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secondary malignancies (9,10). Targeted 
therapies for ALL have the potential to be 
more effective and have fewer side effects 
than current treatments.

Antibody (Ab)-based therapeutics are 
promising targeted treatment strategies 
that are currently being investigated for 
ALL (11,12). Although monoclonal an-
tibodies (mAbs), as a single agent, have 
limited therapeutic efficacy, they have im-
proved efficacy when combined with stan-
dard induction therapy (13). Furthermore, 
mAbs have been shown to have a role as 
cell-targeting agents as in Ab-drug (14–16) 
or -immunotoxin (17–20) conjugates. 
More recently, there have been promising 
results with Ab constructs that redirect 

has improved dramatically through the 
introduction of intensive combination che-
motherapy since the 1960s, the prognosis 
for certain subtypes remains very poor, 
with cure rates of approximately 30% (6–8). 
In addition, current chemo and radiation 
therapies can cause late effects, including 

INTRODUCTION
Precursor B-cell (preB) acute lympho-

blastic leukemia (ALL) is the most common 
type of ALL (1,2). The prognosis for adult 
preB ALL is poor, with overall cure rates 
of approximately 40% (3–5). Although the 
overall cure rate of pediatric preB ALL 
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Cell Lines and Patient-Derived 
Leukemia Cells

The human preB ALL cell line Reh 
was purchased from ATCC and the 
Jurkat cell line was obtained from Dr. Kit 
Lam’s Lab at UC Davis. Cells were 
maintained at 37°C in a 5% CO2 incu-
bator in RPMI 1640 (Life Technologies) 
supplemented with 10% heat-inactivated 
fetal bovine serum, 100 U/mL penicillin 
and 100 μg/mL streptomycin (Thermo 
Scientific), 0.25% D-glucose (Sigma-
Aldrich), 1 mmol/L sodium pyruvate 
and 10 mmol/L HEPES buffer (Thermo 
Scientific).

Primary leukemia samples were 
collected from patients with informed 
consent based on our institutionally 
approved IRB protocol. Normal blood 
cells were collected with IRB approval 
from anonymized discarded apheresis 
bags from healthy donors. B cells (lym-
phocytes) and CD34 + hematopoietic 
stem cells (HSCs) were isolated using 
magnetic beads (Miltenyi Biotec) and 
non-B cells were collected from the coun-
terpart of B-cell isolation. Cell purity of 
the isolated B cells and CD34 + HSCs 
was confirmed by flow cytometry (FC500 
Beckman Coulter) using anti-CD19 
and anti-CD34 Ab, respectively (BD 
Biosciences).

`CD22 Ab-ASO Conjugate
The method for Ab-ASO conjuga-

tion is summarized in Supplementary 
Figure S1. αCD22 Ab was incubated with 
NHS-PEG4-Azide (azide) (Thermo Sci-
entific) (dissolved in dimethyl sulfoxide 
(DMSO)) in phosphate buffered saline 
(PBS) at a molar ratio of 1:100 for 3 h at 
4°C. Excess azide was removed using a 
Zeba 7 k MW desalting column (Thermo 
Scientific). The azide-conjugated Ab was 
then incubated with cyclooctyne-modi-
fied ASO in water at a 1:20 ratio at 37°C 
for 30 min to form the αCD22 Ab-ASO 
conjugates. Excess ASO was removed 
as described above. The above reaction 
method was optimized by titrating the 
molar ratio of αCD22 Ab, azide and 
ASO, and the incubation time of αCD22 
Ab-azide with ASO. The conjugation of 

