01; ****P < 0.0001.
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of CD19 mAb in the treatment of SLE. ADC-TP selectively
depleted B cells in vitro and in vivo, effectively alleviating disease
symptoms in two lupus mice models without causing side effects.
Mechanistically, ADC-TP was accumulated in lymphatic tissues,
and B cells were selectively eliminated by inducing apoptosis and
ERS and suppressing the AKT-mTOR signaling pathway. More-
over, long-term administration of ADC-TP did not cause detect-
able toxicity. Thus, this study provides a feasible strategy for
improving current agents for the treatment of SLE.

To date, our results provide the first experimental evidence of
using the ADC strategy for enhancing the therapeutical efficacy of
B cell-targeting mAbs and mitigating the side effects of cytotoxic
agents used for the treatment of SLE. As we know, despite the
rapid development of precision medicine in SLE, the current
management of SLE still relies on immunosuppressants, such as
cyclophosphamide (CTX) and methotrexate (MTX)40. However,
although these immunosuppressants have shown impressive clin-
ical efficacy in treating SLE, they may cause serious side effects
due to their nonspecific targeting of other organs41. Thus, these
immunosuppressants are well-suited to be improved by ADC
strategies in future studies.

Currently, ADC drugs have achieved success only in cancer
therapy. Thus far, there are fifteen approved ADC drugs world-
wide, seven of which are for hematologic malignancies and target
six different antigens, including CD33, CD30, CD22, CD79b,
B-cell maturation antigen (BCMA/TNFRSF17), and CD19. The
other eight ADC drugs have been approved for solid tumors by
respectively targeting six different antigens, including HER2,



Figure 8 Human ADC-TPs show enhanced efficacies in depleting CD19þ B cells from human PBMCs. (A, B) Human PBMCs were treated

with 100 nmol/L TP, 100 nmol/L TP-PEG, 10 nmol/L ADC-TP (IgG), 10 nmol/L Den, 10 nmol/L Ine, 10 nmol/L ADC-TP (Den), and 10 nmol/L

ADC-TP (Ine) for 48 h, the frequencies of CD19þ B cells and CD3þ T cells were analyzed by flow cytometry. Data are represented as

mean � SEM. Statistical analysis was performed with one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Nectin-4, tumor-associated calcium signal transducer 2 (TROP2),
tissue factor (TF), EGFR and folate receptor a (FRa)42. Theo-
retically, ADC can reduce the damage of chemotherapy drugs to
normal cells and target the tumor cells expressing the antigen,
and high doses of chemotherapy drugs can accurately kill tumor
cells. However, most ADCs are still burdened by off-target tox-
icities that resemble those of the cytotoxic payload, as well as on-
target toxicities and other poorly understood and potentially life-
threatening adverse effects43. Thus, other improvement strategies
can also be considered. Aptamers are single-stranded DNA or
RNA sequences that can specifically bind with the target protein
or molecule via specific secondary structures. Compared with
ADC, aptamer‒drug conjugate (ApDC) is a therapeutic strategy
with a smaller size, higher chemical stability, lower immunoge-
nicity, faster tissue penetration, and facile engineering, but lower
in vivo specificity, serum stability, and quicker renal clearance44.
A TP ApDC has been developed to treat triple-negative breast
cancer (TNBC). Notably, the TP ApDC has excellent in vivo anti-
tumor efficacy for TNBC and negligible side effects on healthy
organs45. Therefore, TP ApDC is also an attractive approach for
mitigating TP’s “off-target”-induced toxicity. In addition, peptide
drug conjugate (PDC) is a new type of drug conjugate. In contrast
to ADC, it targets cells by a peptide chain of about ten amino
acids, so it does not induce an immune response46. Therefore, in
future studies, TP ADC, TP ApDC, and TP PDC in the context of
lupus should be compared comprehensively.

There are also some limitations in our present study. Long-lived
plasma cells (LLPCs) are recognized as the critical pathological basis
for the relapse of refractory SLE, which are unresponsive to standard
immunosuppression47. CD19mAb-TP conjugates may not be able to
solve the problem of LLPCs. Developing a dual-targeting mAb-TP
conjugate of CD19 and plasma cell antigens such as CD38 and
CD138 may significantly improve therapeutic efficacy. Most
importantly, we constructedADC-TP here using amouseCD19mAb
to verify the feasibility of an ADC strategy in enhancing the thera-
peutic efficacy of B cell-targeting agents and alleviating the side
effects of TWHF in mouse models. Future clinical trials need to test
the exact efficacy of an ADC strategy.
5. Conclusions

In summary, this study presented a novel strategy to mitigate the
toxicity of TWHF while enhancing the therapeutical efficacy of
CD19 mAbs for the treatment of SLE. By conjugating CD19 mAb
with PEGylated TP to construct a CD19 mAb-TP conjugate
(ADC-TP), the therapeutical efficacies of both TP and CD19 mAb
were enhanced, and the side effects of TP were largely



CD19 mAb-Triptolide conjugate for treating systemic lupus erythematosus 4575
diminished. This was mainly because of the higher concentration
of ADC-TP in lymphoid organs and the lower accumulation in the
liver, kidney, uterus, and ovary. Thus, ADC-TP has great potential
for clinical translation, and our study provides a feasible strategy
for improving the current agents used to treat SLE.
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