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Abstract

Hybrid nanomaterials composed of synthetic and biological building blocks possess high potential
for the design of nanomedicines. The use of self-assembling nanomaterials as “bio-mimics” may
trigger cellular events and result in new therapeutic effects. Motivated by this rationale, we
designed a therapeutic platform that mimics the mechanism of immune effector cells to crosslink
surface receptors of target cells and induce apoptosis. This platform was tested against B-cell
lymphomas that highly express the surface antigen CD20. Here, two nanoconjugates were
synthesized: (1) an anti-CD20 Fab’ fragment covalently linked to a single-stranded morpholino
oligonucleotide (MORF1), and (2) a linear polymer of N-(2-hydroxypropyl)methacrylamide
(HPMA) grafted with multiple copies of the complementary oligonucleotide MORF2. We show
that the two conjugates self-assemble via MORF1-MORF2 hybridization at the surface of CD20*
malignant B-cells, which crosslinks CD20 antigens and initiates apoptosis. When tested in a
murine model of human non-Hodgkin’s lymphoma, the two conjugates, either administered
consecutively or as a premixture, eradicated cancer cells and produced long-term survivors. The
designed therapeutics contains no small-molecule cytotoxic compounds and is immune-
independent, aiming to improve over chemotherapy, radiotherapy and immunotherapy. This
therapeutic platform can be applied to crosslink any non-internalizing receptor and potentially
treat other diseases.
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Molecular biorecognition is a fundamental feature of life — many biological processes are
governed by the complex yet specific interactions between macromolecules, e.g., antibody-
antigen binding and DNA base pairing. These high-fidelity recognition motifs from nature
can be employed to design self-assembling nanobiomaterials for applications in drug
delivery,1-3 tissue engineering,* bio-detection,%-8 etc. A new direction of research is to use
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such precisely defined “smart” materials to incite or control cellular activities;*11 in this
case the materials alone, without any conventional drug, can provide therapeutic effects.
Such biomimetic strategy translates molecular biorecognition into cellular responses to
define new therapeutic entities with high functional specificity.

Non-Hodgkin’s lymphoma (NHL) is a prevalent cancer worldwide with a high mortality
rate.12 Conventional chemotherapy and radiotherapy are accompanied by significant adverse
reactions, particularly cytopenias leading to increased risk of infection and need for
transfusions. Because most NHLs are of B-cell origin, immunotherapies using monoclonal
antibodies (mADbs) targeted to the B-cell surface antigen CD20 have become common
treatments.13 However, large populations of patients exist who are not responsive to
immunotherapies, especially in the relapse setting. For example, rituximab, the most
commonly used anti-CD20 mAD, has a less than 50% overall response rate for relapsed/
refractory NHL.14 This is largely attributed to the inactivity of immune effector cells to
hyper-crosslink ligated mAbs.1516 Moreover, mAb treatments cause rare but lethal side
effects such as progressive multifocal leukoencephalopathyl’ and lung injuries,18:1% which
are due to Fc-mediated effector cellular events (e.g. complement activation).29 These
clinical obstacles are calling for new, improved therapeutic strategies.

We designed a biomimetic material platform composed of self-assembling hybrid
nanoconjugates (Figure 1A) as a therapeutic system against B-cell lymphomas (Figure 1B).
It comprises an anti-CD20 Fab’ antibody fragment, a pair of complementary
phosphorodiamidate morpholino oligomers (MORF1 and MORF2), and a linear polymer (P)
of N-(2-hydroxypropyl)methacrylamide (HPMA). We hypothesized that: (1) the exposure of
malignant CD20* B-cells to the conjugate of anti-CD20 Fab’ and MORF1 (Fab’-MORF1)
decorates the cell surfaces with MORF1; and (2) further treatment of decorated B-cells with
HPMA copolymer grafted with multiple copies of MORF2 (P-MORF2) results in MORF1-
MORF2 hybridization at the cell surface with concomitant CD20 crosslinking, which
triggers apoptosis. The proposed mechanism of apoptosis induction is shown in Figure 1B.

This design is inspired by the fact that cell surface receptor clustering is a driving force for
numerous cellular events, e.g., cell adhesion,?? cell proliferation,2? and hormone uptake.23
In particular, when CD20-bound antibodies are hyper-crosslinked by Fc receptor (FCR)-
expressing immune effector cells (e.g. macrophages, natural killer cells), CD20 clustering
occurs within lipid rafts and induces apoptosis.2* We named the designed platform “drug-
free macromolecular therapeutics” due to the absence of low-molecular-weight drugs that
are often toxic (e.g. chemotherapeutic agents).® Furthermore, each component (Fab’,
morpholino oligo, HPMA polymer) of this system, when used individually, does not have
any pharmacological effect. The apoptosis induction is direct (i.e. independent of immune
function) and specific (i.e. targeted to CD20); thus, it has the potential to address the side
effect problems of currently used immunotherapy, chemo- and radiotherapy.

The design is based on a pair of morpholino (MORF) oligonucleotides with complementary
sequences. They form double helixes by Watson-Crick base pairing (hybridization) and
serve as physical crosslinkers. MORF oligos have a charge-neutral phosphorodiamidate
backbone resulting in much stronger binding affinity than DNA or RNA.2%> More
importantly, they are biocompatible and nuclease resistant; this ensures in vivo stability and
safety.26 Due to these advantages, MORF oligos have been successfully used as
macromolecular binders to enhance therapeutic delivery.227.28 The HPMA copolymers are
water-soluble and long circulating in the bloodstream; they have well-established safety
profiles and are used extensively as therapeutic carriers.2% In aqueous solutions, linear
HPMA copolymers have a random coil conformation and are able to effectively present
targeting moieties that are grafted to the side chains.30
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In this study, we show the development and preclinical evaluation of the proposed anti-
lymphoma nanomedicine. Biorecognition of the two nanoconjugates (Fab’-MORF1 and P-
MORF2) was characterized. The therapeutic system was optimized to achieve efficient
apoptosis induction of malignant B-cell lines. Excellent anticancer efficacy (100% survival
without residual tumors) was demonstrated in a mouse model of human NHL. These
findings validate the concept of the designed therapeutic platform.

