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Significance

Multiple myeloma (MM) patients 
face relapse and short survival 
rates. Thus, there is an urgent 
clinical need for therapeutic 
strategies to evade MM drug 
resistance. Rather than targeting 
MM directly, the surrounding 
bone marrow can be targeted to 
prevent MM homing, 
proliferation, and drug 
resistance. Here, we developed a 
nanoparticle platform to 
overcome bone marrow delivery 
barriers and deliver nucleic acid 
therapeutics. We show that small 
interfering RNA (siRNA) silencing 
of a protein secreted by bone 
marrow, cyclophilin A, inhibits 
the spread of MM. Additionally, 
a combination of our platform 
and FDA-approved MM 
therapeutic bortezomib 
dramatically extended mouse 
survival compared to either 
treatment alone. This siRNA 
nanotechnology can potentially 
serve as a platform to treat other 
bone marrow-homing 
malignancies.
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Multiple myeloma (MM), a hematologic malignancy that preferentially colonizes the bone 
marrow, remains incurable with a survival rate of 3 to 6 mo for those with advanced disease 
despite great efforts to develop effective therapies. Thus, there is an urgent clinical need 
for innovative and more effective MM therapeutics. Insights suggest that endothelial cells 
within the bone marrow microenvironment play a critical role. Specifically, cyclophilin A 
(CyPA), a homing factor secreted by bone marrow endothelial cells (BMECs), is critical to 
MM homing, progression, survival, and chemotherapeutic resistance. Thus, inhibition of 
CyPA provides a potential strategy to simultaneously inhibit MM progression and sensitize 
MM to chemotherapeutics, improving therapeutic response. However, inhibiting factors 
from the bone marrow endothelium remains challenging due to delivery barriers. Here, 
we utilize both RNA interference (RNAi) and lipid–polymer nanoparticles to engineer a 
potential MM therapy, which targets CyPA within blood vessels of the bone marrow. We 
used combinatorial chemistry and high-throughput in vivo screening methods to engineer 
a nanoparticle platform for small interfering RNA (siRNA) delivery to bone marrow 
endothelium. We demonstrate that our strategy inhibits CyPA in BMECs, preventing 
MM cell extravasation in vitro. Finally, we show that siRNA-based silencing of CyPA in a 
murine xenograft model of MM, either alone or in combination with the Food and Drug 
Administration (FDA)-approved MM therapeutic bortezomib, reduces tumor burden and 
extends survival. This nanoparticle platform may provide a broadly enabling technology 
to deliver nucleic acid therapeutics to other malignancies that home to bone marrow.

nanomedicine | RNA therapeutics | drug delivery

Multiple myeloma (MM) accounts for ~23% of all hematological malignancies in the 
United States, with the highest incidences observed in developed countries, including 
western Europe and Australia (1, 2). Characterized by the accumulation of monoclonal 
plasma cells in the bone marrow (SI Appendix, Fig. S1) (2–4), clinical manifestation of 
the disease includes anemia causing fatigue, immune paresis leading to infection, renal 
failure, and osteolytic breakdown of bone by activated osteoclasts, resulting in painful 
lytic bone destruction (5, 6). Despite recent advances in understanding the pathogenesis 
of MM, the disease remains incurable, with a 5-y survival rate of ~50% (7). In addition, 
relapse has become an inevitable part of the disease course, leading to the development 
of relapsed/refractory MM (RRMM). Patients with RRMM face even shorter survival 
rates of only 3 to 6 mo (8) and are typically less responsive to standard salvage therapies. 
Current approaches include using proteasome inhibitors such as bortezomib, a US Food 
and Drug Administration (FDA)-approved therapy for newly diagnosed and RRMM 
patients (5). However, following bortezomib therapy, most patients relapse and subse-
quentially develop resistance to such therapy (9, 10). Thus, effective therapeutic strategies 
are needed to evade resistance in MM.

The inevitability of MM relapse following bortezomib treatment has prompted inves-
tigation into the cellular mechanisms that underpin drug resistance. Recent work has 
demonstrated that the bone marrow microenvironment, and its physical interactions with 
MM cells, facilitates disease progression and drug resistance (11–14). Through secretome 
analysis of the bone marrow endothelium, the secreted factor cyclophilin A (CyPA), a 
ubiquitously abundant protein that is secreted in response to inflammatory stimuli (15, 
16), was shown to promote the colonization, proliferation, and drug resistance of MM 
(17). Thus, the bone marrow microenvironment plays a critical role in disease progression 
by promoting the adhesion and accumulation of MM cells (17–20). Once secreted by 
bone marrow endothelial cells (BMECs), CyPA acts as a chemoattractant promoting the 
migration of MM cells via the CD147 receptor, which leads to the initiation of their 
proliferation and homing within the bone marrow (Fig. 1A) (17). Thus, inhibition of D
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CyPA secretion from BMECs provides a potential therapy to abol-
ish MM cell colonization and proliferation in bone marrow.

To date, there are no small-molecule compounds that effec-
tively inhibit the expression and secretion of CyPA specifically 
from BMECs. A combination RNA interference (RNAi) 
approach, which simultaneously inhibits traditionally undrugga-
ble targets by directly reducing messenger RNA (mRNA) expres-
sion (17), is therefore a promising approach to inhibit MM 
progression and drug resistance. Small interfering RNA (siRNA) 
therapeutics have broad potential to reversibly silence any gene 
and are under development for the treatment of a range of diseases 
including cancer (18). However, the delivery of siRNA is limited 
by its instability in the bloodstream and an inability to readily 
traverse cell membranes; thus, there is a need for safe and effective 
delivery methods for targeted delivery. Nanoparticle (NP) delivery 
systems can overcome these obstacles by i) reducing degradation 
of RNA by endonucleases in blood, ii) avoiding renal clearance, 

iii) delivering RNA to specific cells and tissues via functionaliza-
tion of NP surface chemistry, and iv) mediating target cell entry 
and cytoplasmic delivery. Of note, the NP-based siRNA thera-
peutic developed by Alnylam Pharmaceuticals was approved by 
the FDA in 2018, and the NP-based mRNA vaccines against 
COVID-19, developed by Moderna and Pfizer/BioNTech, 
received FDA approval first for emergency use and then for full 
approval, demonstrating the translatability of NPs for RNA deliv-
ery (19–23). Hence, we hypothesized that inhibition of CyPA 
secretion from BMECs using a siRNA-based therapy using NPs 
may decrease MM adhesion to BMECs and reduce their ability 
to colonize the bone marrow.

