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The application of small interfering RNA (siRNA) for can-
cer treatment is a promising strategy currently being 
explored in early phase clinical trials. However, efficient 
systemic delivery limits clinical implementation. We 
developed and tested a novel delivery system comprised 
of (i) an internalizing streptavidin-conjugated monoclo-
nal antibody (mAb-SA) directed against CD22 and (ii) a 
biotinylated diblock copolymer containing both a posi-
tively charged siRNA condensing block and a pH-respon-
sive block to facilitate endosome release. The modular 
design of the carrier facilitates the exchange of differ-
ent targeting moieties and siRNAs to permit its usage 
in a variety of tumor types. The polymer was synthe-
sized using the reversible addition fragmentation chain 
transfer (RAFT) technique and formed micelles capable 
of binding siRNA and mAb-SA. A hemolysis assay con-
firmed the predicted membrane destabilizing activity of 
the polymer under acidic conditions typical of the endo-
somal compartment. Enhanced siRNA uptake was dem-
onstrated in DoHH2 lymphoma and transduced HeLa-R 
cells expressing CD22 but not in CD22 negative HeLa-R 
cells. Gene knockdown was significantly improved with 
CD22-targeted vs. nontargeted polymeric micelles. 
Treatment of DoHH2 cells with CD22-targeted poly-
meric micelles containing 15 nmol/l siRNA produced 
70% reduction of gene expression. This CD22-targeted 
polymer carrier may be useful for siRNA delivery to lym-
phoma cells.
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Introduction
Over 65,000 new cases of non-Hodgkin lymphoma will be diag-
nosed in the United States alone in 2010.1 Despite advances in 
available treatments, >20,000 people will die from non-Hodgkin 
lymphoma, making this hematologic malignancy one of the top 10 
causes of cancer-related deaths. Recently developed chemothera-
peutic regimens and biologics such as rituximab have improved 

overall survival, however, most patients still relapse and innova-
tive treatments are urgently needed.

Oligonucleotide-based drugs represent one promising strat-
egy. The discovery of RNA interference has stimulated con-
siderable research directed toward utilizing this endogenous 
pathway for therapeutic purposes including treatment of can-
cer.2,3 Synthetic double-stranded small interfering RNA (siRNA) 
activates the RNA interference pathway and directs the cleavage 
of target mRNA in the cytoplasm by the RNA-induced silencing 
complex culminating in the reduction of the encoded protein. 
Silencing of oncogene expression in tumors may promote apop-
tosis or enhance sensitivity to chemotherapy, thereby improving 
clinical outcome.3

A major obstacle to the use of therapeutic siRNA is the lack 
of an effective delivery system. A safe and reliable mode of sys-
temic siRNA delivery in humans has yet to be established although 
early clinical trials are in progress.2–4 An ideal carrier protects 
siRNA from exogenous nucleases, prolongs its systemic half-life, 
and promotes specific uptake into diseased tissues. Additionally, 
the appropriate intracellular trafficking of siRNA from the endo-
some to the cytoplasmic RNA-induced silencing complex is neces-
sary for gene silencing. Escape from the endosomal compartment 
is believed to be a major rate-limiting step for many delivery 
approaches.5 Furthermore, activation of toll-like receptors located 
within the endosome may result in cytokine release and poten-
tial clinical toxicity which may be a limitation to this intracellular 
delivery mechanism.2

Targeting delivery of siRNA via internalizing cell surface 
receptors is an appealing strategy to enhance tumor-specific 
uptake.6 We explored the use of a monoclonal antibody directed 
against CD22, a transmembrane protein preferentially expressed 
on mature B-lymphocytes and detected in 60–80% of B-cell malig-
nancies.7–9 CD22 constitutively internalizes and binding of anti-
CD22 antibodies induces rapid receptor-mediated endocytosis, 
making CD22 an attractive gateway for intracellular delivery of 
drugs.10–13 Monoclonal antibodies and antibody-drug conjugates 
directed against CD22 for non-Hodgkin lymphoma have been 
investigated.14–19 However, antibodies bound to CD22 are destined 
for lysosomal degradation unless endosomal escape occurs.10,11
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Our group has developed a new class of pH-responsive 
diblock copolymers using reversible addition fragmentation 
chain transfer (RAFT) polymerization.20,21 The polymers form 
micelles that bind siRNA and undergo a functional transition to 
a membrane-destabilizing state in response to the acidic condi-
tions found within the endosomal compartment. A biotin incor-
porated at a specified polymer chain-end enables the binding of 
a CD22 streptavidin-conjugated monoclonal antibody (mAb-SA) 
for specific cellular targeting. We demonstrate that this polymeric 
micelle system enhances siRNA uptake and mRNA knockdown in 
CD22-expressing cells.