is 5′-CACAG GGACG CATAA C-3′. 
It is a 3-10-3 (S)-cEt gapmer, wherein 
the three nucleosides at the 5′-end 
and the three nucleosides at the 3′-end 
comprise 2′,4′-constrained-2′-O-Ethyl 
Bridged Nucleic acid (cEt), and the ten 
middle nucleosides are 2′-deoxynucle-
osides (49). The negative control ASO 
sequence, which has no known homol-
ogy to mammalian genes and has min-
imal non-specific effects, is 5′-CCTTC 
CCTGA AGGTT CCTCC-3′. It is a 5-10-5 
2′-methoxyethyl (MOE) gapmer, wherein 
the five nucleosides at the 5′-end and the 
five nucleosides at the 3′-end comprise 
MOE modifications, and the ten middle 
nucleosides are 2′-deoxynucleosides. All 
internucleoside linkages are phosphoro-
thioate linkages. The cytosine bases are 
5-methylcytosines. The 5′-end of each  
oligonucleotide was modified to comprise 
a cyclooctyne for subsequent click chem-
istry conjugation to an azide-labeled anti-
body via 1,3-dipolar cycloaddition (50).  
The 5′-DBCO-TEG phosphoramidite 
(Glen Research) was coupled to the 5′-end 
of each oligonucleotide using standard 
solid phase methods to form a phos-
phodiester linkage between the oligonu-
cleotide and the 5′-DBCO-TEG moiety. 
Ammonia deprotection was completed at 
room temperature for a minimum of 48 h.

The αCD22 mAbs (αCD22 Ab: JT22.1) 
were generated by the fusion of NS-1 
myeloma cells with spleen cells from 
BALB/c mice immunized with baby 
hamster kidney cells transfected with 
human CD22 cDNA encoding the trans-
membrane domain (BP 2208-2263) and 
extracytoplasmic domains 1 and 2 (BP 
57-867). Hybridomas were screened and 
selected based on the ability of the mAbs 
to specifically bind to 293T cells that were 
transfected with CD22 extracytoplasmic 
domains 1 and 2, but not with non-trans-
fected control cells. Positive clones were 
subcloned twice. The αCD22 Abs were 
purified using protein G Hi-Trap col-
umns (Amersham). JT22.1 was assessed 
for CD22 ligand blocking as previously 
described (51). The isotype of the JT22.1 
was determined to be IgG1 using a 
Mouse mAb Isotyping kit (Amersham).

T cells, such as bispecific T-cell engager 
(BiTE) Abs (21,22) and chimeric antigen 
receptor (CAR)-based T-cell therapies 
(23–25). Antisense oligonucleotides (ASOs) 
have enormous potential as gene-targeted 
agents that have high specificity (26–30). 
Over the past decade, clinical trials using 
ASO therapies have demonstrated mod-
est efficacy for cancers, including chronic 
lymphocytic leukemia (31), prostate and 
lung cancers (32–35). Major challenges 
with ASO-based cancer therapies remain, 
however, and include non-specific deliv-
ery and inefficient intracellular uptake 
(36–38). Conjugates of mAb and ASO can 
deliver ASOs to target leukemia cells for 
selective knockdown of leukemia-specific 
genes in vivo, minimizing non-specific 
ASO delivery. To date only a few Ab-ASO 
conjugates have been reported (39,40).

CD22 is a B-lineage restricted surface 
molecule that modulates B-cell receptor 
signaling (41). It is an ideal target for Ab-
based therapy against B-cell malignancies 
because of its high expression and rapid 
internalization upon Ab binding (17,42,43). 
MAX dimerization protein 3 (MXD3) is a 
basic-helix-loop-helix-leucine-zipper tran-
scription factor that is part of the v-myc 
avian myelocytomatosis viral oncogene ho-
molog (MYC)/MAX/MXD transcriptional 
network involved in cellular proliferation 
(44–46). Previously, we demonstrated 
that MXD3 functions as an anti-apoptotic 
protein and that knockdown of MXD3 can 
be a novel effective therapeutic strategy 
for preB ALL in vitro (47,48). In this study, 
we developed a novel leukemia-targeting 
compound using MXD3 ASO conjugated 
to anti-CD22 Ab (αCD22 Ab) for preB 
ALL. We demonstrated that the αCD22 
Ab-MXD3 ASO conjugate has significant 
in vitro and in vivo therapeutic efficacy 
using preclinical xenograft mouse models 
of human preB ALL.