Here, we developed NPs comprised of a polymer-lipid hybrid 
material and a lipid-poly(ethylene) glycol (PEG) conjugate to ena-
ble nucleic acid encapsulation and in vivo siRNA delivery to the 
bone marrow. Previously, a polymer-lipid NP design termed 7C1 
had been shown to efficiently deliver siRNA to endothelial cells in 

Fig. 1. Engineering lipid–polymer nanoparticles (NPs) for siRNA delivery to the bone marrow microenvironment for multiple myeloma therapy. (A) Illustration of 
CyPA–CD147 complex mediating MM cell migration and bone marrow colonization. Created with BioRender.com. (B) Schematic showing high-throughput in vivo 
screening to identify NPs for siRNA delivery to bone marrow. A library of 15 NPs encapsulating barcoded DNA was used to determine the top NP formulation 
for delivery to the bone marrow microenvironment. The lead NP formulation was used to deliver CyPA siRNA to the bone marrow and inhibit MM progression. 
(C) Cryo-TEM micrograph showing the size and multilamellar structure of the NPs. (D) Hydrodynamic diameter and (E) zeta potential values of the lead (B1) NP 
formulation. Data are shown as mean ± SD.D
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the lung, heart, and kidney (21). More recently, these formulations 
were modified to target BMECs to deliver siRNA and sgRNA, and 
these studies found that the PEG mole percent is a critical factor 
that influences endothelial cell targeting (22, 23). Similarly, others 
have shown that small variations in NP composition, such as lipid 
length or structure, PEG molecular weight, or PEG mole percent-
age, can drastically impact their biodistribution in the body (24–28). 
Thus, by altering the lipid length, PEG molecular weight, and PEG 
mole percentage, we screened 15 unique polymer-lipid NPs simul-
taneously to determine the lead NP formulation to maximize the 
delivery of siRNA to BMECs in vivo using a DNA barcoding 
approach (25, 29).

In the present work, we identified an optimal NP design that 
delivers siRNA to bone marrow and showed that this formulation 
successfully silenced CyPA in BMECs. Further, siRNA delivery 
using our lead NP decreased MM cell adhesion and invasion across 
BMECs and sensitized MM cells to chemotherapy. Treatment 
with NPs encapsulating CyPA siRNA (siCyPA) extended survival 
in a xenograft mouse model of MM, and mouse survival was 
further extended in combination with the FDA-approved MM 
drug bortezomib. Together, our results demonstrate how targeting 
the bone marrow microenvironment, either alone or in combina-
tion with therapeutics targeting cancer cells themselves, could be 
a promising means to treat malignancies like MM that progress 
following colonization in the bone marrow.

Results and Discussion

NP Synthesis and Characterization. To evaluate NP formulation 
parameters that enable nucleic acid delivery to the bone marrow 
microenvironment, we created a library of NP formulations 
consisting of a polymer–lipid hybrid material and a lipid–
polyethylene glycol (PEG) conjugate (21, 22). Low-molecular-
weight polethyleneimine (PEI) and epoxide-terminated lipids 
were reacted using Michael addition chemistry to synthesize the 
polymer–lipid hybrid (SI Appendix, Fig. S2). NPs were formulated 
by combining the polymer–lipid, lipid–PEG, and nucleic acids via 
controlled mixing in a microfluidic device (30). For the barcoding 
studies, unique DNA barcode strands were encapsulated in each 
formulation so that they could be detected in each tissue via deep 
sequencing (Fig. 1B). A library of 15 unique NPs was formulated 
by modifying the following lipid–PEG parameters: i) tail length 
of the lipid–PEG in the NP membrane (C14, C16, or C18), 
ii) molecular weight of the PEG surface coating (750, 1,000, 
2,000, 3,000, or 5,000 kDa), and iii) PEG surface density on the 
NP, which was altered by varying the overall molar percentage of 
PEG within the formulation (20 to 30% by weight) (SI Appendix, 
Fig. S2B).

Cryogenic transmission electron microscopy (cryo-TEM) showed 
that the resulting NPs have a multilamellar structure and are mon-
odisperse (Fig. 1C). Dynamic light scattering measurements showed 
that each NP formulation was between 80 and 95 nm in diameter 
(Fig. 1D and SI Appendix, Fig. S2B). Moreover, zeta potential meas-
urements for each NP in the library ranged from −0.6 to −4 mV 
(Fig. 1E and SI Appendix, Fig. S2B), indicating neutral surface 
charge. We also measured the pKa of a representative NP formulation 
(B1) to show that the NPs are ionizable (i.e., pKa < 7.4). To do this, 
we conducted 6-(p-toluidinyl)napthalene-2-sulfonate assays, which 
showed that the B1 NP formulation had a pKa of 7 (SI Appendix, 
Fig. S3A). Further, we complexed this NP with fluorescent siRNA 
to assess its stability in the bloodstream, and we found that serum 
fluorescence rapidly decreased within the first 30 min following injec-
tion, with a half-life of approximately 12 min (SI Appendix, Fig. S3B). 
Moreover, we confirmed that our B1 NP design remained stable over 

3 d in the presence of serum (SI Appendix, Fig. S3C). Following char-
acterization, the library of 15 unique NP formulations was used to 
identify an optimal NP for bone marrow delivery in vivo, as described 
below.