Results
Synthesis and characterization of the biotinylated 
diblock copolymer
The biotinylated diblock copolymer was synthesized via controlled 
RAFT polymerization employing a biotin functionalized RAFT 
agent.20,21 This produced a linear polymer consisting of a single 
biotin molecule covalently attached to a cationic siRNA binding 
poly(DMAEMA) block followed by a second pH-responsive block 
containing propylacrylic acid (PAA), butyl methacrylate (BMA), 
and additional DMAEMA units (Figure 1a). The polymer chains 
spontaneously self-assemble under aqueous conditions to form 
micelles with a poly(DMAEMA) corona stabilizing the pH-respon-
sive core. The addition of hydrophobic butyl methacrylate residues 
in the second block increases the hydrophobicity and membrane 
destabilizing activity of the copolymer and tunes the pKa of the 
propylacrylic acid carboxylate residues upward to endosomal val-
ues. The optimal incorporation of butyl methacrylate residues to 
achieve protonation within the desired pH range was between 40 
and 50 mol% of the second block. As the micelles encounter an 
acidic pH gradient, the neutralization of the propylacrylic acid 
carboxylates together with protonation of the DMAEMA amino 
groups induces micelle and endosomal membrane destabilization 
to enhance siRNA delivery into the cytoplasm.

The formulation of targeted micelle siRNA carriers was ini-
tiated with the binding of siRNA to the polymer cationic block 
followed by addition of streptavidin-conjugated monoclonal 
antibody (mAb-SA) which binds to free biotin on the surface of 
the polymeric micelle (Figure  1b). Measurement of free biotin 
residues in the polymeric micelle using the 4-hydroxyazoben-
zene-2’carboxylic acid (HABA) assay indicated ~1 mol of avail-
able biotin sites per 8.6 mol of polymer chains (Supplementary 
Figure S1). This indicated that only one in eight biotin residues 
was available for mAb-SA binding likely due to steric-blocking 
effects. Electrostatic complexation of the cationic block of the 
carrier and negatively charged siRNA was confirmed by agarose 
gel electrophoresis (Supplementary Figure S2a). A minimum 
polymer to siRNA molar ratio of 2:1 was required for complete 
complexation (Supplementary Figure S2b). Addition of the 
mAb-SA conjugate did not interfere with siRNA complexation. 
Polyacrylamide gel protein electrophoresis under nondenatur-
ing conditions showed specific binding between mAb-SA conju-
gate and polymer which was unaffected by siRNA complexation 
(Supplementary Figure S2c). Dynamic light scattering analysis 
demonstrated that polymers formed micelles measuring 35 nm 
in size. Complexation of siRNA or mAb-SA conjugates did not 

significantly change the particle size (34 and 38 nm, respec-
tively). Each particle consists of ~35 polymer molecules, contains 
between 7 to 12 siRNA molecules, and bears 2–4 mAb-SA conju-
gates on its surface.

Evaluation of pH-dependent endosomolytic activity
The red blood cell hemolysis assay provides a surrogate measure-
ment of pH-dependent endosomolytic polymer activity that has 
previously been shown to correlate with delivery.20,29 Red blood 
cells were incubated in the presence of polymer alone or polymer 
complexed with siRNA, with or without mAb-SA conjugates, in 
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Figure 1  Illustration of polymer synthesis and antibody-targeted 
polymeric micelle formation. (a) Polymerization utilizes a biotin 
functionalized reversible addition fragmentation chain transfer (RAFT) 
agent to produce a biotinylated poly(DMAEMA) block that condenses 
small interfering RNA (siRNA). Additional DMAEMA, PAA, and BMA 
subunits polymerize to form the second pH-responsive block for endo-
somal escape. Chemical structures of DMAEMA, BMA, and PAA mono-
mers are shown. Details of chemical synthesis are described in the 
Supplementary Materials and Methods. (b) Polymeric micelle 
formation begins with incubation of siRNA with polymer and bind-
ing via electrostatic interaction to the poly(DMAEMA) cationic block. 
Subsequent addition of mAb-SA results in streptavidin binding to avail-
able surface biotin and generation of an antibody-targeted polymeric 
micelle. BMA, butylmethacrylate; DMAEMA, dimethylaminoethyl meth-
acrylate; ECT (ethylsulfanylthiocarbonyl)sulfanyl pentanoic acid; mAb-
SA, monoclonal antibody-streptavidin conjugate; PAA, polyacrylic acid; 
siRNA, small interfering RNA.
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buffered solutions at pH 7.4, 6.6, or 5.8, mimicking conditions in 
physiologic, early endosomal and late endosomal compartments, 
respectively. The polymer destabilized lipid membranes in a pH-
dependent fashion that was unaffected by either complexation 
with siRNA or mAb-SA conjugate (Figure 2). Polymer hemolytic 
activity increased with rising buffer acidity whereas no significant 
hemolysis was observed at the physiological pH of 7.4. Hemolytic 
activity markedly rose at pH 6.6 which corresponds to the early 
endosomal compartment (range 33.9–38.1%). Maximal hemolysis 
by mAb-SA bearing polymeric micelles occurred at pH 5.8 (92.5 ± 
3% red blood cell lysis). A similar profile of pH-dependent hemo-
lytic activity was seen over a range of polymer concentrations 
(5–40 μg/ml) and mAb-SA conjugate ratios (data not shown). 
Notably, no significant hemolytic activity was observed at physi-
ologic pH even at the highest polymer concentration.