RESULTS AND DISCUSSION

To verify the concept of hybridization-mediated drug-free macromolecular therapeutics, we
selected CD20 as a pharmacological target. CD20 is a non-internalizing receptor expressed
on most NHL malignant B-cells as well as on normal B-cells.31 However, it is not expressed
on plasma cells (effector B-cells) and stem cells. Consequently, humoral immunity of
patients is not severely affected, and normal numbers of B-cells can be restored after
treatment.32:33 Here, we employed an anti-CD20 Fab’ fragment in the therapeutic system
and used NHL as a disease model to demonstrate the first example of the designed platform.

Design of MORF1 and MORF2

The MORF oligos used in this study were 25 bp and about 8.5 kDa (see structure in Figure 2
and Supplementary Figure S1). Their 3’ termini were modified with a primary amine used
for conjugation. The A/T/C/G content was selected to achieve optimal binding efficacy and
specificity (GC = 35-65%325), maintain aqueous solubility (G < 36%2%), and potentially
provide favorable pharmacokinetics (number of C < 7 to avoid rapid kidney uptake??). After
the base composition was determined, the sequences were generated by a scrambling
software to minimize off-target binding with human and murine mRNA and further
optimized to prevent self-complementarity.

Synthesis and characterization of Fab’-MORF1 and P-MORF2

To prepare the Fab’-MORF1 conjugate (Figure 2A), the Fab’ fragment from a mouse anti-
human CD20 1gG2a mAb (1F5)34 was tethered to the 3’ end of MORF1 via a thioether
bond. Optionally, the conjugates were labeled with rhodamine (RHO) for imaging studies.
Fab’-MORF1 was successfully synthesized as confirmed by HPLC (Figure 2B) and size
exclusion chromatography (SEC) (Supplementary Figure S2A); the coupling reaction
followed a 1:1 stoichiometry as characterized by MALDI-ToF mass spectrometry
(Supplementary Figure S2B) and UV-visible spectroscopy (Supplementary Figure S2C).
The molecular weight (MW) of Fab’-MORF1 was about 57.5 kDa.

To prepare the multivalent P-MORF2 conjugates (Figure 2C), we first synthesized HPMA
copolymers containing glycyl-glycine (GG; spacer) side-chains terminated in (amine-
reactive) thiazolidine-2-thione (TT) groups. These polymer precursors (P-TT) were
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. A
polymerizable fluorescein isothiocyanate (FITC) derivative was optionally added for
imaging studies. Using RAFT polymerization, polymer backbones with narrow MW
distribution (polydispersity index < 1.15, as determined by SEC) were reproducibly
synthesized. Furthermore, the amine-derivatized MORF2 oligos (MORF2-NH>) were
grafted via stable amide linkage to the side chains of the HPMA copolymers to produce
multivalent P-MORF2. The conjugates were purified and characterized by SEC (Figure 2D).
Three different P-MORF2’s with varying backbone MW and valences (number of MORF2
per polymer chain) were synthesized; see Supplementary Figure S3 for details. The
backbone number average molecular weights (Mn) of these conjugates ranged from 70 to
136 kDa. Valences of the three P-MORF2 conjugates were 2, 3 and 10, respectively.
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In vitro hybridization of Fab’-MORF1 and P-MORF2

Hybridization of the two conjugates via MORF1-MORF2 biorecognition was first evaluated
by UV-visible spectroscopy. The two conjugates were mixed in different ratios, and the
optical density at 260 nm (contributed by bases) was measured. Upon mixing Fab’-MORF1
and P-MORF2, a “hypochromic effect” was observed (Figure 3A); the OD»gonm reached a
minimum when a molar ratio of 1:1 (MORF1:MORF2) was used. Such decrease was due to
hydrogen bonding between complementary bases that limited the resonance of the aromatic
rings. This method was also used to determine hybridization of the free, unconjugated
MORF1 and MORF2, and the same hypochromicity was observed (Supplementary Figure
S4). These results indicated that the function of MORF1-MORF2 hybridization was
preserved after conjugation to Fab’ or polymers.

Furthermore, the binding of Fab’-MORF1 and P-MORF2 was characterized by dynamic
light scattering (DLS) (Figure 3B and Supplementary Figure S5). As shown in Figure 3B, a
significant and rapid increase of hydrodynamic size upon mixing the two conjugates (at
equimolar MORF1/MORF2) was revealed. The fast attainment of stable diameter (~40 nm)
reflected a fast binding kinetics (< 10 min) of MORF1-MORF2 hybridization of the
conjugates. Such rapid binding is in agreement with the literature; for example, Mang’era et
al. reported that a pair of 15-mer complementary MORF oligomers reached near-maximal
binding within 2-5 min.28 This characteristic is favorable for the design of drug-free
macromolecular therapeutics.

Circular dichroism (CD) spectroscopy was used to determine the melting temperature (Tm)
of the Fab’-MORF1/P-MORF2 complex in physiological conditions (PBS pH=7.4) (Figure
3C). First, a pronounced optical signature (maximum at 260 nm, minimum at 210 nm)
indicating A-form double helixes3® was obtained upon mixing the two conjugates; a similar
CD profile was observed when unconjugated MORF1 and MORF2 were mixed
(Supplementary Figure S6). Second, a thermal melting study was performed to analyze the
mixture of Fab’-MORF1 and P-MORF2. Data showed that the aforementioned CD signature
no longer existed at 95 °C; the positive band at 260 nm underwent a significant
bathochromic shift that produced a peak centered around 275 nm (Supplementary Figures
S7 and S8). The thermo-melting curve shown in Figure 3C demonstrates that the signal at
260 nm decreased in a sigmoidal pattern as temperature increased. Results of nonlinear
regression indicated a Tm value of about 57 to 62 °C. The Tm is well above body
temperature, suggesting in vivo stability of the binding.