MATERIALS AND METHODS

ASO and Ab
ASOs were designed and synthesized 

using standard solid phase oligonucle-
otide synthetic methods (Ionis Pharma-
ceuticals). The MXD3 ASO sequence 
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after leukemia inoculation, with intra-
venous injection of PBS, unconjugated 
Ab and ASO or conjugate at indicated 
doses. Mice were randomly assigned to 
each treatment group. Mice were treated 
twice a week for 3 wks, and each cohort 
included 4, 6 or 8 mice. In one of the 
patient-derived models, complete blood 
count (CBC) and chemistry panels were 
checked from one representative mouse 
per cohort weekly for 4 wks. Mice were 
monitored daily until they were mori-
bund, or, for the Reh model, developed 
hind limb paralysis. Mice were sacrificed 
and leukemia cells were harvested from 
bone marrow (BM). Human leukemia 
cells were confirmed by flow cytometry 
using anti-HLA-ABC Ab (BioLegend) 
and B-cell leukemia panels, including 
anti-human CD10, 19, 20 and 22 Abs (BD 
Biosciences).

For treatment effect assessment, Reh 
leukemia engrafted mice were used with 
a high dose of αCD22 Ab-MXD3 ASO 
conjugate (10 mg/kg of the Ab). Reh 
engraftment was confirmed by Giemsa 
staining and phenotyping on tibial BM 
aspirates on d 17 after leukemia inocula-
tion. To assess in vivo targeted effects a 
dose of either PBS or αCD22 Ab-MXD3 
ASO conjugate was given on d 18, with 
2 mice per cohort. Eight and 24 h after 
treatment, mice were euthanized and har-
vested BM was tested for live cell counts, 
MXD3 knockdown, and apoptosis.

Statistical Analysis
In vitro analyses had five main goals: 

to assess the effect of conjugated and 
unconjugated antibody on MXD3; to 
characterize dose response; to assess 
therapeutic efficacy via cytotoxicity; to 
correlate cytotoxicity with MXD3 knock-
down; and to assess specificity. Results 
of in vitro studies were summarized 
descriptively by mean and standard 
error (SE) and linear regression was used 
to compare outcomes for conjugate to 
comparison groups. Analysis of variance 
(ANOVA) was also performed at each 
time point followed by pairwise mul-
tiple comparisons (Tukey studentized 
range), with cell counts log-transformed 

1 h at room temperature, then incubated 
with primary antibodies in 5% non-fat dry 
milk in TBST overnight at 4°C. After the 
overnight incubation, blots were washed 
with TBST 3 times for 10 min each before 
incubation with secondary antibodies in 
5% non-fat dry milk in TBST for 1 h at 
room temperature. Blots were washed 
2 times with TBST and once with TBS 
before incubation with SuperSignal West 
Pico Chemiluminescent kit according to 
the manufacturer’s instructions (Thermo 
Scientific). Primary antibodies and incu-
bation conditions were 1:1,000 for mouse 
anti-MXD3 (Neuromab) and 1:2,000 for 
rabbit anti-histone (Abcam). Secondary 
antibodies and incubation conditions were 
1:1,000 for goat anti-mouse horseradish 
peroxidase (HRP) antibody and 1:2,000 for 
goat anti-rabbit HRP antibody.

Apoptosis Assay
Cell apoptosis was measured by an-

nexin V (BD Biosciences) or caspase 
activity using the Caspase 3/7 Glo kit 
(Promega) as previously described (47). 
Annexin V was measured by flow cytom-
etry using the FC500. Caspase level was 
measured by a Centro LB 960 Microplate 
Luminometer (Berthold Technologies). 
Both experiments were performed twice.

In Vivo Therapeutic Studies in Mice
All procedures were performed in 

compliance with our institutionally 
approved animal care protocol in the 
barrier facility vivarium at the Institute 
for Regenerative Cures in accordance 
with AALAC. Human leukemia xe-
nograft models were established with 
either Reh or patient-derived leukemia 
samples from two different donors and 
5- to 10-wk-old female NOD/SCID/
IL2Rg-/- (NSG) mice. The two primary 
samples were from patients who were 
diagnosed as high-risk based on the 
current diagnostic criteria (53). For the 
patient-derived leukemia models, pas-
sage 3 of serially transplanted NSG mice 
were used. Five million leukemia cells 
were transplanted via intravenous (Reh) 
or intra-tibial (patient-derived cells) 
injection. Treatment was initiated 24 h 

the Ab and ASO was validated using 
SDS-PAGE gel assays. For the experi-
ments in which free αCD22 Ab or ASO 
were used as a control, the equivalent 
amount of αCD22 Ab in the conjugate, 
or ASO in the conjugation reaction, was 
used.