Antibody-mediated polymeric micelle internalization 
in CD22+ HeLa-R cells
Paired cervical carcinoma cell lines consisting of HeLa-R cells 
and HeLa-R cells transduced with a vector encoding the human 
CD22 antigen (HeLa-R CD22+) were used to assess the extent of 
targeting conferred by the anti-CD22 mAb-SA HD39-SA. Cells 
were incubated with polymeric micelles containing fluorescently 
labeled siRNA and bearing HD39-SA, BHV1-SA or no conjugate 
and then analyzed for fluorescence by flow cytometry. BHV1-SA 
recognizes a bovine herpes virus antigen not expressed in human 
cells and served as a nontargeting control. No difference in median 
relative fluorescence intensity was observed between HeLa-R cells 
treated with HD39-SA, BHV1-SA, or naked polymeric micelles 
(Figure  3a,b). In contrast, the median relative fluorescence 
intensity of HeLa-R CD22+ cells treated with HD39-SA targeted 
polymeric micelle markedly exceeded that of naked polymeric 
micelle alone or BHV1-SA-targeted polymeric micelle indicating 

specificity of HD39-SA targeting and siRNA uptake to CD22-
expressing cells (Figure 3c,d). Endosomal release of siRNA was 
demonstrated in HeLa-R cells treated with the related nonbioti-
nylated polymer. Dispersion of fluorescence in a cytosolic pattern 
was observed in cells after 24 hours of incubation with polymeric 
micelles (Supplementary Figure S3).

Functional activity of siRNA delivered by antibody-
targeted polymeric micelle
Polymer-mediated intracellular delivery should release internal-
ized siRNA into the cytoplasm after receptor-mediated endocy-
tosis, resulting in target gene transcript reduction. HeLaR-CD22+ 
cells were incubated with either naked or mAb-SA conjugate-
bearing polymeric micelles containing 10 nmol/l siRNA directed 
against the housekeeping gene GAPD (glyceraldehyde-3-dehy-
drogenase) or a negative control siRNA with no sequence homol-
ogy to any known human gene. Targeting polymeric micelles with 
HD39-SA improved knockdown of GAPD mRNA levels com-
pared to BHV1-SA and no conjugate (67% vs. 26–35%) after 48 
hours of treatment (Figure 4a). Treatment with polymeric micelles 
at a 15 nmol/l siRNA dose did not upregulate expression of the 
interferon response genes OAS (2′–5′ oligoadenylate synthetase) 
or STAT1 (signal transducer and activator of transcription-1) 
when compared to treatment with polyinosinic–polycytidylic 
acid (Poly I:C), a synthetic analog of double-stranded RNA that 
activates TLR-3 (toll-like receptor 3) (Figure  4b). Evaluation 
of interferon-β similarly did not show increased transcript lev-
els after treatment with polymeric micelles (data not shown). 
Additionally, no excessive toxicity was detected after 24-hour 
treatment with nontargeted or CD22-targeted polymeric micelles 
at a 15 nmol/l siRNA dose. Cell viability ranged between 96 to 
100% of untreated cells (Supplementary Figure S4). Dose titra-
tion of siRNA containing HD39-SA bearing polymeric micelles 
showed that a significant reduction of target gene expression was 
achievable with a siRNA dose of 10 nmol/l and almost complete 
silencing at 20 nmol/l (Figure 5a). Conversely, targeting of poly-
meric micelles with HD39-SA conjugate did not improve GAPD 
gene knockdown in HeLa-R cells not expressing CD22 (data 
not shown). Remaining GAPD protein levels were assessed by 
measuring GAPD protein activity. Cells were treated with poly-
meric micelles bearing either HD39-SA or BHV1-SA and con-
taining 6.6 nmol/l of GAPD siRNA for 72 hours. Treatment with 
HD39-SA bearing polymeric micelles resulted in 24% greater 
reduction in GAPD enzyme activity compared to BHV1-SA bear-
ing polymeric micelles (data not shown). Confirmation of the 
site specific cleavage of GAPD mRNA by siRNA was performed 
using the 5′-RNA-linker-mediated Rapid Amplification of cDNA 
Ends (5′-RLM-RACE) assay. The expected size PCR product (281 
base pairs) was detected in cells treated with HD39-SA polymeric 
micelles containing 15 nmol/l GAPD siRNA after 24 hours but 
not in cells treated with HD39-SA polymeric micelles containing 
negative control siRNA or untreated cells (Figure 5b). Sequencing 
of the DNA extracted from the band verified its identity as the 
expected 3′ GAPD mRNA transcript cleavage product ligated to 
the RNA oligonucleotide linker. We have furthermore demon-
strated specific reduction in mRNA levels of additional genes by 
quantitative reverse transcription-PCR using siRNA sequences 
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Figure 2 E valuation of pH-dependent membrane destabilizing activ-
ity of polymeric micelles with and without mAb-SA using the red 
blood cell hemolysis assay. Comparative hemolytic activity was assessed 
in the presence of varying pH buffers. Values are relative to the positive 
control of 1% Triton X-100 (corresponding to 100% hemolytic activity). 
Disruption of the red blood cell membrane causes the release of free 
hemoglobin that is quantified by absorbance at 541 nm wavelength. 
Error bars represent the mean + s.d. from a single experiment conducted 
in triplicate. Similar results were obtained in three independent experi-
ments. mAb-SA, monoclonal antibody-streptavidin conjugate; siRNA, 
small interfering RNA.
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directed against NAC1 and Mcl-1 transcripts (Supplementary 
Figure S5).