Biorecognition of Fab’-MORF1 and P-MORF2 at B-cell surface

Human B-cell lymphoma Raji cell line (CD20%)31:36 was used to study the biorecognition of
Fab’-MORF1 and P-MORF?2 at the cell surface. This study was performed by confocal
fluorescence microscopy. First, exposure of Raji cells to rhodamine-labeled Fab’-MORF1
resulted in cell surface red signal (RHO) decoration due to Fab’-MORF1 binding to CD20;
cells exposed to only FITC-labeled P-MORF2 did not show any fluorescent signal (Figure
4A). Second, when Raji cells were exposed to both fluorescently labeled conjugates (Fab’-
MORF1 + P-MORF2), either consecutively or as a premixture, the red and the green (FITC)
signals were well co-localized at the surfaces of B-cells (Figure 4B). This observation
indicated successful MORF1-MORF2 hybridization at cell surface. Figure 4C shows the
microscopic images obtained from two control groups: (1) cells exposed to the premixture of
Fab’-MORF1(-RHO) and an HPMA copolymer carrying FITC dye but without MORF2 (P-
FITC); (2) a “pre-blocking” control achieved by exposing cells consecutively to Fab’-
MORF1(-RHO) followed by a mixture of P-MORF2(-FITC) with an excess of unconjugated
MORF1 (this produced HPMA copolymers grafted with double-stranded MORF; P-
dsMORF). As expected, both control treatments resulted in only the red signal at cell
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surfaces (Figure 4C) due to absence of a biorecognition pair. Results of these controls
confirmed that the cell surface biorecognition of Fab’-MORF1 and P-MORF2 was indeed
mediated by MORF1-MORF2 hybridization.

Apoptosis induction of human NHL B-cells

Apoptosis induction of human B-cell lines (Raji and DG75) was evaluated by three
methods: caspase-3 activation assay, annexin V/propidium iodide (PI) binding assay, and
terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay. Throughout
these studies, anti-CD20 1F5 mAb hyper-crosslinked with a goat anti-mouse secondary Ab
(2° Ab) was used as a positive control to imitate the function of FcR* immune effector
cells.38 This control partly reflects the therapeutic efficacy of anti-CD20 mAbs. Results
showed that co-treatment with Fab’-MORF1 and P-MORF2, either consecutively or as a
premixture, effectively induced apoptosis of Raji B-cells (Figure 5). In contrast, single-
component treatments with either Fab’-MORF1 or P-MORF2 failed to initiate apoptosis. A
series of control experiments validated the hypothesis that MORF1-MORF2 hybridization
with concomitant crosslinking of CD20 antigens is responsible for the apoptosis induction.
Raji cells were exposed to: (1) a mixture of Fab’-MORF1 and the polymer precursor P-TT;
(2) a mixture of Fab’ and P-MORF2; (3) “pre-blocked” conjugates whose MORF1 or
MORF2 binding sites were blocked by excess unconjugated complementary MORFs prior to
treatment. None of these treatments induced apoptosis, due to absence of MORF1-MORF2
hybridization (Supplementary Figure S9A). Furthermore, the apoptosis of a negative control
B-cell line (DG75) that does not (or minimally) express CD20 was evaluated.3” The levels
of apoptosis after co-treatment with two nanoconjugates were very low, and similar to that
of the untreated cells (Supplementary Figure S9B). This result indicated that CD20 binding
is a necessary event for apoptosis induction.

Optimization of apoptosis induction

To optimize the therapeutic system, several factors and their impact on apoptosis of Raji B-
cells were examined, including concentration of conjugates, ratio between two conjugates,
valence of P-MORF2, and exposure time. We started with a P-MORF2 containing about 3
oligos per polymer chain (P-MORF2/v3). Results of annexin V/PI staining assay indicated
that 1 uM Fab’-MORF1 and equimolar P-MORF2/v3 (MORF1:MORF2=1:1) induced about
40% apoptotic cells (more than 4 fold compared to untreated) (Figure 5A). When all
conditions were kept identical except different concentrations of Fab’-MORF1 (and
corresponding P-MORF2/v3), a concentration-dependent apoptosis induction was observed
(Figure 5B). Data suggested that increasing concentrations of the conjugates from 0.5 uM to
2 and 5 uM (Fab’ equivalent) resulted in higher levels of apoptosis. The dose-dependent
trends were observed in both consecutive and premixed treatment regimens as well as in the
positive control (mAb + 2° Ab). At the highest concentration tested (5 uM), apoptosis
induction by drug-free macromolecular therapeutics (Fab’-MORF1 + P-MORF2/v3) reached
about 7 fold compared to untreated controls. In addition, the percentage of the apoptotic
cells induced by mAb + 2° Ab seemed to saturate when the concentration of 1F5 mAb was
increased from 2 to 5 uM; however, such saturation was not observed in the nanomedicine
groups. This difference was likely due to P-MORF2 having multimeric interactions with
targets, in contrast to mAbs with only two binding sites.