In Vitro Treatment with `CD22 Ab-ASO 
Conjugate

Reh cells were plated at 20,000 cells in 
125 μL medium per well in 48-well plates 
in triplicate for each treatment group and 
time point. The cells were treated with 
αCD22 Ab-ASO conjugates (MXD3 or 
control) at indicated concentrations, or 
left untreated. MXD3 protein expression 
and live cell counts were assessed at 4, 
8, 24, 48 or 72 h after treatment. The cells 
were incubated with indicated treatment 
for 4 h in complete growth medium, 
which was then replaced with fresh 
growth medium.

Immunocytochemistry and 
Fluorescent Image Intensity 
Quantification

Cells were fixed with 10% buffered for-
malin and stained with anti-MXD3 mono-
clonal mouse Ab (Neuromab) and second-
ary goat anti-mouse Ab-Alexa488 (Life 
Technologies) as previously described (47). 
Nuclei were stained with switch locations 
of data: 40,6-diamidino-2-phenylindole 
(DAPI) (Life Technologies). The MXD3 
protein expression levels were quantified 
by mean fluorescent intensity (MFI) using 
Image J (NIH) as previously described 
(47,52).

Immunoblotting
Frozen whole cell pellets (1 million cells 

per treatment group) were denatured and 
boiled with NuPAGE Sample Reducing 
agent (Thermo Fisher Scientific) in PBS at 
100°C for 10 min before being run on a 4 to 
20% Tris-Glycine sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-
PAGE) gel. Protein was transferred to a  
nitrocellulose membrane using wet transfer 
system at 100 V for 1 h. Blots were blocked 
with 5% non-fat dry milk in Tris-buffered 
saline (TBS) with 1% tween-20 (TBST) for 
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28% at 2 h, and 51% at 4 h) (Figure 1D, 
ANOVA ***p < 0.001). Caspase levels 
also showed a significant increase in the 
αCD22 Ab-MXD3 ASO conjugate-treated 
cells compared with controls at both 
2 and 4 h after treatment (Figure 1E, 
ANOVA ***p < 0.001).

`CD22 Ab-MXD3 ASO Conjugate 
Affects Normal B Cells, But Not 
Hematopoietic Stem Cells

Human B cells express low levels of 
MXD3 whereas CD34 + HSCs and non-B 
cells have negligible levels of MXD3 
(47). We investigated potential cytotoxic 
effects of the conjugate on B cells as well 
as on CD34 + HSCs and non-B cells. Iso-
lated B cells and CD34 + HSCs had pu-
rity greater than 95% (data not shown). 
These cells were treated with the αCD22 
Ab-MXD3 ASO, an equimolar amount of 
free αCD22 Ab plus free MXD3 ASO, or 
left untreated. To demonstrate leukemia-
specific delivery and therapeutic efficacy 
of the Ab-ASO conjugate, but not each 
component (either ASO or Ab) sepa-
rately, we used free Ab plus free MXD3 
ASO as a control. B cells treated with the 
αCD22 Ab-MXD3 ASO conjugate or free 
Ab plus MXD3 ASO showed a 74% and 
24% reduction in MXD3 protein expres-
sion 4 h after treatment compared with 
untreated, respectively (Figures 2A, B, 
ANOVA p = 0.062). CD34 + HSCs and 
non-B cells treated with identical condi-
tions showed no significant difference 
in MXD3 protein expression between 
all treatments (data not shown). B cells 
treated with the αCD22 Ab-MXD3 ASO 
conjugate showed accelerated cell death 
in vitro compared with minimal cytotox-
icity in both CD34 + HSCs and non-B 
cells (Figure 2C; ANOVA ***p < 0.001 
for B cells, p = 0.96 for non-B cells and 
p = 0.75 for CD34 + HSCs).