Antibody-mediated polymeric micelle  
internalization in CD22+ lymphoma cells
The ability of HD39-SA conjugate to enhance siRNA delivery in 
cells that naturally express CD22 was evaluated using the trans-
formed follicular lymphoma cell line DoHH2. DoHH2 cells were 
incubated with polymeric micelles containing fluorescently labeled 
siRNA with and without HD39-SA or BHV1-SA, then analyzed 
by flow cytometric analysis (Figure 6a,b). Median relative fluo-
rescence intensity in cells treated with polymeric micelles bearing 
HD39-SA conjugate was threefold higher compared to polymeric 
micelles without conjugate or bearing BHV1-SA, consistent with 
improved uptake with CD22 targeting. Microscopic examination 
of treated cells (Figure 6c–e) revealed a punctuate fluorescent pat-
tern in the cytoplasm of the majority of cells after 30 minutes of 
incubation with HD39-SA-bearing polymeric micelles indicating 
rapid internalization of siRNA. Conversely, DoHH2 cells treated 
with polymeric micelles containing nontargeting BHV1-SA or no 
conjugate exhibited minimal fluorescence.

Gene expression knockdown in CD22+  
lymphoma cells
Reduction of gene expression mediated by polymeric micelles 
targeted with HD39-SA in DoHH2 cells was evaluated using 
quantitative reverse transcription-PCR (Figure 7). The previous 
flow cytometry experiments with DoHH2 indicated that shorter 
incubation periods with polymeric micelles may be as efficacious 
as longer treatment times and may more closely simulate tran-
sient exposure to polymeric micelles in vivo. To test this, DoHH2 
cells were treated with siRNA-containing polymeric micelles for 2 
hours, rinsed, and then returned to culture in fresh media with-
out polymeric micelles for 48 hours before assessment of gene 
expression. Treatment of DoHH2 cells with HD39-SA bearing 
polymeric micelles containing 15 nmol/l of GAPD siRNA yielded 
70% reduction of GAPD expression relative to untreated cells. In 
contrast, treatment with negative control siRNA caused no change 
in GAPD expression. Polymeric micelles bearing BHV1-SA or no 
conjugate yielded no significant reduction in GAPD expression. 
GAPD protein levels were assessed using a GAPD enzyme activ-
ity assay. Treatment with HD39-SA bearing polymeric micelles 
containing 15 nmol/l of GAPD siRNA resulted in reduction of 
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Figure 3  Internalization of polymeric micelles containing Alexa-Fluor 647-labeled small interfering RNA (siRNA) with or without monoclonal 
antibody-streptavidin conjugate (mAb-SA) targeting. (a,b) HeLa-R or (c,d) HeLa-R CD22+ cells were incubated at 37 °C in the presence of poly-
meric micelles containing 20 nmol/l of Alexa-Fluor 647-labeled siRNA and bearing anti-CD22 HD39-SA conjugate, nontargeting BHV1-SA conjugate 
or no conjugate. After 1.5 hours of treatment, cells were trypsinized and rinsed extensively with phosphate-buffered saline (PBS) followed by acid 
wash to strip surface bound polymeric micelles then analyzed for fluorescence by flow cytometry. (a,c) Median relative fluorescence intensity (RFI) + 
s.d. of triplicate samples is shown. Data were concordant in three independent experiments. Representative histograms depict fluorescence intensity 
(horizontal axis) of (b) HeLa-R cells or (d) HeLa-R CD22+ cells treated with polymeric micelles bearing HD39-SA (shaded peak), BHV1-SA (black line, 
unshaded peak) or no conjugate (gray line, unshaded peak). Vertical axis is percentage of maximum intensity (% of Max).
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enzyme activity by 66% relative to untreated cells whereas treat-
ment with control BHV1-SA polymeric micelles resulted in only 
20% reduction in activity (data not shown).

