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Abstract

Nitric oxide (NO) is a therapeutic implicated for the treatment of diseases affecting lymphatic
tissues, which range from infectious and cardiovascular diseases to cancer. Existing technologies
available for NO therapy, however, provide poor bioactivity within lymphatic tissues. In this work,
we address this technology gap with a NO encapsulation and delivery strategy leveraging the
formation of S-nitrosothiols on lymphatic-targeting Pluronic-stabilized, poly(propylene sulfide)-
core nanoparticles (SNO-NP). We evaluated /n vivo the lymphatic versus systemic delivery of NO
resulting from intradermal administration of SNO-NP benchmarked against a commonly used,
commercially available small molecule S-nitrosothiol NO donor, examined signs of toxicity
systemically as well as localized to the site of injection, and investigated SNO effects on lymphatic
transport and NP uptake by LN-resident cells. Donation of NO from SNO-NP, which scaled in
proportion to the total administered dose, enhanced lymph node accumulation by two orders of
magnitude without substantially reducing lymphatic transport of NP or the viability and extent of
nanoparticle uptake by lymph node-resident cells. Additionally, NO delivery by SNO-NP was
accompanied by low-to-negligible NO accumulation in systemic tissues with no apparent
inflammation. These results suggest the utility and selectivity of SNO-NP for the targeted
treatment of NO-regulated diseases that afflict lymphatic tissues.
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Introduction

The lymphatics are involved in a wide variety of diseases either as the primary tissue of
interest, such as with lymphedema? or lymphatic filariasis,? or as an accessory to the
pathologies of other diseases, such as with myocardial infarction34 and cancer.® Due to the
integral role lymphatics play in tissue fluid regulation, lipid transport,” and immune cell
functions,8-19 an estimated forty million patients worldwide!112 endure the combined effect
of all diseases in which the lymphatics are affected. Despite the high prevalence of
lymphatic-associated diseases, treatment methods, especially for diseases where the
lymphatics are the primary tissue of interest, remain stagnated or in some cases non-existent.
As one example, the current standard for the treatment of lymphatic filariasis, an infection of
lymphatic tissues by parasitic worms, is the use of antibiotic cocktails that distribute
systemically to eliminate the microfilaria offspring that spread disease but do not result in
appreciable drug accumulation within the lymphatics where the adult worms reside.?
Moreover, standard therapy for lymphedema, one of the morbidities associated with both
lymphatic filariasis infections and sentinel lymph node (LN) removal following breast tumor
resection, employs only a combination of compression and physical therapy.13 For diseases
where the lymphatics are not the primary target but are critically involved in the disease
pathology or may be useful therapeutically, such as immunotherapy®-14-16 or LN-directed
chemotherapy (e.g. for the treatment of sentinel LN metastases)!’ there exist few approved
treatments that are specifically formulated to enhance delivery to lymphatics, leaving open
the possibility of a range of undesired consequences including reduced treatment efficacy
and toxicities related to accumulation in off target tissues.1®