NP Barcoding to Target BMECs. A total of 15 NP formulations 
encapsulating unique DNA barcodes were pooled together and 
administered intravenously via tail vein injection into mice. We 
harvested tissues including the bone marrow, liver, spleen, and 
lungs and extracted the DNA barcodes 4 h postinjection. The 
barcodes from each tissue were amplified by PCR and analyzed 
by deep sequencing to assess the relative biodistribution of each 
barcode, and therefore, each LNP formulation in various mouse 
organs. Deep sequencing data identified several NP formulations 
that preferentially accumulated within the bone marrow, as 
well as the liver, spleen, and lung (Fig. 2 A–C). Delivery data 
was quantified in terms of percent of accumulation of each 
NP formulation, so that the total NP accumulation within 
each tissue was 100%. This normalized delivery quantification 
reflects how efficiently each barcode was delivered to each 
specific tissue, relative to all other injected barcoded NPs. By 
quantifying the percent delivery of each NP to the bone marrow, 
we found that NP formulations B1 and B5 accounted for 22% 
and 17% of the NPs extracted from bone marrow, respectively 
(Fig. 2B). Interestingly, these two formulations also exhibited 
high delivery to the spleen and lung as well, relative to the rest 
of the NP formulations.

To confirm that the percent delivery is indicative of the accu-
mulation of the different NP formulations, and not the barcodes 
themselves, we prepared several B1 NP formulations that varied 
in terms of their encapsulated barcodes. We pooled together these 
NPs such that each barcode comprised different concentrations 
(0.0001 to 1 mg/kg) of each barcode. NPs were injected into mice 
intravenously, and the bone marrow, spleen, liver, and lungs were 
analyzed for barcode delivery. In each of these tissues, delivery was 
found to be dose dependent (SI Appendix, Fig. S4).

Next, we evaluated the ability of these NP formulations to deliver 
siRNA intravenously to mice to assess whether in vivo silencing of 
an endothelial cell-specific target gene, Tie2, correlates to barcoded 
NP delivery in the bone marrow. Following treatment, we conducted 
RT-qPCR to quantify Tie2 mRNA content in the bone marrow, 
liver, spleen, and lung. In line with the DNA barcoding delivery 
results, we found that the B1 NP formulation induced the greatest 
knockdown of Tie2 mRNA expression compared to the other NP 
formulations in bone marrow, including the original 7C1 formula-
tion (21) (Fig. 2C). Further, plotting percent Tie2 knockdown versus 
DNA barcode delivery for these NPs showed that although the two 
parameters were closely correlated in the bone marrow, DNA bar-
code delivery was not a strong predictor of siRNA knockdown effi-
ciency (23), compared to other tissues such as liver and spleen (Fig. 2 
B and D). However, to confirm that functional siRNA delivery 
observed by the B1 NP formulation was specifically occurring in 
BMECs, we studied the NP cellular biodistribution, which showed 
that NPs were primarily taken up by BMECs with a 9.83% uptake, 
compared to other bone marrow cells such as mesenchymal stromal 
cells, hematopoietic stem and progenitor cells, and osteoblasts, which 
each showed an uptake of 2.64%, 0.77%, and 0.44%, respectively 
(SI Appendix, Fig. S5 A–C). Further, we evaluated whether we could 
efficiently silence a protein specifically in BMECs, before further 
animal studies. For this, we formulated the B1 NP encapsulating 
siRNA targeting ICAM-2, an endothelial cell surface receptor. We 
injected ICAM-2 siRNA NPs intravenously, and after 72 h, we meas-
ured ~45% ICAM-2 knockdown in BMECs (SI Appendix, Fig. S5 
D and E). These results were in line with previous studies D
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demonstrating that minimal changes in NP composition, such as 
PEG molecular weight or PEG mole percentage, largely influence 
nucleic acid delivery to endothelial cells (22, 23). In addition, we 

sought to evaluate whether the top five NP formulations from the 
in vivo barcoding screen would perform similarly in vitro in BMECs 
(SI Appendix, Fig. S6A). Interestingly, we found that the B5 

Fig. 2. High-throughput DNA nanoparticle barcoding to deliver nucleic acids to bone marrow in vivo. (A) Heat map showing normalized DNA barcode counts in 
the bone marrow, liver, spleen, and lung measured 4 h following intravenous injection of NPs encapsulating barcoded DNA. Each row represents an individual 
mouse. (B) Percent delivery of DNA barcodes (±SD) to each tissue. In this quantification, the percent delivery reflects the amount of each barcode delivered 
as a percentage of total DNA barcode counts in each tissue. (C) Tie2 mRNA expression (±SD) from mice treated with individual NPs encapsulating Tie2 siRNA. 
Data reflect Tie2 expression 48 h after intravenous injection. (D) DNA barcode delivery (±SD) compared to Tie2 knockdown mediated by NPs encapsulating Tie2 
siRNA. n = 5 mice per group.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 2
4.

39
.6

8.
17

8 
on

 J
un

e 
13

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
24

.3
9.

68
.1

78
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215711120#supplementary-materials


PNAS  2023  Vol. 120  No. 25  e2215711120� https://doi.org/10.1073/pnas.2215711120   5 of 11

formulation outperformed the other four formulations in vitro, 
which is the opposite to what was seen in vivo for bone marrow 
(Fig. 2C). This phenomenon has been observed previously, where 
in vivo and in vitro screening methods have shown little to no 

correlation (31). However, the other four formulations showed sim-
ilar gene silencing abilities (SI Appendix, Fig. S6 B and C). Altogether, 
we identified a unique NP formulation (B1) with potent silencing 
in BMECs in vivo and in vitro.