Discussion
A major hurdle in the development of siRNA as a cancer thera-
peutic is the lack of a reliable mode of delivery in disseminated 
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Figure 4  Glyceraldehyde-3-phosphate dehydrogenase (GAPD) sup-
pression and evaluation of inflammatory response mediated by 
monoclonal antibody-streptavidin conjugate (mAb-SA) targeted 
polymeric micelles. (a) GAPD mRNA levels were assayed by quantita-
tive reverse transcription (qRT)-PCR 48 hours after transfection of HeLa-R 
CD22+ cells with polymeric micelles bearing HD39-SA (CD22-targeted 
conjugate), BHV1-SA (nontargeted conjugate) or no conjugate contain-
ing 10 nmol/l small interfering RNA (siRNA) directed against GAPD or a 
negative control siRNA with no sequence homology to known human 
genes. Values are normalized to the housekeeping gene PPIA (Cyclophilin 
A) and relative to GAPD expression in untreated cells. Error bars rep-
resent the mean GAPD expression + s.d. of triplicate samples. Results 
are representative of three independent experiments. (b) Evaluation 
of expression of interferon response genes OAS and STAT1 by qRT-PCR 
after treatment of HeLa-R CD22+ cells with HD39-SA or BHV1-SA poly-
meric micelles containing 15 nmol/l siRNA or Poly I:C (0.5, 5, and 50 µg/
ml) for 24 hours. Values are normalized to the housekeeping gene PPIA 
(Cyclophilin A). Error bars represent the mean + s.d. of triplicate sam-
ples. Results are representative of three independent experiments. OAS, 
2′–5′ oligoadenylate synthetase; Poly I:C, polyinosinic–polycytidylic acid; 
STAT1, signal transducer and activator of transcription-1.
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Figure 5 D ose response and 5′-RLM-RACE analysis of HeLa-R CD22+ 
cells treated with polymeric micelles bearing HD39-SA conjugate 
containing small interfering RNA (siRNA) directed against glycer-
aldehyde-3-phosphate dehydrogenase (GAPD) or a negative con-
trol siRNA with no sequence homology to known human genes. (a) 
Cells were harvested after 48 hours of treatment and analyzed using 
quantitative reverse transcription (RT)-PCR. Values are normalized to the 
housekeeping gene PPIA (Cyclophilin A) and relative to GAPD expres-
sion in untreated cells. Error bars represent the mean GAPD expression + 
s.d. of triplicate samples. (b) RNA was harvested from untreated HeLa-R 
CD22+ cells and HeLa-R CD22+ cells treated for 24 hours with polymeric 
micelles bearing HD39-SA conjugate at a dose of 15 nmol/l of GAPD 
siRNA or negative control siRNA. Relative GAPD expression normalized 
to the housekeeping gene PPIA was evaluated using quantitative RT-PCR. 
Error bars represent s.d. of triplicate samples. Specific detection of GAPD 
mRNA cleavage products using 5′-RLM-RACE assay was performed using 
RNA from each treatment group: GAPD siRNA (lane a), negative control 
siRNA (lane b), and untreated cells (lane c). PCR products were analyzed 
by agarose gel electrophoresis and run alongside a 100 base pair DNA 
ladder. The correct cleavage product indicated by the arrow has a size 
of 281 base pairs.
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disease. Localized administration of siRNA via intravitreal or 
intradermal routes is effective in early phase clinical trials but sys-
temic administration remains to be optimized.2,3 Recently, reduc-
tion of mRNA and protein expression in melanoma tumors was 

demonstrated after intravenous delivery of siRNA using nano-
particles bearing a transferrin ligand, providing a proof of prin-
ciple that RNA interference may be utilized in human tumors.31 
Previously, we described a new class of pH-responsive diblock 
copolymers that effectively delivers siRNA.20,21 We have now syn-
thesized and tested a related biotinylated pH-responsive diblock 
copolymer that binds both siRNA and an anti-CD22 streptavidin-
conjugated antibody that could be used for systemic treatment of 
non-Hodgkin lymphoma.

Our strategy involves a combinatorial approach utilizing 
both an internalizing antibody and an endosomolytic polymer 
to address some of the major obstacles that must be overcome 
for optimal administration of siRNA. Inefficient penetration of 
siRNA through the outer cell and endosomal membranes limits 
effective gene silencing. The enhanced permeability and retention 
effect permits accumulation of macromolecules in tumors based 
on abnormal vasculature and is the basis of tumor selectivity of 
liposomal formulations of drugs.32,33 However, intracellular uptake 
can be greatly enhanced by addition of internalizing ligands or 
antibodies to drug carriers.6 We hypothesized that polymeric 
micelles bearing an antibody targeting CD22 would selectively 
enhance siRNA uptake in cells expressing this antigen. In order 
to attach antibody to polymeric micelles, we utilized strepta-
vidin as an adaptor molecule. Other groups have used avidin-
conjugated antibodies or streptavidin-conjugated aptamers to 
directly bind biotinylated siRNA for delivery, however, the limited 
amount of siRNA conjugated per antibody are drawbacks to this 
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Figure 6  Internalization of polymeric micelles containing Alexa-Fluor 647-labeled small interfering RNA (siRNA) with and without monoclo-
nal antibody-streptavidin conjugate (mAb-SA) conjugate. DoHH2 lymphoma cells were incubated at 37 °C for 30 minutes with polymeric micelles 
bearing HD39-SA, BHV1-SA, or no conjugate then washed extensively with phosphate-buffered saline (PBS) then acid wash to remove surface based 
polymeric micelles prior to measuring fluorescence intensity by flow cytometric analysis. (a) The median relative fluorescence intensity (RFI) + s.d. of 
triplicate samples is shown. (b) A representative histogram depicting the relative fluorescence of DoHH2 cells treated with polymeric micelles bearing 
HD39-SA (shaded peak), BHV1-SA (black line, unshaded peak) or no conjugate (gray line, unshaded peak) is shown. Treated cells were cytospun and 
stained with DAPI nuclear stain (blue fluorescence). Representative random images captured from cells treated with polymeric micelles bearing no 
conjugate (c), nontargeting BHV1-SA (d), or CD22-targeted HD39-SA (e) are shown. Bar = 10 µm.
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Figure 7  Anti-CD22 antibody-mediated reduction of gene expres-
sion in lymphoma cells. DoHH2 cells were treated with polymeric 
micelles bearing HD39-SA, BHV1-SA, or no conjugate and containing 
glyceraldehyde-3-phosphate dehydrogenase (GAPD) or negative control 
small interfering RNA (siRNA) for 48 hours. GAPD expression relative to 
untreated cells was measured by quantitative reverse transcription (RT)-
PCR. Results are normalized to the housekeeping gene PPIA (Cyclophilin 
A) and relative to GAPD expression in untreated cells. Error bars rep-
resent the mean GAPD expression + s.d. of triplicate samples. GAPD, 
glyceraldehyde-3-phosphate dehydrogenase.
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approach.34–36 Furthermore, functional activity of siRNA is pos-
sible only if siRNA is able to escape into the cytoplasm after recep-
tor-mediated endocytosis. We rationalized that this rate-limiting 
step would be overcome by attaching an endosomolytic polymer.