A therapeutic of particular interest for the treatment of lymphatic-related diseases is nitric
oxide (NO), an extremely promiscuous signaling molecule that takes part in a variety of
physiological processes ranging from vasodilation,19-23 to neural signaling,2* to immune
cell cytotoxic defenses.25-28 Because of the important role that NO plays in multiple
physiological processess, there have been many attempts at modulating NO for therapeutic
purposes. For example, NO delivered in the form of nitrate is used to control pain from
angina, a disease affecting 9 million people in the US with 500,000 new cases every year,
and has been found to annually cost the healthcare system around $1.9 billion.2° NO has
also been investigated in several clinical trials for use with other cardiovascular treatments to
control blood pressure in adults with prehypertension,30 which affects 25-50% of adults
worldwide,3! and to improve the function of the right of the heart following heart transplant
or left ventricular assist device placement.32 For pulmonary diseases NO is inhaled in its
gaseous form, and is the current standard of care for persistent pulmonary hypertension in
newborns, which affects 1.9 per 1000 live births.33 NO has also been explored for the
treatment of various cancers, including lymphoma where a variety of NO donors have been
shown to be chemosensitizers34-36 as well as exhibit direct cytotoxicity.25-36-39
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Despite the versatility of NO as a potential therapeutic in a broad array of pathologies,
several challenges exist with utilizing NO for lymphatic-related therapy. First, NO
participates in many interrelated physiological processes that each have different
requirements for NO signaling.2%:24.40 In some cases depletion or attenuation of NO
signaling may produce negative effects such as in vascular regulation,*! whereas in the case
of inflammatory responses overproduction of NO can lead to loss of lymphatic function.2’
Consequently, a lymphatic-targeted NO-based therapy would need to be tightly controllable,
since NO levels vary significantly across physiological processes and pathologies.24:42:43
Combined with the extremely short half-life*445 of NO requiring it to mediate its action
near its synthesis source,** targeted NO donation remains highly difficult. The second
challenge to delivering NO, especially in the context of lymphatic-related therapies, is the
result of the structure and location of the lymphatics.1946 To focus delivery to within the
locoregional lymphatic drainage basin, direct injection in the upstream peripheral tissue
interstitium is most commonly utilized,4”-4° with uptake being most favorable for
macromolecular species in the range of ~10-100 nm in hydrodynamic diameter.5%:51 Since
the significant majority of existing NO donors are small molecules and would thus exhibit
poor selectivity for lymphatic uptake after administration in peripheral tissues,10:46.50-52 5
critical technology gap exists in facilitating NO delivery to lymphatic tissues (Figure 1a).

We previously developed®3 a NO encapsulation strategy that utilizes nanoparticles (NP)
comprised of synthetic polymers that have well described profiles of lymphatic uptake®* and
biodistribution into lymphatic tissues.>> We demonstrated that these S-nitrosated
nanoparticles (SNO-NP) facilitate the controlled and sustained release of NO, enabling its
cytotoxic activity against adult female Brugia malayifilarial worms, which are responsible
for the lymphatic disease known as lymphedema.2 Herein, we report on the preclinical
testing of the NO donating activity of these SNO-NP in an /n vivo lymphatic delivery model.
We measured over the course of 72 hr the levels of various reactive nitrogen species (RNS)
accumulating within systemic tissues, plasma, and LN draining the site of intradermal
injection of SNO-NP and benchmarked against a commonly used, commercially available
small molecule NO donor used for chemosensitization®® and radiosensitization of cancer,34
S-nitroso D, L Penicillamine (SNAP). We further assessed the impact of NO donation on
lymphatic tissues by looking at lymphatic transport of NP and remodeling of the draining
LN, including effects on LN-resident cells, as well as resulting inflammation at the site of
injection and systemic toxicity. Our results show that donation of NO to LN when mediated
by lymphatic-draining SNO-NP is dramatically improved relative to a small molecule NO
donor and does not result in a measurable decrease in LN-resident cell viability or extent of
NP uptake or increases in local or systemic levels of inflammation.

Materials and Methods

Materials

All materials were purchased from Sigma-Aldrichunless otherwise noted.
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Synthesis and Characterization of SNO-NP and SNAP

Thiolated NP were synthesized as previously described.>3 Briefly, a 0.5% solution of
Pluronic F127 was made in degassed Milli-Q water. To this solution, 400 uL of propylene
sulfide was added under Argon and stirred for 30 min, after which, initiator weighing 14.4,
28.8, or 43.4 mg (3.7, 7.4, and 11 mM, respectively) and reacted with 322 pL of sodium
methoxide added under Argon. 1,8-diazabicyclo[5.4.0Jundec-7-ene was added under Argon
to the solution 15 min later and the entire reaction stirred for 24 hr. The NP solution was
exposed to air for 2 hr following the reaction and dialyzed for 3 d against 4x5 L of Milli Q
water using a 100,000 Da molecular weight cut off cellulose membrane dialysis tubing
(Spectrum Lab). The NP were S-nitrosated before each experiment by reacting equal
volumes of NP with sodium nitrite solution in strong acid. Unreacted free acidified nitrite
was capped with addition of ammonium sulfamate and purified from the SNO-NP solution
using 7 kDa Zeba columns (Thermo Fisher). SNAP solution was prepared by dissolving
SNAP in 1x phosphate buffered saline (PBS) solution. S-nitrosothiol (SNO) concentrations
in solutions were measured using the method of Saville (described below). For experiments
that required fluorescent labeling of NP, NP were reacted with Alexa Fluor 647 C,
Maleimide (Thermo Fisher) followed by excess of N-ethylmaleimide (NEM) until free thiols
were no longer detectable by Ellman’s assay. The solution was purified of free
AlexaFluor647 and NEM using a PD-10 column (GE Healthcare). NP size was determined
by dynamic light scatteringDLS (Malvern Instruments).