Fig. 3. Nanoparticle-based siRNA silencing of CyPA abolishes physical interactions between bone marrow endothelium and tumor cells. (A) Extracellular CyPA 
expression (±SD) from murine endothelial cells (bEnd.3) treated with 1 to 60 nM siCyPA-NPs for 24 h prior to RT-qPCR analysis (n = 6, P < 0.0001; one-way ANOVA 
with multiple comparisons). (B) Western blot showing intracellular and extracellular CyPA expression in BMECs following treatment with 0 to 300 nM siCyPA-NPs 
or siControl-NPs. (C) Luc+ MM.1S cell invasion (±SD) through monolayers of BMECs treated with siControl-NPs or siCyPA-NPs (n = 6, P < 0.001, unpaired two-
tailed t test). (Scale bars, 10 μm.) (D) Cell viability (±SD) of MM cells alone or in coculture with BMECs and treated with 1 nM bortezomib with or without 60 nM 
siCyPA-NPs (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; one-way ANOVA with multiple comparisons). (E) Representative images showing MM cell 
adhesion to BMEC monolayers treated with 60 nM siCyPA-NPs. (Scale bars, 100 μm.)D
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Silencing CyPA Decreases MM Cell Invasion across BMEC 
Monolayers. After determining the top formulation for delivering 
nucleic acids to bone marrow in vivo, we next evaluated how 
B1 NPs deliver siCyPA in vitro to BMECs and its subsequent 
effects on MM cell invasion. As previously stated, CyPA is a 
ubiquitously abundant protein, that is secreted as a response 
to inflammatory stimuli (15), and was shown to be expressed 
much lower in endothelial cells from other tissues than those in 
the bone marrow in the context of MM, having a critical role in 
promoting the homing and colonization of MM cells within the 
bone marrow microenvironment (17). Therefore, we chose to 
deliver siCyPA to BMECs to inhibit MM cell invasion into the 
bone marrow and halt disease progression. First, we screened a 
library of 12 mouse or human siCyPA sequences to determine the 
best sequences for silencing CyPA (SI Appendix, Figs. S7 and S8). 
The top mouse or human siRNA sequences were encapsulated 
within B1 NPs (siCyPA-NPs) and were evaluated in vitro for 
their silencing abilities. We then treated murine endothelial cells 
(bEnd.3 cells) with siCyPA-NPs at concentrations ranging from 
1 to 60 nM of siCyPA. After 24 h treatment, we evaluated CyPA 
expression using RT-qPCR, which showed a dose-dependent 
decrease in CyPA expression (Fig. 3A).

To examine the potential of silencing CyPA in human MM 
disease, we replaced the siRNA in siCyPA-NPs with the top human 
siRNA sequence. We treated human BMECs with siCyPA-NPs 

for 24 h and quantified intracellular or secreted CyPA content by 
western blotting. BMECs treated with siCyPA-NPs exhibited 
decreased intracellular and extracellular CyPA expression following 
treatment compared to both empty NPs and control NPs that were 
complexed with control siRNA (siControl-NPs), without induc-
tion of BMEC cell death (Fig. 3B). Next, we conducted transwell 
assays to assess how CyPA silencing impacts the ability of MM 
cells to invade across BMEC monolayers. BMECs were treated 
with siCyPA-NPs or siControl-NPs, followed by coincubation 
with Luc+/GFP+ MM cells. After 24 h, we imaged and quantified 
the luminescent signal from the MM cells that invaded through 
BMEC monolayers, which revealed 40% lower luciferase signal 
when BMECs were treated with siCyPA-NPs compared to 
siControl-NPs (Fig. 3C). This indicates that CyPA silencing in 
BMECs inhibits the ability of MM cells to invade across BMEC 
monolayers, which we anticipate would inhibit MM homing to 
the bone marrow and invasion across BMECs in vivo. Collectively, 
these data demonstrate that siCyPA-NPs induce potent gene silenc-
ing in BMECs and significantly reduce MM cell invasion, without 
cytotoxic effects.

Treating BMECs with siCyPA-NPs Sensitizes Cells to Bortezomib 
Therapy In  Vitro. As previously discussed, the homing and 
colonization of MM cells in the bone marrow potentially 
decreases the sensitivity of these cells to standard therapies. Thus, 

Fig. 4. Combination of siCyPA-NPs and bortezomib synergistically improves overall survival and reduces tumor burden in a MM mouse xenograft model.  
(A) Overview of NP-based siRNA and bortezomib combination therapeutic strategy to treat MM. (B) Kaplan–Meier survival curves of mice with MM tumors 
following treatment with PBS, bortezomib, siCyPA-NPs, or a combination of bortezomib and siCyPA-NPs (n = 10 mice per group, ****P < 0.0001 with log-rank test).  
(C) Tumor burden as quantified by normalized total flux (±SD) from bioluminescence imaging (n = 5 mice per group each, *P < 0.05, **P < 0.01, ****P < 0.0001; 
two-way ANOVA with mixed-effects analysis). (D) Representative bioluminescence images of mice at day 40. The scale represents luminescence signal from 
Luc+ MM.1S cells, which was used to quantify tumor burden in part (B). Mice in this study were injected intravenously with Luc+ MM.1S cells on day 0. Treatments 
were injected intravenously or intraperitoneally twice a week starting on day 30.D
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we anticipated that decreasing MM cell adhesion to BMECs by 
silencing CyPA could sensitize these cells to treatment with the 
FDA-approved proteasome inhibitor bortezomib, which is used 
in the clinic to treat MM (2).

MM and BMECs either alone or in coculture were treated with 
bortezomib at 1 nM and siCyPA-NPs at 60 nM either individually 
or in combination, and cell viability was assessed after 24 h 
(Fig. 3D). Treatment of MM cells with bortezomib decreased the 
viability of MM cells more than 1.5-fold compared to untreated 
cells. Coculturing MM cells with BMECs resulted in a significant 
increase in viability compared to coculturing MM cells with 
siCyPA-NP-treated BMECs, demonstrating that the secretion of 
CyPA from BMECs promotes the proliferation of MM. This also 
suggests that the interactions between MM cells and BMECs make 
MM cells more resistant to bortezomib treatment (Fig. 3D) (9). 

However, treatment of BMECs with siCyPA-NPs prior to the 
addition of MM cells and bortezomib to the coculture resensitized 
MM cells to bortezomib (10), as evidenced by the 2.5-fold reduc-
tion in viability compared to no siCyPA-NP treatment (Fig. 3D).

Treating BMECs with siCyPA-NPs Disrupts Interactions with MM 
Cells In Vitro. To confirm that CyPA silencing reduced adhesion of 
MM cells to BMECs, we cultured MM cells on BMEC monolayers 
and evaluated their ability to adhere to BMECs. Treating BMECs 
with siCyPA-NPs prior to the addition of GFP+ MM.1S cells 
decreased their ability to adhere to BMECs, as evidenced by the 
reduced number of GFP-expressing cells (Fig. 3E). Together, the 
results from the in vitro experiments described here indicate that 
siCyPA-NPs can inhibit the ability of MM cells to adhere and 
invade through BMEC monolayers, thus sensitizing these cells to 

Fig. 5. Cotreatment of siCyPA-NPs and bortezomib decreases tumor cell proliferation and angiogenesis. (A) Representative immunostaining for CyPA expression 
in the bone marrow of mice treated with siControl-NPs or siCyPA-NPs. Red/brown stain is positive for CyPA. (Scale bars, 20 μm.) (B) Representative immunostaining 
and (C) quantifications for CD138, Ki-67, CD31, and cleaved caspase-3 (±SD) in sections of bone marrow following treatment with PBS, bortezomib, siCyPA-NPs, or 
both bortezomib and siCyPA-NPs. Red/brown stain is positive for each protein marker. Arrowheads indicate significant change in staining. (Scale bars, 100 μm) 
(n = at least 3 mice per group, *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA with multiple comparisons).D
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bortezomib treatment. Collectively, these results set the rationale 
to evaluate this combination therapy in vivo.