As expected, we observed improved internalization and 
gene silencing with CD22-targeted polymeric micelles in CD22-
expressing cells. Reduction of gene expression through the RNA 
interference mechanism was confirmed by detection of the 
expected mRNA cleavage products only in cells treated with 
GAPD siRNA using the 5′-RLM-RACE assay. No significant 
toxicity or induction of immune response genes (STAT1, OAS, 
and interferon-β ) was detected after treatment with polymeric 
micelles. Experiments using HeLa-R cell lines differing only in 
CD22 expression showed that enhanced uptake of polymeric 
micelles occurred only in cells expressing CD22. Some gene 
knockdown was noted in HeLa-R CD22+ cells with nontargeted 
polymeric micelles but this was anticipated under the in vitro 
transfection conditions employed. Polymeric micelles have a net 
positive charge and associate with the negatively charged cell 
membrane. This enhances nonreceptor mediated uptake with pro-
longed continuous incubation.37 Many adherent cell lines includ-
ing HeLa-R are extremely permissive to transfection perhaps 
due to a higher basal rate of fluid phase pinocytosis.38 Consistent 
with these assumptions, a short 2-hour treatment period yielded 
reduction of both GAPD mRNA and protein activity levels in the 
DoHH2 cell line after treatment with CD22-targeted polymeric 
micelles whereas nontargeted polymeric micelles produced no 
effect. A 2-hour incubation time was similarly effective for uptake 
of CD22-targeted liposomal doxorubicin in studies by another 
group.16 The rapid kinetics of CD22 uptake may be advantageous 
for siRNA delivery in vivo because this minimizes loss through 
urinary excretion or nuclease degradation.12

Reduction of siRNA dose is important to reduce systemic 
off-target effects. Encouragingly, we observed >60% reduction of 
target GAPD expression using a relatively low dose of 15 nmol/l 
siRNA (7.5 pmol) in DoHH2 lymphoma cells. Nonadherent 
hematopoietic cells are notoriously difficult to transfect in vitro 
and typically require high doses of siRNA or physical methods 
such as nucleofection.38–41 Other investigators have also reported 
the use of antibodies to facilitate siRNA delivery to leukocytes but 
have required higher amounts of siRNA than used in our experi-
ments to achieve the desired effect.42–46

Some limitations must be noted for our study. First, in vitro 
transfection does not precisely simulate conditions in vivo and 
evaluating siRNA delivery in a tumor xenograft model is the next 
essential step in the development of this technology. The potential 
immunogenicity of streptavidin-antibody conjugates is another 
concern. Although many cancer patients undergoing chemother-
apy are immunocompromised, studies will be needed to evaluate 
the level of neutralizing antibody in cancer patients. Unpublished 
data by our group following human anti-mouse antibody forma-
tion in lymphoma patients treated with radiolabeled antibodies 
show that 18.6% of individuals (49 of 264) formed human anti-
mouse antibody, suggesting neutralizing antibody formation may 
be low in this patient population. Alternatively, substitution of 
streptavidin with a mutant form engineered for reduced immuno-
genicity may be possible.47,48

In conclusion, we show that a streptavidin-conjugated anti-
CD22 antibody enhances the cellular uptake of a biotinylated pH-
responsive polymer resulting in efficient siRNA-mediated gene 
knockdown. Further studies will investigate the use of this carrier 
with clinically relevant siRNA gene targets in lymphoma and its 
efficacy in mouse tumor models. The modular design of the poly-
meric micelle system facilitates the exchange of different targeting 
moieties and siRNAs to permit its direct application to a variety 
of tumor types. Studies testing other streptavidin-conjugated anti-
bodies are ongoing. This approach may be useful for the systemic 
delivery of siRNA for cancer treatment.

Materials and Methods
Polymer synthesis. Synthesis of biotin functional poly(dimethylaminoethyl 
methacrylate) [poly(DMAEMA)] macro chain transfer agent and cor-
responding poly[(DMAEMA)-b-(BMA)-co-(DMAEMA)-co-(PAA)] 
diblock copolymer was conducted as described previously with the addi-
tion of a biotinylated RAFT chain transfer agent and is described in detail 
in the Supplementary Figures S1–S5 and Supplementary Materials 
and Methods.20–23 Briefly, DMAEMA (2.5 g, 15.9 mmol), BIOTIN-PEO3-
ECT (73 mg, 0.106 mmol), and V70 (3.27 mg, 0.01 mmol) were dissolved 
in N,N-dimethylformamide (DMF) (5 g). The solution was purged with 
nitrogen for 30 minutes and then allowed to react at 30 °C for 18 hours. The 
resultant polymer was isolated by repeated precipitation from ether into a 
50-fold excess of pentane:ether (3:1 vol/vol). Following precipitation, the 
polymer was dissolved in deionized water and further purified by passing 
it through PD10 desalting columns. The final dry polymer was obtained 
by lyophilization.