Furthermore, we examined the influence of the valence of P-MORF2 and the ratio between
Fab’-MORF1 and P-MORF2 on apoptosis induction of Raji B-cells. A “high-valence” P-
MORF2 containing 10 oligos per chain (P-MORF2/v10) was compared with P-MORF2/v3
(3 oligos per chain). Results showed that when all treatment conditions were identical (0.5
UM Fab’, MORF1:MORF2=1:1 or 1:10), the P-MORF2/v10 conjugate induced about 2-fold
higher levels of apoptosis comparing to P-MORF2/v3 (Figure 5C). It is noteworthy that the
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consecutive treatment of Fab’-MORF1 and P-MORF2/v10 induced apoptosis more
effectively than the positive control (consecutive treatment of mAb and 2° Ab). The superior
apoptosis induction observed here was likely due to multivalency of P-MORF2/v10
resulting in higher avidity to B-cells as well as more effective CD20 clustering.38-40
Interestingly, when Raji cells were exposed to the same concentration of Fab’-MORF1 (0.5
UM), whereas a 10-time excess P-MORF2 was used (MORF1:MORF2=1:10), we did not
observe significantly enhanced apoptotic levels compared to the treatment with equimolar
MORF1/MORF2 (Figure 5C). Apparently, the MORF1 binding sites on the surfaces of the
Fab’-MORF1-decorated cells were saturated, which suggests good accessibility of MORFs
on the polymer chain for hybridization (minimal steric hindrance effect by the polymer
chain). The same trends of apoptosis induction were observed at different exposure times
and from different apoptosis assays (Supplementary Figure S10).

Preclinical evaluation in a murine model of human NHL

In vivo therapeutic efficacy of the hybridization-mediated drug-free macromolecular
therapeutics was evaluated in SCID (C.B-17) mice bearing systemically disseminated Raji
B-cells. This animal model has a near 100% tumor engraftment rate,*! and the hind-limb
paralysis-free survival time after treatment accurately reflects anticancer efficacy.#243 The
conjugates, Fab’-MORF1 and P-MORF2/v10, were injected via the tail vein of mice either
consecutively or as a premixture. Mice divided into different groups (n=6-7) received either
one or three doses of the nanomedicine, starting at 24 h after tumor injection. Doses and
treatment regimens were based on literature*243 and our previous study with peptide
conjugates.** The animal survival curve is shown in Figure 6. The negative control mice
treated with PBS (n=8) developed hind-limb paralysis in 17-35 days after injection of
cancer cells; the median survival time was 24 days. This observation was in agreement with
the literature.*344 A single administration of the consecutive treatment (Cons x1;
MORF1:MORF2=1:1) substantially extended the animal survival (median survival time: 81
days). A single premixed dose (Prem x1; MORF1:MORF2=1:1) had similar efficacy as the
consecutive treatment, resulting in a median survival of 78 days. When the same dose of
Fab’-MORF1 (57.5 pg/20 g) was given but followed by a 5-time excess P-MORF2/v10
(MORF1:MORF2=1:5), the efficacy significantly improved over the treatment with
equimolar MORF1/MORF2. A single administration of such treatment (Cons (1:5) x1)
produced a 67% survival rate (4/6 long-term survivors; 125 days). The discrepancy between
in vivo and in vitro data (Figure 5C), when excess P-MORF2 was used, can be explained by
blood dilution of the conjugates, which interferes with binding saturation.

Excellent therapeutic efficacy was observed with the groups of mice that received 3
consecutive administration doses (Cons x3; n=7) or 3 premixed administration doses (Prem
x3; n=7). All mice survived until the experimental endpoint (day 125). The positive control
group (n=7) that received 3 equivalent doses of 1F5 mAb (i.v.) had an 86% survival rate.
Although the difference to the 3-dose nanomedicine groups is not statistically significant,
the anticancer activity of the nanomedicine, unlike mAbs, is independent of immune effector
mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC).%°> These data indicated that the direct apoptosis induction
strategy can be as effective as the immunotherapy while simultaneously reducing the
concerns of side effects that are mostly associated with ADCC and CDC.2045 The
preclinical evaluation here demonstrated the in vivo anticancer efficacy of the hybridization-
mediated drug-free macromolecular therapeutics and suggested that the therapeutic efficacy
can be further improved by increasing the number of treatments and/or the dose of the
second, therapeutically active conjugate (P-MORF2).
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Analysis of in vivo anti-lymphoma efficacy

Using the above-mentioned animal model, eradication of Raji cells in SCID mice after
treatment with Fab’-MORF1 and P-MORF2 was confirmed by MRI, flow cytometry and
histology. MRI with gadolinium-based contrast at 4-5 weeks after injection of cancer cells
showed that the control mice treated with PBS developed tumors in the lumbar spinal cord,
whereas three doses of the nanomedicine prevented tumor development (Figure 7A). The
surviving mice treated with Cons x3 or Prem x3 were imaged again on week-16; no relapse
of the disease was observed (Supplementary Figure S11). After the mice were sacrificed,
flow cytometry was performed to analyze residual Raji cells (human CD10* CD19™) in the
femoral bone marrow (Figure 7B). Two fluorescently labeled antibodies, PE-labeled mouse
anti-human CD10 and APC-labeled mouse anti-human CD19, were used for flow cytometry
analysis.*6 Results indicated that the paralyzed animals (PBS-treated) bore significant
amounts of Raji cells in the bone marrow, while all long-term survivors in the therapy
groups (Cons %3 and Prem x3) were tumor free (Figure 7C). Flow cytometry also confirmed
Raji cells in the spinal cord of paralyzed mice (PBS-treated), but not in the long-term
survivors (Supplementary Figure S12), which was in agreement with MRI data.
Furthermore, histological examination disclosed lymphoma dissemination in the liver, lung
and brain of PBS-treated mice (Figure 8). In contrast, no tumors were found in the long-term
survivors. Importantly, histology suggested no toxicity caused by the treatments in any of
the tissues evaluated; this corresponded to a stable body weight growth of the treated
animals (Supplementary Figure S13). These results in conjunction indicated that the
nanomedicine successfully inhibited lymphoma cell growth/dissemination in vivo without
acute toxicity.