IVIS Imaging

Fluorescent imaging was performed with an IVIS® Spectrum instrument (Perkin Elmer).
Animals were injected intradermally in the forearm with a solution of AlexaFluor647-NP or
of SNO treatment group either with or without AlexaFluor647 labeling. 24 hr later the
animals were sacrified. To assess AlexaFluor647-NP drainage to LN, animals were imaged
using Ex: 640, Em: 720 and an exposure of 0.1s. For the SNO-NP colocalization experiment
with NO, immediately after the animals were sacrified, the skin was removed and 5 uL of a
1:1 solution of DAF-FM DA (Cayman Chemical), which works to identify NO through
fluorescene due to the nitrosation of the diamino group resulting in a fluorescent triazole that
has a 160-fold increase in fluroescent quantum yield and a fluorescene profile similar to
fluoresceine (FITC),%” and 1% mercuric chloride was injected into the brachial LN on the
right side. The animals were then immediately imaged for both the AlexaFluor647-NP using
647 channel and DAF using the FITC channel (Ex: 500, Em: 540) at an exposure of 0.1s.
Total fluorescent counts and radiant efficiency (p/s-sr-uW) were evaluated for each
experiment and treatment group using elliptical regions of interest in Living Image Software
(Perkin Elmer). Fluorescent signal for AlexaFluor647-NP LN drainage was normalized to
the fluorescent signal measured at the site of injection.

Use of Animals

All animal procedures were performed with IACUC approval and animals were housed in a
central animal facility at Georgia Institute of Technology.
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Quantificationof NP LN accumulation

To determine the amount of NP accumulated in draining LN, either fluorescence
quantification of fluorescently labelled NP2:° or a modified assay measuring PEG using
lodine and barium chloride, which form a barium-iodide complex of the glycol, was
performed.®8:59 For the fluorescent quantifcaiton of percent of injection, LN homogenate
was taken and read at 655/675 nm, and the concentration of AlexaFluor647-NP was
determined using a standard curve of AlexaFluor647-NP that was allowed to react at 37°C
for 24 hr. For the lodine PEG assay centrifuged LN homogenate, BaCl solution in 1N HCL,
and KI solution supplemented were reacted. The absorbance was measured at 535 nm, and
the concentration of NP was determined using a standard curve of NP diluted in 1x PBS.

Determination of SNO, NO,~, and ONOO™ Concentration using Modified Saville, Griess,
and Coumarin Boronic Acid (CBA) Assays

The Saville and Griess assays, which work on the principle of a two-step diazotization
reaction between a sulfanilamide-based diazonium ion, formed from nitrite under acidic
conditions, coupled with NEDD, were performed as previously described.>3 Briefly, sample
solution (NO donor, tissue homogenate, or plasma) was mixed with either sulfanilamide
solution or mercuric chloride solution prior to mixing these solutions with N-(1-
Naphthyl)ethylenediamine dihydrochloride (NEDD) or 0.4N HCI. Absorbance was read at
540 nm and the difference between mercuric chloride and sulfanilamide solutions and the
difference between sulfanilamide solution with and without NEDD taken as the SNO and
NO,™ signals, respectively. SNO and free NO,™ concentrations were calculated using a
standard curve of S-nitroso-beta-mercaptosuccinic acid. Sample peroxynitrite (ONOO™) was
measured using a 1:1 mixture with 100 uM Coumarin boronic acid (Cayman Chemical) (10
mg/mL in DMF diluted in 1x PBS), which works to identify ONOO- through oxidation by
ONOO- to the fluorescent probe Coumarin in a stoichiometric fashion, or PBS to determine
tissue background and fluorescence measured at 370/455 nm after 15 min of reaction (short
time to limit possible measurement of hydrogen peroxide, which occurs at a much slower
rate) ONOO™ was calculated using a standard curve of ONOQO™ solution (Cayman
Chemical) in 0.3N NaOH.