Cotreatment with siCyPA-NPs and Bortezomib Decreases Tumor 
Burden and Extends Survival in a Mouse Xenograft Model of MM. 
To assess the therapeutic potential of siCyPA-NPs in vivo, we first 
injected 2 × 106 Luc+/GFP+ MM.1S cells via tail vein injection 
and allowed tumors to grow for 30 d prior to NP or bortezomib 
treatment (Fig. 4A). On day 30, mice were intravenously injected 
with 1  mg/kg siCyPA-NPs or siControl-NPs with or without 
0.5 mg/kg bortezomib. Subsequently, the mice were injected twice 
a week via intravenous injection of NPs or intraperitoneally (i.p.) 
with bortezomib. The mice were imaged once a week using an 
in vivo imaging system (IVIS), and tumor burden was quantified 
as a total flux output. All treatment groups substantially reduced 
tumor burden compared to mice treated with only phosphate-
buffered saline (PBS) solution. However, treating mice with both 
siCyPA-NPs and bortezomib caused the greatest inhibition of 
tumor burden compared to each therapy administered alone (Fig. 4 
B and C). These results corresponded to extended mouse survival 
up to 90  d, compared to 65  d for mice treated with siCyPA-
NPs or bortezomib only (Fig.  4B). Importantly, mice treated 
with bortezomib and siControl-NPs exhibited similar survival 
compared to bortezomib alone, indicating that siCyPA-NPs were 
essential to sensitize MM cells to bortezomib treatment in vivo. 
Together, these results indicate that targeting CyPA secretion via 
siCyPA-NPs disrupts MM progression in mice in vivo and extends 
survival in a mouse model of MM.

siCyPA-NPs and Bortezomib Therapy Decrease MM Cell 
Proliferation and Angiogenesis. To assess whether siCyPA NPs 
and bortezomib decreased MM cell proliferation and angiogenesis, 
bone marrow from treated mice was collected and analyzed for 
cell surface markers by histology to understand the mechanisms 
behind this therapy. First, we assessed CyPA knockdown in 
BMECs in the bone marrow following treatment with siCyPA-
NPs. Immunostaining showed that bone marrow myeloid cells 
exhibited high levels of CyPA expression, and the expression 
was significantly lower for mice treated with siCyPA-NPs, which 
confirmed knockdown of CyPA following treatment (Fig. 5A). 
Staining for CD138 was used to stain plasma cells and to 
indicate where tumor tissue was located within the bone marrow 
(Fig. 5B). We imaged and quantified the percentage of positive 
cells for proliferation and apoptosis (Ki-67 and cleaved caspase 3, 
respectively) or percent positive area for angiogenesis (CD31) 
(Fig.  5 B  and  C). Cleaved caspase 3 staining revealed only a 
modest increase in apoptotic cells in tumor areas (Fig. 5 B and C). 
However, there were significant decreases in both proliferation 
and angiogenesis within tumor regions following treatment with 
siCyPA-NPs compared to the individual treatments (Fig.  5C). 
Quantification of proliferation and angiogenesis within tumor 
regions revealed that treatment with siCyPA-NPs decreased each 
fourfold and threefold, respectively, as indicated by the white and 
black arrowheads in Fig. 3B. These results suggest that the increased 
survival in mice following siCyPA-NP and bortezomib therapy 
could be due to decreased cell proliferation and reduced formation 
of blood vessels, suggesting that these tumors are underdeveloped 
tumors compared to the control experimental group.

Overall, this work shows that the siCyPA-NP system has the 
potential to be an effective MM therapy, particularly in combination 
with bortezomib treatment. The silencing of CyPA decreased MM 
invasion across BMECs and disrupted interactions between BMECs 
and MM cells. When combined with bortezomib, CyPA silencing 
sensitized MM cells to therapy, which reduced proliferation and 

angiogenesis, and ultimately extended mouse survival. Furthermore, 
our in vivo screening results concur with those of previous reports 
using PEI for NP-based drug delivery, specifically for endothelial 
cell targeting (21, 23, 25), and further confirmed that NP compo-
sition is critical to enhance tissue specificity (22, 24, 25, 27). In 
addition, we also showed a weak correlation between in vivo and 
in vitro screening results, where the NP least effective in vivo out-
performed the rest of the NP formulations in vitro, which is in line 
with what others have previously published in the field (31). To 
conclude, we believe that beyond MM therapeutics, the presented 
system could be modified for siRNA delivery to other inflammatory 
sites, whether for CyPA or other relevant therapeutic targets in a 
variety of diseases. For example, we show siRNA delivery to the 
lung (Fig. 2C), where CyPA has been shown to have a crucial role 
in pulmonary arterial hypertension and non-small cell lung cancer 
(32–34). Thus, we consider that this study demonstrates the poten-
tial to develop NPs to target other vascular beds in vivo and the 
advancement in the field for RNAi-based therapeutics. Using 
nucleic acid therapeutics, this platform could control the interac-
tions between a range of endothelial cell and cancer cell types. 
Broadly, this study presents a combinatorial therapeutic strategy to 
target the bone marrow microenvironment, rather than cancer cells 
themselves, as means to treat MM, which could be extended to treat 
other blood malignancies, or malignancies that metastasize to bone.