CONCLUSIONS

Data presented here validate the proposed concept of hybridization-mediated cell surface
antigen crosslinking and apoptosis induction. A unique bio-inspired nanomaterial system has
been demonstrated where extracellular hybridization of oligonucleotide analogues translates
into innate biological responses. The cellular event (apoptosis) is triggered by specific
biorecognition defined from the molecular level (i.e. base pairing), suitable for the design of
precisely targeted therapeutics. The proposed two-step (consecutive) treatment offers the
opportunity of pretargeting.4’-4° This is an advantage over the premixed treatment and other
single-component anti-CD20 constructs, such as rituximab polymers®® and multivalent anti-
CD20 Fab’-functionalized polymers.38-40 For example, the timing of administration of the
crosslinking dose (P-MORF2) can be optimized based on biodistribution of the pretargeting
dose (Fab’-MORF1), in order to achieve maximal tumor-to-tissue accumulation in
individual patients and enable more efficient treatment. This approach would also limit
potential adverse reactions associated with off-target binding, thus being beneficial for the
treatment of solid tumors as well as disseminated diseases. For blood-based cancers, the
pharmacokinetics of Fab’-MORF1 and the binding Kinetics of Fab’-MORFL1 to diseased
cells can be further studied to determine the best timing for P-MORF2 administration.

The presented work offers a new strategy in lymphoma treatment by immune-independent
apoptosis induction. This is a potential improvement over currently used immunotherapies
with type | anti-CD20 mAbs (e.g. rituximab).1416 Comparing to type Il anti-CD20 mAbs
(e.g. obinutuzumab) that may also induce direct apoptosis,>! our nanomedicine approach
still possesses two advantages: (1) superior targeting of B-cells due to multivalency, and (2)
potential for decreased side effects that are associated with immune functions. Previously
our lab has designed and developed a pilot anti-CD20 drug-free macromolecular therapeutic
system using a pair of pentaheptad peptides that formed antiparallel coiled-coil heterodimers
as the biorecognition moieties.®#4 When compared to this previous design using peptides,
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the MORF oligos clearly demonstrated faster binding kinetics as well as more efficient
binding (equimolar MORF1/MORF2 reached binding saturation in vitro), therefore resulting
in superior apoptosis induction and in vivo anti-lymphoma efficacy (see Supplementary
Discussion in Sl for details).

Besides lymphomas, the therapeutic conjugates developed here can be used for other B-cell-
associated diseases such as rheumatoid arthritis, multiple sclerosis, and chronic lymphocytic
leukemia. The designed platform can be applied to crosslink any non- or slowly
internalizing receptor (e.g. CD45,52 prostate stem cell antigen3) and control different
cellular activities.21~23 In addition, other targeting moieties (e.g. aptamer instead of Fab’)4°
can be used to construct various self-assembling antigen crosslinkers. Therefore, this work
constitutes a new paradigm of nanomaterial-based therapeutics with significant potential for
the treatment of multiple different diseases.

MATERIALS AND METHODS
MORF1 and MORF2

The two complementary 3’-amine-derivatized 25-mer phosphorodiamidate morpholino
oligomers were from Gene Tools, LLC (Philomath, OR). MORF1: 5’-
GAGTAAGCCAAGGAGAATCAATATA-linker-amine-3° (MW=8630.5 Da); MORF2: 5’-
TATATTGATTCTCCTTGGCTTACTC-linker-amine-3’ (MW=8438.5 Da). Structure of the
linker is shown in Supplementary Figure S1. For the design of base sequences, a sequence
scrambling software (http://www.sirnawizard.com/scrambled.php) and a sequence analysis
software (http://www.basic.northwestern.edu/biotools/oligocalc.html) were used.

Preparation of Fab’-MORF1

The 1F5 mAb was prepared from a murine hybridoma cell sub-clone 1F5 (ATCC, Bethesda,
MD) in a CellMax® bioreactor (Spectrum Laboratories, Rancho Dominguez, CA).
Antibodies were harvested from the culture media, and purified on a Protein G Sepharose 4
Fast Flow column (GE Healthcare, Piscataway, NJ). Preparation of Fab” from mAb followed
a previously reported procedure.>* Briefly, mAb was digested into F(ab’), with 10% (w/w)
pepsin (Sigma, St. Louis, MO) in citric buffer (pH 4.0). Immediately before conjugation,
F(ab’), was reduced to Fab’ by 10 mM tris(2-carboxyethyl)phosphine (Thermo Scientific,
Waltham, MA). To prepare the Fab’-MORF1 conjugate, the MORF1 oligo containing a 3’-
primary amine was reacted with succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC) to introduce a terminal (thiol-reactive) maleimide group. This
produced MORF1 with 3’-maleimide (MORF1-mal). MORF1-mal was then conjugated to
Fab’ (containing a terminal thiol group) via a thioether bond to obtain Fab’-MORF1. The
conjugates were purified using SEC to remove free, unconjugated Fab’ and MORF1. For
detailed procedures regarding the synthesis and characterization of Fab’-MORF1, see
Supporting Information.