SNO Release Studies

SNO-NP solutions in 1x PBS were incubated in closed vessels at 37°C and SNO
concentrations monitored over 72 hr using the Saville assay.

In vivo SNO LN Delivery Time Course Studies

C57BL/6J mice were injected intradermally in the forelimbs with 30 uL of treatment
solution. The animals were maintained under isoflurane anesthesia for the duration of the
injection. At the indicated times post injection, animals were anesthetized using isoflurance
and blood harvested by cardiac puncture using a 27G needle and 1 mL syringe prefilled with
15 uL 50 mM EDTA. The blood was transferred to a microvette tube containing KAEDTA
(Microvette) and stored on ice until analysis (<1 hr). Animals were then sacrificed by
cervical disslocation and tissues, including LN, spleen, kidneys, and liver, were separately
harvested, homogenized and weighed in preweighed tubes containing zirconium beads and
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450 uL 1x PBS as previously described.50:51 Plasma was prepared from whole blood by
centrifugation at 2000 x g for 10 min, transfering the plasma layer into a microtube and
retaining the supernatant. The homogenates (other than those prepared from harvested LN)
were diluted to lower 5 w/w% in 1x PBS to reduce background for the Saville and Griess
assays.41:60-62 Al| homogenate solutions were subsequently centrifuged at 10,000 x g for 20
min and supernatants transferred for determination of SNO, NO,~, and ONOO~
concentrations using the Saville, Griess, and CBA assays described above.

Flow Cytometry

Histology

Mice were injected with SNO treatment group either with or without AlexaFluor647
labeling. 24 hr later the mice were sacrified and both LN from the same injection side of the
animal were placed in 900 uL PBS on ice in the dark. 100 uL of 10 mg/mL Collagenase D
solution in PBS was added to each LN well and incubated for 1 hr at 37°C. LN were then
gently separated through a 70 um cell strainer into 50 mL conical tubes using a 1 mL syringe
plunger. 10 mL PBS was added to push cells through and then the cells were spun down at
300 x g for 5 min. The cells were counted and then plated in their entirety into a
roundbottom 96-well plate. The cells were stained with 100 uL of 2.4G2 solution, followed
by Zombie Aqua Live/Dead (Biolegend) solution, and then finally monoclonal anti-mouse
mADb (Biolegend) (BV411 CDllIc; BV650 B220; BV711 CD3; PE CD169; AF700 CD11b).
Data was acquired in a LSRFortessa (BD Biosciences) flow cytometer with compensation
using either calibration beads (Thermo Fisher) or single-stained cells. Data analysis was
performed using FlowJo software (FlowJo).

2% paraformaldehyde fixed forelimbs were parrafin embedded, sliced to 10 pm thickness,
decalcified, and stained with Hematoxylin and eosin. The slices were imaged using a
Hamamatsu Nanozoomer.

Statistical Analysis

Results

Data is expressed as mean + standard error of the mean. Statistical analysis was performed
using Prism 6. Statistical significance was defined as p < 0.05.

SNO-NP Characterization

We previously described an NO-donating NP formulation®3 based on the formation of SNO
within oxidation-sensitive poly(propylene sulfide)-core, Pluronic block copolymer corona
NP.63.64 These NP are sufficiently small (~30 nm in diameter optimum for lymphatic
uptakel046.51.54) tg be taken up into lymphatic vessels and passively transported to the
draining LN®-54:55 over the course of several days after injection (Figure 1b—c) proportional
to the administered NP dose (Figure 1d).