`CD22 Ab-MXD3 ASO Conjugate 
Shows Significant Therapeutic Efficacy 
in Reh Xenograft Mouse Models

We tested the in vivo therapeutic  
efficacy of the conjugate in a xenograft 
mouse model using the Reh cell line.  
All the mice that received PBS died of 

by immunoblotting (Supplementary 
Figure S3). To confirm that the MXD3 
knockdown was mediated by the con-
jugate, and not the αCD22 Ab, Reh cells 
were treated with the conjugate and/or 
naked αCD22 Ab. The MXD3 protein level 
was modestly affected by treatment with 
naked αCD22 Ab at concentrations of 0.5 
(18% knockdown) and 5 μmol/L (27% 
knockdown) (Supplementary Figures S4A, 
S4C). Furthermore, MXD3 knockdown 
by the conjugate treatment was partially 
inhibited when unconjugated αCD22 
Ab was added simultaneously at con-
centrations equal or 10 times higher 
than the conjugated Ab (Supplementary 
Figures S4B, S4C). When treating with 
0.5 μmol/L of the conjugate, co-culture 
with a 1- or 10-fold concentration of the 
unconjugated (naked) Ab resulted in a 
MXD3 knockdown from 86% to 73% or 
53%, respectively. For the 0.05 μmol/L 
conjugate, the knockdown was reduced 
from 74% to 75% or 63% (1- and 10-fold 
naked Ab added, respectively).

`CD22 Ab-MXD3 ASO Conjugate 
Treatment Induces Apoptosis 
in Reh Cells

We chose the highest concentration of 
the conjugate (0.5 μmol/L of the Ab) for 
the subsequent in vitro studies to ensure 
demonstration of therapeutic efficacy. To 
confirm the specificity of the MXD3 ASO, 
a non-specific ASO conjugate (αCD22 
Ab-control ASO conjugate) was created 
and used as a control. Reh cells treated 
with the αCD22 Ab-MXD3 ASO conju-
gate showed a 62% and 55% reduction 
in MXD3 protein expression compared 
with untreated (**p = 0.008) or αCD22 
Ab-control ASO treated cells (*p = 0.032), 
respectively, 4 h after treatment 
(Figures 1A, B). We next assessed cell 
viability after treatment using annexin 
V (Figures 1C, D). Untreated or αCD22 
Ab-control ASO conjugate-treated cells 
showed few annexin V positive cells (av-
erage 2.8% and 9% at 2 h, and 2.9% and 
9.3% at 4 h, respectively) whereas the 
αCD22 Ab-MXD3 ASO conjugate-treated 
cells showed significantly higher levels 
of annexin V positive cells (average 

where necessary to meet assumptions. 
For in vivo studies to assess therapeutic 
efficacy, previous work in our laboratory 
with the human leukemia xenograft 
model showed survival times for control 
group animals that were brief (approx-
imately 3 wks) and very consistent (SD 
less than 5 d) (54). Thus sample sizes of 4 
to 8 animals per group were predicted by 
power analysis to be adequate to detect 
clinically important shifts in survival times, 
for example an increase to 5 wks, with 
very high power (>90% even after adjust-
ment for multiple comparisons). Survival 
was summarized by Kaplan-Meier plots 
and compared by log-rank tests and linear 
regression analyses with 95% confidence 
intervals (CI). No samples or animals were 
excluded for analysis. The analyses were 
carried out in Prism version 6, SAS version 
9.3, or R. Command-line data are available 
on request. 

All supplementary materials are available 
online at www.molmed.org.

RESULTS

`CD22 Ab-MXD3 ASO Conjugate 
Shows MXD3 Knockdown in a Dose-
Dependent Manner in Reh Cells

Our group and others have shown that 
nearly 100% of Reh cells express CD22 
whereas Jurkat cells do not (47,54). We 
have previously shown that MXD3 is 
highly expressed in malignant B cells, 
including Reh cells, but is very low in 
Jurkat cells (47). Therefore, Reh cells were 
used to assess the conjugate, with Jurkat 
cells serving as a negative control. Reh 
cells treated with various concentrations 
of the conjugate were assessed for MXD3 
expression by immunocytochemistry 
which showed a dose-dependent MXD3 
protein knockdown at 4 and 24 h after 
treatment (Supplementary Figure S2A). 
Protein levels were quantified using MFI 
(52,55,56). Using an average of both time 
points, the percentage knockdown was 
13% (0.0005 μmol/L), 34% (0.005 μmol/L), 
47% (0.05 μmol/L) and 75% (0.5 μmol/L) 
(Supplementary Figure S2B). The MXD3 
protein levels were also confirmed 
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decrease (***p < 0.001). At the time of 
harvest, all the mice were confirmed to 
have developed human leukemia (human 
leukocyte antigen (HLA) and CD22 posi-
tive) (Supplementary Table S1A). During 
treatment, the mice in all the treatment 
groups remained healthy without weight 
loss (Supplementary Figure S5A).