Preparation of P-MORF2

The polymer precursors (P-TT and P-TT-FITC), namely, copolymers of N-(2-
hydroxypropyl)methacrylamide (HPMA), N-methacryloylglycylglycine thiazolidine-2-
thione (MA-GG-TT), and optionally N-methacryloylaminopropyl fluorescein thiourea (MA-
FITC), were synthesized by RAFT copolymerization. 2,2’-Azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride (VA-044; Wako Chemicals, Richmond, VA) was used as the
initiator, and 4-cyanopentanoic acid dithiobenzoate (CPDB) as the chain transfer agent.
CPDB?%% and monomers HPMA,® MA-GG-TT,>” and MA-FITC58 were synthesized as
previously described. For detailed procedures regarding the RAFT copolymerization and the
synthesis and characterization of P-MORF2, see Supporting Information.
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Quantification of Fab’-MORF1 and P-MORF2

UV-visible spectroscopy was used for quantification of MORF1 and MORF2 oligos, as well
as determination of the content of MORFs in the conjugates. The molar absorptivities of
MORF1 and MORF2 (at 265 nm, in 0.1 N HCI) were 278,000 and 252,000 (M~1 cm™1),
respectively. The valence of the P-MORF2 conjugates was determined using the extinction
coefficient of MORF2 and the Mn’s of the polymer backbones; see Supporting Information
for details. The MORF2 equivalent concentration of P-MORF2 conjugates was quantified
using UV-visible spectroscopy. The Fab’ equivalent concentration of the Fab’-MORF1
conjugate was quantified by the bicinchoninic acid (BCA) protein assay (Thermo Scientific
Pierce, Rockford, IL).

Confocal fluorescence microscopy

Human Burkitt’s B-cell non-Hodgkin’s lymphoma Raji cell line (ATCC, Bethesda, MD)
was cultured in RPMI-1640 medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT) at 37 °C in a humidified atmosphere with 5% CO, (v/
v). All experiments were performed using cells in exponential growth phase. For the
consecutive treatment, cells at a density of 10® per well were incubated with 0.4 mL Fab’-
MORF1-RHO (0.4 uM Fab’ equivalent) in culture medium at 37 °C for 1 h; then the cells
were washed twice with PBS prior to incubation with 0.4 mL of P-MORF2-FITC (0.4 uM
MORF2 equivalent) for another 1 h. For the premixed treatment, Fab’-MORF1-RHO and P-
MORF2-FITC were firstly mixed in culture medium in equimolar concentrations (0.4 uM)
for 1 h; then cells at the same density were incubated with 0.4 mL of the premixture solution
for 1 h. After incubation, the cells were washed twice with PBS (to discard the media that
contained the conjugates), and then plated onto sterile 35-mm glass bottom dishes with 14-
mm microwells (MatTek Corporation, Ashland, MA) for imaging, using Olympus laser
scanning confocal microscope (FV 1000). For control studies, concentrations of all
corresponding components were kept consistent; excess amounts of P-FITC and P-dsMORF
were used. Prior to analysis, cells incubated with FITC-labeled 1F5 mAb, rhodamine-
labeled F(ab”),, and PBS were used to adjust channel setting and confirm CD20 binding.

In vitro apoptosis evaluation

Apoptosis of human NHL B-cells was evaluated by three methods: caspase-3 assay, annexin
V/PI assay, and TUNEL assay. These assays evaluated apoptosis from different aspects —
levels of caspase-3 activation represented apoptotic protein expression; annexin V/PI
binding characterized cell membrane flipping as an early apoptotic event; TUNEL assay
analyzed genomic DNA fragmentation as a late apoptotic event. Quantification of apoptotic
activity (% apoptotic cells) was performed by flow cytometry. For detailed procedures of
each assay, see Supporting Information.

In vivo anticancer efficacy

Female C.B-17 SCID mice (Charles River Laboratories, Wilmington, MA) at about 7 weeks
of age were intravenously injected with 4 x 106 Raji cells in 200 pL saline via the tail vein
(day 0). This animal model represents dissemination, infiltration and growth of lymphoma
cells in various organs, including spinal cord that leads to hind-limb paralysis and
subsequent animal death.#1-43 The onset of hind-limb paralysis was the experimental end
point; in addition, mice were sacrificed when body weight loss was > 20%. Animals without
signs of paralysis/sickness were kept until 125 days and considered long-term survivors. The
conjugates, Fab’-MORF1 (57.5 pg/20 g; 1 nmol MORF1) and P-MORF2/v10 (22 pg/20 g; 1
nmol MORF2), were dissolved in 100 pL PBS and injected via tail vein either consecutively
(1-h interval) or as a premixture (mixed 1 h prior to treatment). The inoculated mice were
divided into seven groups: (1) negative control (injected with 200 uL PBS), (2) single
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administration of the consecutive treatment (Cons x1), (3) single administration of the
premixed treatment (Prem x1), (4) consecutive treatment administered three times (Cons
x3), (5) premixed treatment administered three times (Prem x3), (6) single administration of
the consecutive treatment but with 5% excess P-MORF2/v10 (110 pg/20 g; 5 nmol MORF2)
to Fab’-MORF1 (Cons (1:5) x1), and (7) positive control injected with 3 doses (75 pg/20 g;
1 nmol Fab’-equivalent per dose) of 1F5 mAD via tail vein. For single-dose groups,
conjugates were administered on day 1 (24 h after injection of cancer cells); for multiple-
dose groups, conjugates (or mAb) were given on days 1, 3 and 5. To monitor disease
progression, mice (2—4 per group) were scanned by T;-weighted MRI on weeks 4, 5 and 16.
Gadobenate dimeglumine (MultiHance®; Bracco SpA, Milan, Italy) was injected (i.v.) at 0.3
mmol/kg 20 min prior to imaging. Pre-contrast images were used for comparison. See
Supporting Information for detailed MRI procedures. All animal experiments were
performed according to the protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Utah.