In this NP formulation, the high concentration of free thiols in the hydrophobic NP core
allows for efficient and rapid loading of NO through the formation of SNO (Figure 2a). This
reaction occurs very quickly and reaches peak efficiency, as determined by the concentration
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of SNO measured compared to the total NP thiol concentration, between 10-20 min of
reaction time (Figure 2b). SNO formation is also most efficient when the acidified nitrite is
between 2—-4 equivalents of NP free thiol (Figure 2c—d), likely due to the process of nitrite
converting to a nitrosating species in low pH resulting in several side reactions occurring
between the acidified nitrosating species and SNO formed®°.66 that often cause the SNO
decomposition. Formation of SNO-NP does not alter NP hydrodynamic size (Figure 2e),
which can be synthesized to a range based on the Pluronic-to-propylene sulfide monomer
ratio used,87 nor polydispersity (data not shown), indicating that the acidic nitrosating
conditions do not affect the Pluronic critical micelle concentration nor promote degradation
of the stabilizing core disulfide bonds. To ensure that the loaded NO will maintain its
stability in the NP over time and as dilution occurs, as well as the capacity of multiple NO
doses to be utilized in a controlled manner, we tested the degradation of the SNO from SNO-
NP at 37°C. SNO-NP were diluted to one of three concentrations: 10, 5, and 1 mM. SNO
decay from SNO-NP was steady over the entire 72 hr for each tested dilution (Figure 2f) and
the decay half-life was insensitive to starting SNO concentration (Figure 2g), indicating that
as the SNO-NP concentration changes /n vivo the release profile of SNO is not significantly
altered.

In vivo NO Donation

We next implemented a well described intradermal forearm lymphatic delivery model,
whose lymphatic network efficiently drains to the ipsilateral axillary and brachial LN
(Figure 1b, 3a),° to assess the delivery and retention of NO delivered via SNO-NP or
standard small molecule SNAP. Whole animal imaging of NP and NO probe DAF-FM DA
mixed 1:1 with HgCl Il fluorescence 24 hr post injection revealed that only SNO-NP, which
accumulated within LN draining the site of intradermal injection (Figure 3a-b), and not
SNAP resulted in appreciable LN NO signal (Figure 3c—d).

Next, using the absorbance-based assays of Saville and Griess to measure RNS within
harvested, homogenized tissues via endpoint analysis, we found that following intradermal
administration of SNO-NP or SNAP loaded with 20 MM SNO, that SNO was only
significantly elevated in the LN over the course of 72 hr post injection relative to control
(PBS injected) animals when delivered via the SNO-NP (Figure 4a). These results are
consistent with our image-based detection of LN-delivered NO (Figure 3) and confirm our
hypothesis that small molecule NO donors are not sufficiently transported to the LN,
requiring, instead, lymphatic-draining NP that can be leveraged to achieve robust SNO
accumulation within the LN. Neither nitrite (NO5™) nor ONOO™, RNS implicated in NO
bioactivity®8 and cytotoxicity,59:70 respectively, were detected at levels above background
for any assayed time post injection with either NO donor (Figure 4b,c). As the result of
SNO-NP, SNO levels in plasma were elevated 1 hr post injection, but returned to near
baseline (saline) by 24 hr post injection (Figure 4d). SNAP, on the other hand, resulted in a
higher but not statistically significant different plasma SNO concentration relative to saline
control treated animals over the course of the experiment (Figure 4d), most likely owing to a
constant clearance from the interstitial site of injection. No changes in plasma NO,™ and
ONOO™ levels compared to saline controls were measured over the time course of
experimentation (Figure 4e—f). RNS levels in the spleen, kidneys, and liver remained
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unchanged relative to saline controls over the course of the experiment for both NO donor
treatment groups, except in the case of the liver where there was a small increase in ONOO~
measured in animals treated with either NO donor (Figure 4h). Within dLN, however, SNO
levels above those in PBS-treated animals were found to be elevated 100-fold for SNO-NP-
relative to SNAP-treated animals (Figure 4g). ONOO™ exposure was also modestly elevated
in LN as the result of SNAP treatment (Figure 4h). Neither NO,™ nor ONOO™
concentrations were elevated in plasma, whereas SNO levels increased, with SNO-NP and
SNAP treatment differing ~two-fold, but not to statistically significant levels (Figure 4i).