Monoclonal antibody streptavidin conjugates. The hybridoma express-
ing HD39 (a murine IgG1 antihuman CD22 antibody) was a gift from Dr 
Edward Clark (University of Washington, Seattle, WA). HD39 was purified 
as previously described.24,25 BHV1 (a nontargeting isotype-matched IgG1 
human anti-bovine herpes virus-1 antibody) was produced from a hybri-
doma obtained from American Type Culture Collection (Manassas, VA) 
and purified from ascites fluid over a HiTrap Protein G HP column (GE 
Healthcare, Piscataway, NJ). Streptavidin conjugation to HD39 and BHV1 
antibodies was performed as previously described.26,27

Cell lines. The DoHH2 cell line was obtained from the German Collection 
of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) 
and used within 6 months of the receipt or resuscitation of frozen aliquots. 
Authentication of the cell line was assured by the provider. The human 
HeLa-R cervical carcinoma cell line was a kind gift from Dr David Gius 
(National Institutes of Health). All cell culture reagents were obtained from 
Invitrogen (Carlsbad, CA). DoHH2 cells were grown in RPMI containing 
10% fetal bovine serum, 100 IU/ml penicillin, 100 µg/ml streptomycin, and 
2 mmol/l l-glutamine. HeLa-R cells were grown in Dulbecco’s modified 
Eagle’s medium containing 5% fetal bovine serum, 100 IU/ml penicillin, 
100 µg/ml streptomycin, and 2 mmol/l l-glutamine. Cells were grown at 
37 °C in 95% air/5% CO2 incubator. The HeLa-R CD22+ cell line was main-
tained in the same growth media as its parental line and was generated 
by transduction of HeLa-R cells with the retroviral LZRS pBMN vector-
containing human CD22 cDNA as described previously.28 Transduced cells 
were selected for CD22 expression by labeling with antihuman CD22-PE/
Cy5 antibody (BD Biosciences; San Diego, CA) then sorted using a BD 
FACS Vantage SE cell sorter.

Polymeric micelle formation and transfection. Cells were plated in 
12-well tissue culture plates at a cell density of 50,000/well on the day 
before treatment (HeLa-R and HeLa-R CD22+) or 150,000/well on the 
day of treatment (DoHH2). Lyophilized polymer was dissolved in 100% 
ethanol at 20 mg/ml then diluted to a stock concentration of 1 mg/ml in 
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phosphate-buffered saline (PBS) to form micelles. Polymer was then added 
to GAPD siRNA (sense strand 5′-GGUCGGAGUCAACGGAUUUTT-3′; 
Integrated DNA Technologies; Coralville, IA) or Silencer Negative Control 
#1 siRNA (Catalog AM4611; Ambion, Austin, TX) diluted in PBS at a 
polymer:siRNA molar ratio of 5:1 (for HeLa-R and HeLa-R CD22+ cells) 
or 3:1 (for DoHH2 cells) and incubated for 30 minutes at room tempera-
ture. The mAb-SA conjugates were then added to polymeric micelles at 
either 1:4 (for HeLa-R and HeLa-R CD22+ cells) or 1:1 (for DoHH2 cells) 
conjugate to available biotin molar ratios as determined by HABA assay 
(see Supplementary Figures S1–S5 and Supplementary Materials and 
Methods) and incubated for an additional 45 minutes at room tempera-
ture before treating cells in triplicate in 500 µl/well of Optimem or growth 
media containing 5% fetal bovine serum. Cells were exposed to the poly-
meric micelles continuously (HeLa-R and HeLa-R CD22+) or for a 2 hour 
pulse treatment followed by a media change (DoHH2) at 37 °C in a humid-
ified incubator in 95% air/5% CO2. Cells were harvested at 24 or 48 hours 
for RNA extraction and at 72 hours for protein extraction.

Dynamic light scattering. Polymeric micelles were formed as described 
above with or without GAPD siRNA at a 3:1 polymer to siRNA ratio 
and with and without the addition of mAb-SA at a 1:1 mAb-SA to avail-
able biotin ratio. Polymeric micelles were characterized for size using 
Zetasizer NanoZS size analyzer (Malvern, Worcestershire, UK). Particle 
sizes expressed as effective diameters were measured at 25 °C using 
ZetaPals zeta potential analysis software (Brookhaven Instruments, 
Holtsville, NY) and calculated using the viscosity and refractive index 
of water at 25 °C.

Red blood cell hemolysis assay. A red blood cell hemolysis assay was 
used to assess pH-dependent disruption of lipid membranes as previ-
ously described.20,29 Polymeric micelles bearing mAb-SA were prepared 
as above. Samples containing 5–40 μg/ml of polymer were added to red 
blood cell suspensions and incubated at 37 °C for 1 hour. A portion of red 
blood cells was treated with 1% Triton X-100 as a positive control. Intact 
red blood cells were pelleted and the supernatant transferred to 96-well 
flat bottom assay plates. Disruption of the red blood cell membrane 
causes the release of free hemoglobin that is quantified by absorbance 
at 541 nm wavelength. Hemoglobin content in the supernatant was mea-
sured at absorbance of 541 nm with reference measured at absorbance 
600 nm. Percent hemolysis was calculated relative to Triton X-100 treated 
samples.