To confirm that the in vivo therapeutic 
efficacy of the conjugate is mediated by 
MXD3 knockdown leading to leukemia 

the conjugate, regardless of the dose, 
survived significantly longer (median 
survival time was d 42.5, 62, 110 and 
112.5 for the 0.2, 1, 5 and 10 mg/kg Ab 
dose, respectively) than the mice that 
received PBS or equivalent unconjugated 
controls. The increase in survival was 50.1 
d at the 1 mg/kg Ab dose compared with 
the unconjugated control (95% CI 39.6–
60.6 d, ***p < 0.001) with a dose response 
effect of 25 d for each dose increase or 

leukemia on d 21 and 22 as expected 
(Figure 3). All the mice that received free 
αCD22 Ab plus free MXD3 ASO died of 
leukemia between d 19 and 55 (median 
survival time was d 21, 36, 53 for the 1, 
5, 10 mg/kg free Ab dose, respectively), 
with no difference in survival between 
the 1 mg/kg Ab dose and PBS, but an 
increase in survival of 15.5 d for each 
increase in dose (95% CI 8.9–22.1 d, 
***p < 0.001). The mice that received 

Figure 1. αCD22 Ab-MXD3 ASO conjugate demonstrates MXD3 knockdown leading to cell apoptosis in preB ALL cells. (A) Reh cells 
treated with αCD22 Ab-MXD3 or αCD22 Ab-control ASO conjugate, or left untreated, were measured for MXD3 protein expression by 
fluorescent immunocytochemistry 4 h after treatment. The concentration of the conjugate in each well was 0.5 umol/L. Images were 
acquired at 40× magnification/1.4 numerical aperture at room temperature using a Nikon Ti-U inverted microscope and NIS-Elements 
BR software. Scale bar indicates 50 μm. The overlay pictures show a composite image of both MXD3 protein (with Alexa488) and nu-
clei (with DAPI). The images shown are from one representative experiment out of three experiments. (B) Mean fluorescence intensity 
(MFI) was used to quantify MXD3 protein expression. Each bar represents the average MFI of all measured cells per treatment type from 
three independent experiments. MXD3 αCD22 Ab conjugate versus untreated (**p = 0.008) versus αCD22 Ab-control ASO conjugate 
(*p = 0.032). (C) Cell apoptosis measured by annexin V using flow cytometry. Dot plots shown are from one representative experiment 
out of three experiments. (D) Quantification of annexin V positive cells. Data are means from three independent experiments. Error bars 
represent SEM (n = 3 for each time point). The cells treated with αCD22 Ab-MXD3 ASO conjugate showed significantly more annexin V 
positive cells than either the untreated cells (***p < 0.001) or those treated with the αCD22 Ab-control ASO conjugate (***p < 0.001),  
at both 2 and 4 h. (E) Cell apoptosis measured by caspase 3 and 7. Cells were treated the same way as in (D) with the same control. 
Histograms represent caspase measured by luminescence signal at 2 and 4 h after treatment. Data are an average of three inde-
pendent experiments in triplicate. Error bars represent SEM (n = 9 for each time point). Cells treated with the αCD22 Ab-MXD3 ASO 
conjugate showed significantly higher average caspase than either the untreated cells (***p < 0.001) or those treated with the αCD22 
Ab-control ASO conjugate (***p < 0.001), at both 2 and 4 h.
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models. A summary of known clinical, 
phenotypic, and molecular character-
istics are included in Supplementary 
Table S2. We have previously shown 
that primary preB ALL cells, including 
the two samples used in this study, 
express CD22 and MXD3 (47,54). The 
conjugate, even at the two lowest doses 
tested in the Reh model, showed signif-
icant therapeutic efficacy in both mod-
els. In the sample A model, all the mice 
that received PBS or free αCD22 Ab plus 
free MXD3 ASO died of leukemia be-
tween d 27 and 32 (median survival time 
29 and 29.5 d, respectively), whereas 

versus 2.5% at 24 h (Figure 4B). These 
results demonstrate that the in vivo 
therapeutic efficacy of the αCD22 
Ab-MXD3 ASO conjugate was medi-
ated by MXD3 knockdown-induced 
apoptosis in leukemic cells.