Flow cytometry analysis of residual Raji cells

After mice were sacrificed, the following organs/tissues were analyzed by flow cytometry
for residual Raji cells: bone marrow (femur), mesenteric and inguinal lymph nodes, spinal
cord, and spleen. Two fluorescently labeled antibodies, R-phycoerythrin (PE)-labeled mouse
anti-human CD10 (IgG1, « isotype) and allophycocyanin (APC)-labeled mouse anti-human
CD19 (1gG1, « isotype) (BD Biosciences, San Jose, CA), were used to stain Raji B-cells.46
Single-cell suspensions were prepared from the organs/tissues using the following
procedures. For bone marrow, fresh femurs were purged with 1 mL PBS to obtain cell
suspensions. Cells were resuspended in 5 mL red blood cell (RBC) lysis buffer and
incubated at RT for 5 min. Cells were then washed with 5 mL PBS and centrifuged to
remove debris, followed by resuspension in 400 L cold washing buffer and equally divided
into 4 tubes: (1) non-stained control, (2) CD10 singly-stained, (3) CD19 singly-stained, and
(4) CD10/CD19 doubly-stained cells. For the staining, 20 pL of each antibody was added to
100 pL cell suspension containing about 10° cells. Cells were incubated for 30 min at 4 °C
in the dark, and washed with 1.5 mL washing buffer prior to analysis. For lymph nodes,
spinal cord and spleen, a mechanical method was used. Tissues were gently disaggregated
with the help of tweezers in a Petri dish containing 1 mL PBS. The suspensions were passed
through a 70-um Falcon™ cell strainer (BD Biosciences) to remove large clumps and debris,
and then cells were centrifuged and resuspended in 5 mL RBC lysis buffer. The rest of the
procedures were the same as aforementioned. For flow cytometry analysis, data of 1-1.5 x
10° cells were recorded.

Pathological and histopathological examinations

Immediately after mice were sacrificed, the following organs/tissues were harvested for
pathological evaluation: brain, heart, lung, liver, spleen, kidneys, spinal cord and lymph
nodes. These organs/tissues were fixed in 10% formalin overnight at RT, and then
transferred and preserved in 70% ethanol. Histopathological examination was performed by
a blinded veterinary pathologist at ARUP Laboratories (Salt Lake City, UT). Sections were
cut at 4-um thickness, mounted on glass slides, and stained by hematoxylin and eosin
(H&E).

Statistical analysis

All experiments in this study were at least triplicated. Quantified data were presented as
mean + standard deviation (SD). Statistical analyses were performed by Student’s t test to
compare between two groups, or one-way analysis of variance (ANOVA) to compare three
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more groups (with p value < 0.05 indicating statistically significant difference). Animal
rvival analysis was performed with the log-rank test using the GraphPad Prism 5 software.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Self-assembling hybrid nanoconjugates for apoptosisinduction

(A) General design concept of the therapeutic platform. Two nanoconjugates that self-
assemble via biorecognition can be administered consecutively as pretargeting and
crosslinking doses, or premixed to form a multivalent construct and used as a single dose.
(B) Apoptosis induction of B-cells by crosslinking of the CD20 antigens that is mediated by
extracellular hybridization of complementary morpholino oligonucleotides (MORF1-
MORF2).
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Figure 2. Synthesis and characterization of Fab’-M ORF1 and P-M ORF2

(A) Scheme of Fab’-MORF1 synthesis. *SMCC: succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate heterobifunctional linker. (B) HPLC analysis
of the Fab’ fragment (Fab’-SH) of 1F5 mAb and the Fab’-MORF1 conjugate; Agilent
Zorbax 300SB-C18 column (4.6 x 250 mm) eluted with a gradient of buffer A (H,O + 0.1%
trifluoroacetic acid v/v) and buffer B (acetonitrile + 0.1% trifluoroacetic acid v/v). (C)
Scheme of the synthesis of polymer precursors (P-TT) and multivalent conjugates (P-
MORF2). MA-GG-TT: N-methacryloylglycylglycine thiazolidine-2-thione (MA-GG-TT).
(D) SEC analysis of representative P-TT and P-MORF2 (valence=3); Superose 6 HR10/30
column (acetate buffer + 30% acetonitrile v/v).
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Figure 3. In vitro hybridization of Fab’-M ORF1 and P-M ORF2

80 100

(A) Hypochromic effect upon hybridization of Fab’-MORF1 and P-MORF2 as analyzed by
UV-Vis. The optical density (OD) at 260 nm decreased when the two conjugates were
mixed (in different ratios). (B) Effective hydrodynamic diameters of the two conjugates and
their mixture (equimolar MORF1/MORF2; tested at different times after mixing) as
characterized by dynamic light scattering. The valence of P-MORF2 was 3. Statistics, unless
otherwise indicated, was performed by comparing the mixture with P-MORF2 (*: p < 0.05,
**:p < 0.005, n.s.: no significant difference). (C) CD thermal melting curve of the
hybridized Fab’-MORF1/P-MORF2. The molar ellipticity (6) at 260 nm underwent a
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sigmoidal decrease as temperature increased. The melting temperature (Tm) resulted from
fitting the data to a logistic function using nonlinear regression (GraphPad Prism 5
software). All experiments were performed at physiological conditions (PBS, pH=7.4). Data
are presented as mean + SD (n=3).
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Figure 4. Biorecognition of Fab’-M ORF1 and P-M ORF2 at cell surface

Confocal microscopic images of Raji B-cells (CD20%) exposed to Fab’-MORF1 (labeled
with rhodamine; red) and P-MORF2 (labeled with FITC; green; valence=2) are shown.
Trans: images acquired under transmitted light, R: red channel, G: green channel. (A) Cells
exposed to only Fab’-MORF1 (0.4 uM) or P-MORF2 (0.4 uM, MORF2 equivalent). (B)
Cells exposed to the mixture of Fab’-MORF1 (0.4 uM) and P-MORF2 (0.4 uM, MORF2
equivalent) (Premixed), or Fab’-MORF1 first, followed 1 h later by P-MORF2
(Consecutive). (C) Control studies: (left panel) cells exposed to a premixture of Fab’-
MORFL1 (0.5 uM) and polymer precursors labeled with FITC (P-FITC; excess amount);
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(right panel) cells exposed consecutively to Fab’-MORF1 (0.5 uM) and P-MORF2 pre-
blocked by MORF1 (P-dsMORF; excess amount).
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Figure 5. Apoptosisinduction of Raji B-cells