Materials and Methods

Polymer–Lipid Synthesis. Polymer–lipids were synthesized by reacting low-
molecular-weight PEI (Sigma-Aldrich, St. Louis, MO, USA) with C15 epoxide-
terminated alkyl tails (Tokyo Chemical Industry, Tokyo, Japan) at 90 °C in 100% 
ethanol for 48 to 72 h at a 14:1 molar ratio as described previously (21, 30). 
Polymer–lipids were purified via flash chromatography to separate the optimized 
hydrophobic C15:hydrophilic PEI ratio, as described previously (21).

Polymer–Lipid NP Formulation. NPs were formed by combining an aqueous 
phase containing siRNA with an ethanol phase comprised of polymer–lipids and a 
polyethylene glycol (PEG)–lipid conjugate via controlled mixing in a microfluidic 
device (29, 35). Specifically, the ethanol phase contained the polymer–lipid and 
a PEG–lipid conjugate that varied in terms of the length of the lipid (C14, C16, 
or C18), PEG molecular weight (750, 1,000, 2,000, 3,000, or 5,000 kDa), or PEG 
mole percentages (20 or 30% by weight) (Avanti Polar Lipids, Alabaster, AL, USA) 
as shown in Fig. 1. The aqueous phase was prepared in 10 mM citrate, pH 3.0 
buffer (Teknova, Hollister, CA, USA) with barcoded DNA (b-DNA) or siCyPA. Syringe 
pumps were used to perfuse the ethanol and aqueous phases at a 2.5:1 ratio 
through the microfluidic device (29). The resulting NPs were dialyzed against 
PBS at room temperature for 3 h and then extruded through a 0.22-μm sterile 
filter (Genesee Scientific, San Diego, CA, USA) (29). For the b-DNA experiments, 
unique DNA barcode strands were complexed into each formulation so that they 
could be detected in each tissue via deep sequencing (Fig. 1B).

NP Characterization. DNA or siRNA concentration in NPs for in  vitro and 
in  vivo use was quantified using a NanoDrop Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) and a modified Quant-iT RiboGreen RNA 
assay (Thermo Fisher Scientific) as previously described (29, 36). NP hydrody-
namic diameter, polydispersity (PDI), and surface charge were measured using 
a Zetasizer Nano ZS machine (Malvern Panalytical, Malvern, UK). For analysis 
of NP structure using cryo-TEM, NP samples were prepared in a vitrification 
system (25  °C, ~100% humidity). Briefly, 3 μL sample of NP solution was 
dropped on a lacey copper grid coated with a continuous carbon film and 
blotted to remove excess sample without damaging the carbon layer. A grid 
was mounted on a Gatan 626 single tilt cryogenic holder equipped in the TEM 
column. Images of NP samples were recorded on an UltraScan 1000 CCD cam-
era (Gatan, Pleasanton, CA). For stability studies, the hydrodynamic diameter 
of the top-performing NP design was measured over 3 d, in a PBS solution 
supplemented with 10% of mouse serum, to mimic the in vivo environment 
(SI Appendix, Fig. S3C).D
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b-DNA Design. b-DNAs were single-stranded DNAs that consisted of 61 nucle-
otides with 5 consecutive phosphorothioate bonds at each end. The barcode 
region was composed of 10 nucleotides in the center of the oligonucleotide. 
An additional 10 random nucleotides were included at 3′ end of the barcode 
region. The 5′ and 3′ ends of each b-DNA were conserved and contained prim-
ing sites for Illumina adapters. A full list of b-DNA sequences can be found 
in SI Appendix, Table S1. All oligonucleotides in this study were synthesized 
and purified (standard desalting procedure) by Integrated DNA Technologies 
(Coralville, IA, USA).

In Vivo Barcoded NP Delivery. To evaluate b-DNA delivery, each b-DNA con-
taining a different barcode sequence was encapsulated in different NPs from 
the library and intravenously administered at various concentrations (0.0001 to 
1 mg/kg) in 6 to 8-wk-old female C57BL/6 mice, purchased from Charles River 
Labs (Wilmington, MA, USA), as a single pool (n = 5) (Fig. 1B). For all experi-
ments, tissues were harvested 4 h postinjection. The tissues were snap-frozen in 
liquid nitrogen, disrupted into powder using a Geno/Grinder (SPEX SamplePrep, 
Metuchen, NJ, USA), and stored in a −80 °C freezer. To quantify b-DNA delivery 
in vivo, b-DNA from different tissues was isolated to obtain barcode counts via 
deep sequencing.

Deep Sequencing and Barcode Sequencing Normalization. All deep-
sequencing runs were performed using multiplexed runs on an Illumina MiSeq 
(Illumina, Metuchen, NJ, USA). PCR product pools were quantified using the 
KAPA Library Quantification Kit for next-generation sequencing. PCR product pools 
were loaded onto flow cells at 4 nM concentration. Python scripts were written 
to quantify barcodes from Illumina fastq files. Normalized b-DNA delivery of a 
specific barcode to a certain tissue was calculated by dividing the number of 
sequencing reads of one barcode delivered by a single NP formulation by the 
total amount of reads from all barcodes delivered by all NPs in a specific tissue.