`CD22 Ab-MXD3 ASO Conjugate 
Shows Significant Therapeutic 
Efficacies in Two Preclinical preB ALL 
Human Patient-Derived Xenograft 
Mouse Models

We next tested the in vivo therapeutic 
efficacy of the conjugate in two differ-
ent patient-derived leukemia xenograft 

cell apoptosis, we performed a pilot 
study treating Reh engrafted mice 
with high tumor burden (3 wks after 
leukemia inoculation) with a single 
dose Ab-ASO conjugate treatment. The 
Reh cells harvested from the BM of the 
conjugate-treated mice showed lower 
levels of MXD3 expression than PBS-
treated mice both at 8 (Figure 4A) and 
24 h (data not shown) after treatment. 
The BM cells of the conjugate-treated 
mice showed a much higher percent-
age of apoptotic Reh cells which were 
double positive for CD22 and annexin 
V: 33.2% versus 4.8% at 8 h and 29.5% 

Figure 2. αCD22 Ab-MXD3 ASO conjugate has cytotoxicity in normal B cells, but not in HSCs. (A) Normal B cells express low levels of MXD3 
and treatment with the αCD22 Ab-MXD3 ASO conjugate showed knockdown. Images were acquired at 40× magnification/1.4 numerical 
aperture at room temperature using a Nikon Ti-U inverted microscope and NIS-Elements BR software. Scale bar indicates 50 μm. Free αCD22 
Ab (azide-conjugated) + free MXD3 ASO also showed low levels of non-specific knockdown. The images shown are from one representative 
experiment out of three experiments. (B) MXD3 protein knockdown quantified using MFI. Each bar represents the average MFI of all mea-
sured cells per treatment type from three independent experiments. (C) Accelerated cell death in B cells treated with the αCD22 Ab-MXD3 
ASO conjugate. Data points indicate mean values of independent cell counts in triplicate from three independent experiments in triplicate. 
Data as mean ± SEM (n = 9). The MXD3 αCD22 Ab-ASO conjugate versus free αCD22 Ab (azide-conjugated) + free MXD3 ASO (***p < 0.001).
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Figure 3. αCD22 Ab-MXD3 ASO conjugate shows significant in vivo dose-dependent therapeutic efficacy in Reh human leukemia 
mouse model. Kaplan-Meier survival curve for mice inoculated with Reh cells and treated with the αCD22 Ab-MXD3 ASO conjugate. 
Data from two independent experiments were combined (n = 4 or 8). In the first experiment, the mice were treated with PBS, free 
αCD22 Ab (1 mg/kg) plus free MXD3 ASO (0.8 mg/kg), and two different doses of the αCD22 Ab-MXD3 ASO conjugate (0.2 mg/kg 
or 1 mg/kg of the Ab). In the second experiment, the mice were treated with free αCD22 Ab (1, 5 or 10 mg/kg) plus free MXD3 ASO 
(0.8, 4 or 8 mg/kg), respectively, and three different doses of the αCD22 Ab-MXD3 ASO conjugate (1, 5 or 10 mg/kg of the Ab). PBS ver-
sus conjugate at any dose (0.2, 1, 5 or 10 mg/kg of the Ab) (**p < 0.01, ***p < 0.001, **p < 0.01 or **p < 0.01, respectively). Free αCD22 
Ab (1 mg/kg) plus free MXD3 ASO (0.8 mg/kg) versus conjugate at any dose (0.2, 1, 5 or 10 mg/kg of the Ab) (**p < 0.01, ***p < 0.001, 
**p < 0.01 or **p < 0.01, respectively). Free Ab plus free ASO versus conjugate at the equivalent dose of the Ab (1, 5 or 10 mg/kg) 
(***p < 0.001, *p = 0.01 or **p < 0.01, respectively).