Polymeric micelle internalization and microscopy. HeLaR-CD22 cells were 
plated at 200,000 per well in 12-well plates and allowed to adhere overnight. 
DoHH2 cells were plated on the day of transfection at 250,000 per well. 
Polymeric micelles were formed as above using AlexaFluor 647-labeled 
AllStars Negative Control siRNA (#1027287; Invitrogen) and added to 
cells in media containing 5% fetal bovine serum at a final concentration of 
20 nmol/l of siRNA. After incubation at 37 °C to allow internalization for 
30 to 90 minutes, cells were rinsed twice in cold PBS, trypsinized, rinsed 
again in PBS and then washed twice with 2 minute incubations in ice-cold 
RPMI (pH 2). After a final rinse in PBS, cells were resuspended in PBS with 
0.1% fetal bovine serum and intracellular fluorescence was measured on a 
BD FACS Canto flow cytometer. Untreated cells were used to set the back-
ground reference. For microscopy, cells were treated as above but instead 
cytospun on slides, dried, then fixed with 10% neutral buffered formalin 
and rinsed in PBS prior to being coverslipped with Prolong Gold anti-
fade reagent with DAPI (Invitrogen). Random fields were imaged with a 
DeltaVision RT wide-field deconvolution microscope (Applied Precision, 
Issaquah, WA) fitted with a Photometrics HQ scientific grade cooled CCD 
camera and an Olympus 100×/1.4 Plan Apochromatic objective. Three-
dimensional data sets consisting of optical sections at 0.2 microns spacing 
were collected with the manufacturer’s SoftWoRx software, and decon-
volved using a constrained iterative algorithm. Scale bars were added with 
public domain software ImageJ.

Quantitative reverse transcription-PCR. RNA was isolated using the 
RNeasy mini kit (Qiagen, Valencia, CA) and reverse transcribed using 
TaqMan Reverse Transcription reagents (Applied Biosystems, Carlsbad, 
CA). PCR were run in duplicate using an ABI Prism 7900HT real-time 
PCR instrument. Primers with FAM and VIC-labeled compatible probes 
for multiplex PCR were obtained from Applied Biosystems: target gene 
GAPD (Catalog#4352934E), STAT1 (Catalog#Hs01013996_m1), OAS1 
(Hs00973637_m1), IFNB1 (Catalog#Hs01077958_s1), and cyclophilin A 
(PPIA) internal control (Catalog#4326316E). Relative quantification of 
GAPD expression was based on the reference value from the untreated 
control.30

5′-RLM-RACE and sequencing. 5′ RLM-RACE was performed using 
the GeneRacer Kit (Invitrogen) with some modification as previously 
described.49 Briefly, 100 ng total RNA was directly ligated to 250 ng 
GeneRacer RNAOligo with T4 ligase. After phenol/chloroform extrac-
tion and ethanol precipitation, cDNA was synthesized using random 
primers. From this reaction, 1 µl was used for first round 5′RACE reac-
tion using the GeneRacer 5′ primer and GAPD-specific reverse primer 
(5′-CCTGCAAATGAGCCCCAGCCTTCTC-3′) with the following 
cycling conditions: 1 cycle of 94 °C for 2 minutes, then 5 cycles of 94 °C for 
30 seconds and 72 °C for 1 minute, then 5 cycles of 94 °C for 30 seconds 
and 70 °C for 1 minute, then 20 cycles of 94 °C for 30 seconds, and 68 °C for 
1 minute. Second-round 5′ RACE reaction was then performed using 1 µl 
of the first-round reaction and internal GeneRacer 5′ nested and GAPD-
specific nested (5′-CGCCAGCATCGCCCCACTTGATTTT-3′) primers 
using the above cycling conditions except for an extension time of 15 sec-
onds and 25 cycles. PCR were performed using an Eppendorf Mastercycler 
thermocycler. PCR products were run on a 3% agarose gel containing ethid-
ium bromide then excised and extracted using a QIAquick Gel Extraction 
kit (Qiagen). Sequencing was performed using the ABI BigDye Terminator 
v3.1 Cycle Sequencing kit and subsequently analyzed on an ABI-3730xl 
DNA Analyzer (Applied Biosystems) per manufacturer′s protocol.

GAPD protein assay. GAPD activity was measured using the KDAlert 
GAPDH assay kit (Ambion). Cells were treated in quadruplicate then lysed 
72 hours later. Lysate was transferred to a 96-well plate. KDAlert master 
mix was added and the fluorescence output was immediately read over a 
4 minute period with an excitation wavelength of 560 nm and emission 
wavelength of 590 nm.

SUPPLEMENTARY MATERIAL
Figure  S1.  HABA (4-hydroxyazobenzene-2’carboxylic acid) assay to 
determine the amount of free biotin present on polymeric micelles.
Figure  S2.  Gel shift assays demonstrating polymer binding to siRNA 
and mAb-SA conjugate.
Figure  S3.  Fluorescence microscopy of HeLa-R cells after treatment 
with nonbiotinylated polymeric micelle carrier containing 100 nmol/l 
of Cy3-labeled siRNA (red fluorescence).
Figure  S4.  HeLa-R CD22+ cell viability after 24 hours of treatment with 
BHV1-SA or HD39-SA targeted micelles at a dose of 15 nmol/l siRNA.
Figure  S5.  Suppression of Mcl-1 and NAC1 gene expression by mAb-
SA targeted polymeric micelles.
Materials and Methods.
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