Tie2 Gene Silencing. To validate the b-DNA NP screening results, using Tie2 
siRNA, C57BL/6 mice (Charles River Labs, Wilmington, MA, USA) were treated 
with a single dosage of Tie2 siRNA NPs (1.0 mg/kg), and femurs were harvested 
48 h postinjection. The mice were killed by CO2 asphyxiation, and the femurs 
were harvested and immediately snap-frozen in liquid nitrogen. The frozen tis-
sues were pulverized to form a powder using a SPEX 2010 Geno/Grinder (SPEX 
SamplePrep, Metuchen, NJ, USA). Tissue lysates were prepared in Tissue and Cell 
Lysis Buffer supplemented with 0.5 mg/mL Proteinase K (Epicentre, Madison, WI, 
USA). Tissue samples were mixed at 1,400 revolutions per minute (RPM) for 2 h at 
65 °C and then centrifuged at 11,000 RPM to remove bone debris. mRNA levels 
in the supernatant were quantified using the QuantiGene 2.0 luminescent-based 
branched DNA (bDNA) assay kit and the QuantiGene 2.0 probes against Tie2 and 
GAPDH (Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s protocol. Luminescent signals were measured using a Tecan Infinite 
200 PRO plate reader (Tecan, Männedorf, CH). Standard curves for femur tissues 
and each target gene were constructed using samples from untreated mice, to 
ensure optimal dilutions for assay samples that avoid luminescent signal satura-
tion. Tie2 silencing in treated mice was quantified by calculating the ratio of Tie2 
gene luminescence to GAPDH gene luminescence, with all values normalized to 
Tie2:GAPDH gene ratios from untreated mice. For in vitro Tie2 silencing, BMEC-60 
cells were plated in 24-well plates (150,000 cells per well) and incubated for 24 
h prior to treatment with Tie2 siRNA NPs (7C1, A3, B1, B3, and B5) at a dose of 5 
or 50 nM or their counterpart control siRNA NP at the same doses. Samples were 
then incubated for 24 h prior to gene expression analysis. Briefly, the cells were 
washed with PBS and harvested using 0.25% of trypsin. The cells were disrupted 
using the Monarch® Total RNA Miniprep Kit (New England BioLabs®, Ipswich, MA, 
USA), and RNA was stored in a −20 °C freezer until further use. Luna® Universal 
One-Step RT-qPCR Kit (New England BioLabs®) was used to obtain Tie2 mRNA 
expression for the different NP treatments. Data analysis, as mentioned above, 
was carried out using GAPDH as the housekeeping gene.

Flow Cytometry. Single-cell suspensions were obtained from bone marrow. 
Briefly, mice were killed, and legs were collected from each mouse in each respec-
tive group. Bone marrow cells (SI Appendix, Fig. S5A) were collected by flushing 
femurs in PBS with 0.5% bovine serum albumin. Cells were then plunged through 
a 70-μm nylon mesh (BD, Franklin Lakes, NJ, USA), washed, and centrifuged 
(8 min, 300g, 4 °C). The obtained single-cell suspensions were stained at 4 °C 

for 30 min and afterward washed, centrifuged, and resuspended. We used the 
following fluorochrome-conjugated antibodies (BioLegend, San Diego, CA, USA) 
specific to mouse: Ter119 (clone TER119), Sca-1 (clone D7), CD31 (clone 390), 
CD45 (clone 13/2.3), CD51 (clone RMV-7), c-kit (clone ACK2), Lineage (clones 
145-2C11, RB6-8C5, RA3-6B2, TER119, M1/70), and CD102 (ICAM-2, clone 3C4). 
Endothelial cells were gated as CD45− Ter119− CD31+ Sca-1+ (22). Osteoblasts 
were gated as CD45− Ter119− CD31− CD51+ Sca-1− and mesenchymal stro-
mal cells as CD45− Ter119− CD31− CD51+ Sca-1+ (37). Hematopoietic stem 
and progenitor cells were gated as Lineage− c-kit+ Sca-1+ (22). To determine 
NP uptake in different cell types, B1 NP was labeled with DiOC18  (7) (DiR; Thermo 
Fisher Scientific, Waltham, MA, USA). Using cells from noninjected mice as a 
negative control, the positivity for DiR-NP uptake was determined (SI Appendix, 
Fig. S5). Data were acquired on an LSRII system (BD) and analyzed with FlowJo 
software (BD).

Cell Culture. The human bone marrow-derived endothelial cell line BMEC-60 
(38) was cultured in EBM-2 Basal Medium containing supplements and growth 
factors required (Lonza, Morristown, NJ, USA). The mouse endothelial cell line 
bEnd.3 (ATCC no. CRL-2299) was cultured in Dulbecco's Modified Eagle Medium 
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% of fetal 
bovine serum (FBS). MM.1S (ATCC no. CRL-2974) cells were cultured in Roswell 
Park Memorial Institute 1640 medium (Thermo Fisher Scientific) supplemented 
with 10% FBS. All cell lines were grown at 37 °C under a 5% CO2 humidified 
atmosphere until confluence.

CyPA Knockdown. To investigate CyPA knockdown efficiency, bEnd.3 cells were 
plated in 24-well plates (150,000 cells per well) and incubated for 24 h prior to 
treatment with siCyPA-NPs or siControl-NPs. A serial dilution of each siRNA NP 
formulation in PBS was prepared at concentrations of 1 to 60 nM siRNA. Samples 
were then incubated for 24 h prior to gene expression analysis. Cells were washed 
with PBS and harvested using 0.25% trypsin. The cells were disrupted and resus-
pended in TRIzol™ (Thermo Fisher Scientific, Waltham, MA, USA), and RNA was 
extracted following the manufacturer’s protocol. Briefly, 2 µg of RNA was DNAse 
treated using a 10-µL reaction containing 1 U/μL RQ1 DNAse, 1X RQ1 DNAse 
buffer, and 20 U/μL RNAse inhibitor for 30 min at 37 °C and stopped with the 
addition of 1 µL STOP solution followed by a 10-min incubation at 65 °C. One 
microliter Oligo dT was added to each reaction and denatured for 5 min at 70 °C 
and moved immediately to ice. Reverse transcription of the DNAse-treated RNA 
was carried out in a 20-µL reaction using 1 µL GoScript Reverse Transcriptase 
(Promega, Madison, WI, USA) containing a final concentration of 1× GoScript 
Reaction Buffer, 2.5 mM MgCl2, 0.5 mM dNTPs using the following cycling: 25 °C 
for 5 min, 42 °C for 1 h, 70 °C for 15 min, 4 °C hold.

Immunoblot Analysis. Total protein samples were prepared from nonattached 
MM.1S cells grown for 72 h in the presence of BMEC-60 (Luc+/GFP+ MM.1S, 
Luc+/GFP+ MM.1S–siControl-NPs or Luc+/GFP+ MM.1S–siCyPA-NPs). MM.1S 
cells were cultured with BMEC-60 cells using 0.45-μm pore diameter transwell 
chambers (Corning-Costar, Cambridge, MA, USA). Immunoblotting was per-
formed as described (17). For the treatment of MM.1S cells, the cells were incu-
bated with siControl-NPs or siCyPA-NPs for 72 h in 0.5% FBS (Gibco, Amarillo, TX, 
USA) supplemented medium, followed by protein preparation. Human primary 
antibodies CyPA (Abcam, Cambridge, UK) and PARP (Cell Signaling Technology, 
Danvers, MA, USA) were used, and actin was used as a loading control. Secondary 
antibodies included anti-rabbit IgG horseradish peroxidase (HRP)-conjugated 
(Promega, Madison, WI, USA) and anti-mouse IgG HRP-conjugated (Promega). 
Intracellular and extracellular CyPA protein expression following treatment with 
0 to 300 nM siCyPA-NPs or siControl-NPs was measured in triplicate by Bradford 
assay (Bio-Rad, Hercules, CA, USA). Optimal antibody concentrations were used 
according to the manufacturer’s recommendations.