Figure 4. αCD22 Ab-MXD3 ASO conjugate shows in vivo anti-leukemic effects against engrafted leukemia cells in mice. (A) The αCD22 
Ab-MXD3 ASO conjugate treatment showed MXD3 knockdown in the engrafted Reh cells at 8 h after treatment. MXD3 protein ex-
pression was measured in the cells harvested from BM. Images were acquired at 40× magnification/1.4 numerical aperture at room 
temperature using a Nikon Ti-U inverted microscope and NIS-Elements BR software. Scale bar indicates 50 μm. (B) The αCD22 Ab-MXD3 
ASO conjugate treatment induced cell apoptosis in the engrafted Reh cells at 8 and 24 h after treatment. Cells were stained for human 
CD22 and annexin V. Red dots (lower quadrants): murine cells (CD22 negative), purple dots (upper left quadrant): live Reh cells (CD22 
positive annexin V negative), and blue dots (upper right quadrant): apoptotic Reh cells (CD22 and annexin V positive) in BM.
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DISCUSSION
Given the abundance of genetic in-

formation now available, a multitude of 
highly specific therapeutic targets are 
available. The use of oligonucleotides, 
such as ASO and small interfering 
RNA (siRNA), has been studied as an 
emerging method to target specific RNA 
sequences (27,57,58). However, clinical 
translation of these techniques has had 
limited therapeutic success in oncology 
(31–33). The primary challenge is target 
specific and efficient intracellular de-
livery of oligonucleotides (26,27,36–38). 
To overcome this limitation, we have 

longer (median survival time 53 and  
57 d, respectively). Median improve-
ment for 0.2 or 1 mg/kg Ab dose was 
10 d (range 8 to 12 d, **p < 0.01) and  
11 d (range 9 to 13 d, **p < 0.01), respec-
tively (Figure 5B). At the time of harvest, 
all the mice were confirmed to have 
developed human leukemia (HLA and 
CD22 positive) (Supplementary  
Tables S1B, S1C). Toxicity was assessed 
in the sample A model during the  
treatment, which showed essentially 
no hematologic or non-hematologic 
toxicities (Supplementary Table S3 and 
Supplementary Figure S5B).

those that received the conjugate, at 
0.2 or 1 mg/kg Ab dose, survived 
significantly longer (median survival 
time 63 and 77 d, respectively). Median 
improvement in survival time for 0.2 or 
1 mg/kg Ab dose was 33.8 d (range 31 
to 36 d, ***p < 0.001) and 47.8 d (range 
45 to 50 d, ***p < 0.001), respectively 
(Figure 5A). In the sample B model, 
all the mice that received PBS or free 
Ab plus free ASO died of leukemia 
between d 42 and 46 (median survival 
time 43 and 45 d, respectively), whereas 
those that received the conjugate, at ei-
ther dose, survived significantly  

Figure 5. αCD22 Ab-MXD3 ASO conjugate shows significant in vivo therapeutic efficacy in two human patient-derived leukemia mouse models. 
Kaplan-Meier survival curves for mice inoculated with two patient-derived leukemia cells (A and B). The mice were treated with PBS, free αCD22 
Ab (1 mg/kg) plus free MXD3 ASO (0.8 mg/kg), and two different doses of the αCD22 Ab-MXD3 ASO conjugate (0.2 mg/kg or 1 mg/kg of the 
Ab). (A) PBS versus conjugate at both doses (***p < 0.001). Conjugate 0.2 mg/kg versus 1 mg/kg (of the Ab) (***p < 0.001). (n = 8). (B) PBS versus 
conjugate at both doses (**p < 0.01). Conjugate 0.2 mg/kg versus 1 mg/kg (of the Ab) (**p < 0.01). (n = 6)
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to be tolerable in other B-cell-targeting 
agents, such as Rituximab (13,68), CAR-
based T-cell therapies (23–25) and BiTE 
antibody (21,22).

CONCLUSION
The results of the present study 

demonstrate the therapeutic efficacy 
and safety profile of a novel αCD22 
Ab-MXD3 ASO conjugate in preclinical 
models of human preB ALL. Given the 
high degree of phenotyptic and molec-
ular specificity, and significant efficacy 
with minimal toxicity, this conjugate has 
the potential for multiple applications in 
conjunction with current drugs, or other 
targeted therapeutics, to create more ef-
fective and less toxic therapies for preB 
ALL. This work represents an important 
advance in technology that allows ef-
fective in vivo ASO delivery that has the 
potential to be modified for use in many 
cancers and other diseases.
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