The capacity of SNO-NP to control the level of NO delivered to lymphatic tissues was next
evaluated in an /n vivo dosing study. SNO dilutions were created via simple dilution of
SNO-NP solution or when SNO-NP were formed from NP of differing thiol levels (Figure
5a). We found total dLN SNO (Figure 5b) but not NO,~ (Figure 5c) levels generated as a
result of SNO-NP treatment 24 hr post injection were proportional to the concentration of
total SNO administered, irrespective of how the SNO dilutions were generated. Levels of
both SNO and NO,™ in plasma were either not detectable or not statistically higher than
saline controls (data not shown), save the highest tested dose of SNO-NP, 20 mM.
Suggesting corresponding biological effects on lymphatic tissues, LN draining the site of
injection also increased in size proportionally to administered NO amount (Figure 5d); an
effect attributed to the bioactive SNO since delivery of increasing concentrations of plain NP
did not result in changes to the LN (data not shown).

SNO-NP Effects on dLN-resident Cell Viability, Abundance, and NP Uptake

We next sought to begin to elucidate the effect of NO delivery to LN on resident cells. First,
the viability of total (Figure 6a), CD45* (immune) cell subtypes including lymphocytes (T
and B cells, CD3+B220- and B220+CD3-CD11b-, respectively), conventional and
plasmacytoid dendritic cells (CDC - CD11¢c+B220- and PDC - CD11c+B220+,
respectively), and medullary sinus, subcapsular sinus, and medullary cord macrophages
(MSM - B220-CD3-CD11b+CD11¢c+CD169+F4/80+, SSM - B220-CD3-CD11b+CD11c
+CD169+F4/80-, MCM - B220-CD3-CD11b+CD11c+CD169-F4/80+, respectively)
(Figure 6b) resident cells within LN draining the site of injection 24 hr post injection was
found to remain unchanged by SNO-NP treatment relative to control animals, as well as
treatment with plain NP and SNAP, as assessed by flow cytometry. Despite no significant
changes in viability, the abundance of cells within LN draining the site of injection was
dramatically increased by SNO-NP but not SNAP or plain NP treatment; in particular T and
B lymphocytes were more abundant, as well as both conventional and plasmacytoid
dendritic cells and MCM subtypes, albeit for the later three cell types not to a statistically
significant extent (Figure 6c). However, the proportionality of LN resident CD45* cell
subpopulations remained approximately equivalent (data not shown). Notably, while the
frequency of total LN-resident cells that took up or were associated with NP 24 hr post
injection was somewhat reduced for SNO-NP- relative to NP-treated animals, the total
number was negligibly affected by NP-mediated SNO delivery to LN (Figure 6d). SNO
delivery resulted in NP associating to higher extents with CDC, PDC, and MCM (Figure 6e),
and at diminished frequencies with LN-resident T and B cells (Figure 6f).
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Locoregional versus Systemic NO Donation-associated Inflammation and Toxicity

Given NO’s pleiotropic and potential cytotoxic effects,24:28.71 |ocal and systemic markers of
inflammation associated with NO donor treatment were assessed. Histological analysis of
paraffin fixed slices of treated forelimbs revealed no apparent morphological changes in skin
quality, thickness, or granularity for either NO donor treatment at 20 mM administered dose
compared to saline control (Figure 7a). Despite increases in LN size associated with SNO-
NP, but not SNAP, treatment, spleens of treated animals remained unchanged in gross
size’273 relative to control treated animals 24 hr post injection (Figure 7b) Levels of plasma
alanine transaminase and aspartate transaminase, markers of liver toxicity,”* similarly were
unchanged at all analyzed times post injection (Figure 7c).

SNO-NP Effects on Lymphatic Transport

With evidence of SNO-NP enhancing the efficiency of SNO delivery to LN compared to
small molecule NO donor SNAP, we sought to determine how changing the dose of SNO
delivered would affect the overall lymphatic transport to draining LN, as NO is known to
affect lymphatic pumping function.”®76 As a metric of lymphatic transport function, total
delivered amount of NP to LN was quantitatively assessed by endpoint analysis using an
iodine-based absorbance assay on homogenized tissues, which overcomes the significant
sensitivity limitations of whole animal imaging. NP accumulation within draining LN was
sustained, with a steep increase from the time of injection to 1 to 24 hr followed by a slower
and smaller increase from 24 to 72 hr (Figure 8a). Furthermore, over the range of SNO
concentrations tested (6-20 mM), NP accumulation within LN draining the site of injection
was only modestly diminished and in a dose-independent manner 24 hr post injection
(Figure 8b).