Transmigration Assays. To perform the cell migration assay, the top chamber of 
a transwell plate (8-μm pore diameter, Corning-Costar, Cambridge, MA, USA) was 
seeded with 2 × 105 cells (Luc+/GFP+ MM.1S, Luc+/GFP+ MM.1S–siControl-NPs 
or Luc+/GFP+ MM.1S–siCyPA-NPs), and the bottom chamber was seeded with 
medium alone (RPMI with 0.1% FBS) or in the presence of cells (BMEC-60, BMEC-
60–siControl NPs or Luc+/GFP+ MM.1S–siCyPA-NPs). After 12 h of incubation, 
Luc+/GFP+ MM.1S cells that had migrated to the bottom chamber were collected D
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and quantified using an IVIS imaging system (Caliper Life Sciences, Waltham, 
MA, USA). Migration data were normalized using data obtained with medium 
alone. The results are mean ± SD for triplicate assays.

Cell Adhesion and Viability Assays. To investigate cell adhesion and cell 
viability, BMEC-60 cells were plated in 8-well chambers (ibidi GmbH, Munich, 
Germany) or 96-well plates (15,000 cells/mL per well) and incubated for 48 to 
72 h prior to addition of MM.1S cells (35,000 cells/mL per well) followed by 
treatment with PBS, siCyPA-NPs (60 nM), or bortezomib (1 nM), or siCyPA-NPs 
(60 nM) and bortezomib (1 nM). Monolayers were stained with cell mask (red) 
and DAPI (blue) for easier GFP+ MM.1S identification and fixed with 4% (wt/vol) 
paraformaldehyde (PFA) prior to imaging. The adhesion and viability of Luc+/
GFP+ MM.1S cells was determined after coculture with BMEC-60 cells and treat-
ment as described above, using confocal microscopy, a CellTiter-Glo Luminescent 
Cell Viability Assay, and in vitro bioluminescence imaging (BLI).

Animal Studies. All animal procedures conducted at the University of 
Pennsylvania were approved by the Institutional Animal Care and Use Committees 
and were in accordance with local, state, and federal regulations. For the in vivo 
efficacy studies, severe combined immunodeficient female mice with a non-
obese diabetic background (Nod/SCID) were injected via tail vein with Luc+/
GFP+ MM.1S cells and randomly divided into four groups after 30 d (n = 10). 
After injecting MM.1S cells, on day 30, mice were treated with the following: i) 
PBS, ii) free drug (bortezomib), iii) siControl-NPs, iv) siCyPA-NPs, and v) siCyPA-
NPs and bortezomib. The mice were injected i.p. twice a week with 0.5 mg/kg 
bortezomib or via intravenous injection of scrambled-NPs or siCyPA-NPs (1 mg/
kg). The mice were imaged once a week via BLI to assess tumor burden. Briefly, 
the mice were injected with 100 μL luciferin (Caliper Life Sciences, Waltham, MA, 
USA) at 30 mg/mL, followed by whole-body real-time BLI using an IVIS (Caliper Life 
Sciences) 10 min after injection. Total flux (photons per second) was quantified as 
the sum of all detected photon counts within a region of interest of 4 × 8-cm for 
the whole body. The mice were killed via CO2 inhalation at end points described 
or, for survival studies, when they had hindlimb paralysis, had cachexia, had 
weight loss of >15%, or become moribund. Survival data of mice with MM.1S 
tumors following treatment were assessed.

Histopathological and Immunohistochemical Analyses. Tissue sections 
were processed as previously described (39). The sections were incubated with 
primary antibodies (5 μg/mL) or the corresponding IgG fraction of preimmune 
serum overnight at 4 °C in blocking solution (3% BSA in PBS). Antihuman primary 
specific antibodies included: CD138 (Beckman Coulter, Chaska, MN, USA), CD31 
(Abcam, Cambridge, UK), caspase-3 (Cell Signaling Technology, Danvers, MA, 
USA), CyPA (Abcam), and Ki-67 (Abcam) and were visualized with the aid of the 
corresponding biotinylated antibody coupled to streptavidin-peroxidase complex 
(Vector Labs, Burlingame, CA, USA). For negative controls, tissue sections were 
incubated in the absence of primary antibodies or preimmune serum from the 
species of origin of the primary antibody. Optimal antibody concentrations were 
used according to manufacturer’s recommendations.

Immunofluorescence. Tissue sections were processed as previously described 
(40). The procedure involved the tumor cell injection into mice and subsequent 
tissue fixation, decalcification, and cryo-sectioning of the mouse skeletal tissue 
to generate thick sections (60 µm). Briefly, female Nod/SCID mice were injected 
via tail vein with Luc+/GFP+ MM.1S cells and monitored for 8 wk via BLI. Bones 
were harvested, fixed in 4% (wt/vol) PFA, and decalcified in ethylenediamine-
tetraacetic acid for 24 h. The decalcified bones were embedded in gelatin and 
sucrose solution and frozen at −80 °C. The frozen tissue molds were placed in 
a precooled (−23 °C) cryostat and were sectioned at −23 °C. The thick sections 
(60 µm) generated were stained as such: blood vessels with endomucin (red), 

nuclei with DAPI (blue). MM.1S GFP+ cells are seen as green. The images were 
captured on Zeiss LSM 700 confocal and Zeiss LSM 710.

Statistics. All analyses were performed using GraphPad Prism 9 (La Jolla, CA) 
software; more specifically, statistical analysis was carried out with unpaired two-
tailed t test or one- or two-way ANOVAs where appropriate. Data were plotted as 
mean ± SD unless otherwise stated.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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