Percentage of apoptotic cells were analyzed by annexin V/PI binding and quantified by flow
cytometry. Incubation time was 48 h. (A) Untreated: cells in culture medium; mAb + 2° Ab:
1F5 mAb (1 uM) followed (1 h later) by goat anti-mouse secondary Ab (0.5 uM); Fab’-
MORF1: single-component at 1 uM; P-MORF2: single-component of P-MORF2/v3 at 1 uM
(MORF2-eqv.); Consecutive: Fab’-MORF1 (1 uM) followed (1 h later) by P-MORF2/v3 (1
UM); Premixed: premixture of Fab’-MORF1 (1 pM) and P-MORF2/v3 (1 uM). Statistics,
unless otherwise indicated, was performed by comparing each group with untreated (***: p
< 0.0001, n.s.: no significant difference). (B) Treatments with different concentrations of
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Fab’-MORFL1 (as indicated) and corresponding P-MORF2/v3 (at equimolar MORF1/
MORF2). **: p < 0.005, n.s.: no significant difference. (C) Treatments with different
valences of P-MORF2 (3 or 10 MORF2 per polymer chain) and different MORF1:MORF2
molar ratios (1:1 or 1:10). Cons: consecutive treatment of two conjugates; Prem: premixture
of two conjugates. Concentration of Fab’-MORF1 was 0.5 pM. P-MORF2: single-
component treatment with P-MORF2/v3 or P-MORF2/v10 at 5 uM (MORF2 equivalent);
mAb + 2° Ab: 1F5 mAb (0.5 uM) followed by goat anti-mouse secondary Ab (0.25 uM).
Statistics, unless otherwise indicated, was performed by comparing each “high-valence”
group with the corresponding “low-valence” group (**: p < 0.005, n.s.: no significant
difference). All data are presented as mean £+ SD (n=3).
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Figure 6. Therapeutic efficacy of the nanomedicine against systemic lymphomain SCID mice
Four million Raji B-cells were injected via tail vein on day 0; incidence of hind-limb
paralysis or survival of mice was monitored until day 125. One-dose treatment on day 1;
three-dose treatment on days 1, 3, and 5. PBS: mice injected with PBS (n=8); Cons x1:
consecutive treatment of Fab’-MORF1 and P-MORF2/v10, 1-dose (n=7); Prem x1:
premixture of Fab’-MORF1 and P-MORF2/v10, 1-dose (n=7); Cons (1:5) x1: consecutive
treatment, MORF1:MORF2=1:5, 1-dose (n=6); Cons x3: 3 doses of consecutive treatment
(n=7); Prem x3: 3 doses of premixture (n=7); 1F5 mAb x3: 3 doses of 1F5 mAb (n=7). The
paralysis-free survival of mice is presented in a Kaplan-Meier plot. Numbers of long-term
survivors in each group are indicated (if any). Statistics was performed with log-rank test (*:
p <0.05, ***: p <0.0001, n.s.: no significant difference).
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Figure 7. Eradication of Raji cellsin SCID mice

Mice i.v. injected with 4 x 10° Raji B-cells on day 0 were exposed to different treatments —
PBS: mice injected with PBS; Cons x3: consecutive treatment of Fab’-MORF1 and P-
MORF2/v10 on days 1, 3 and 5; Prem x3: 3 doses of the premixture of Fab’-MORF1 and P-
MORF2/v10 on days 1, 3 and 5. (A) Post-contrast T1-weighted sagittal MRI focusing on the
lumbar spine of mice. A heterogeneous appearance and irregularly shaped masses indicating
tumor nodules (red arrows) were observed in the spinal cord of control mice (PBS, n=4), but
not in the treated mice (Cons x3 and Prem x3, n=4). (B) Flow cytometry analysis of residual
Raji cells in the bone marrow (BM) of the PBS-treated, paralyzed mice (PBS) and the
nanomedicine-treated, surviving mice (Cons x3, Prem x3). Bone marrow cells isolated from
the femur of mice and Raji cells from culture flasks (upper right panel) were stained with
PE-labeled mouse anti-human CD10 and APC-labeled mouse anti-human CD19 antibodies.
(C) Quantitative comparison of % Raji cells (human CD10" CD19%) in the bone marrow of
control mice (PBS, n=6) and the nanomedicine-treated mice (Cons x3 and Prem x3, n=7 per
group) as analyzed by flow cytometry. Each data point represents an individual mouse;
mean % is indicated. Statistics was performed by Student’s t test of unpaired samples (*: p <
0.05).
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Figure 8. Histopathological examination

(A) Control mice that were injected with Raji cells and treated with PBS developed
metastatic tumors in the liver (2 mice found with tumors/4 mice examined), lung (3/4), and
brain (1/4), as demonstrated by invasion of monomorphic lymphoma cells (red asterisks)
and disruption of normal tissue architecture. (B) Three doses of the consecutive treatment of
Fab’-MORF1 and P-MORF2 (Cons x3) resulted in no evidence of lymphoma invasion (0/3,
for all organs). (C) Three doses of the premixed treatment (Prem x3) prevented lymphoma
dissemination (0/3, for all organs). Hematoxylin and eosin (H&E)-stained tissue specimens
were examined by a blinded veterinary pathologist. No toxicity of the treatment was
suggested in any of the organs evaluated.
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