Discussion

While there have been several examples of reformulation of NO donors to achieve improved
pharmacokinetics and biodistribution, including improving circulation time through
polyethylene glycol conjugation’” and NO bioactivity through multi-valency,’® to our
knowledge no attempts have been taken to create a NO donor specifically for targeting
lymphatics.”® Several examples exist of larger molecular weight NO donors including a 64-
valency R-SNO dendrimer donor’8 and NO-containing nanoparticles;89-84 however, all of
these approaches presumably remain insufficient for NO-modulation within the lymphatics
because such formulations are non-optimal for lymphatic uptake.®!

In this work, we explored the /n vivo NO donating capacity of a SNO-NP delivery vehicle
we previously reported that exhibits controlled profiles of NO release in its bioactive form.>3
Rapidly (~10-20 min) nitrosated at close to 100% efficiency at ~2—4 molar equivalents of
acidified nitrite (Figure 2b—d), these SNO-NP leverage a NP formulation, that by virtue of
their size (Figure 2e) exhibit superior /n vivo targeting of lymphatic tissues relative to
conventional drug formulations (Figure 1b—d).>85 We found these SNO-NP, which have a
SNO dose-independent half-life of 2 d, to exhibit sustained levels of accumulation within
LN draining the site of intradermal injection (Figure 8b). As a result, SNO-NP significantly
increase the delivered dose of SNO to LN draining the site of intradermal injection (Figure
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4a), resulting in an ~100-fold increase relative to SNAP in levels of SNO exposure above
PBS treated animals over 72 hr post injection (Figure 4g). This was accompanied by only an
increase in plasma SNO levels 1, but not 24 or 72, hr post injection (Figure 4d), a modest
(~2-fold) and not statistically significant increase in total plasma SNO exposure (Figure 4i),
and no change in baseline NO,™ or ONOO™ levels (Figure 4b—c,e—f,h—i). These dose-
dependent effects (Figure 5), which were consistent whether generated by SNO-NP dilution
of changing the extent of nitrosation through NP formulation, demonstrate the selectivity of
NO, and predominantly SNO, delivery to lymphatic tissues mediated by SNO-NP is tightly
controllable.

We expect much of the SNO measured over the time scales of this study to be SNO
remaining on the SNO-NP due to its half-life and high starting concentration. We can also
infer that SNAP, which we would expect to be cleared from the skin site of injection within
minutes and to not be able to transport to the LN due to its size (~220 Da),*6:50:51 does not
transnitrosate to an appreciable extent to any large molecular weight proteins such as
albumin that are capable of transporting to the LN73:86 due to the lack of increased SNO in
LN draining SNAP-injected skin tissues (Figure 4a). Contrast this with increased plasma
levels of SNO resulting from SNO-NP 1 hr post injection (Figure 4d). Because these 30 nm
NP do not have efficient access to the blood vasculature®1:55 so would be retained for
prolonged times at the site of injection®%->1 and because we have previously reported their
propensity to efficiently transnitrosate physiological thiols,>3 we hypothesize that this initial
spike is due to rapid transnitrosation to intradermally present small molecule thiols (cysteine
for example, which can be present in excess of 100 uM87). Second, this may explain the
only modest and dose independent changes in levels of NP LN accumulation resulting from
SNO- versus plain NP (Figure 8a). Because it has been shown that attenuation of lymphatic
function (characterized by an increase in diastolic diameter and a reduction in pumping
frequency) occurs with application of exogenous NO,27:86:88 it s plausible that NP
accumulation within LN would be more dramatically attenuated at times post injection
longer than 24 hr assessed here when more SNO has been released from SNO-NP (Figure
2f-q).

Despite the highly reactive and potentially cytotoxic nature of NO, we observed
histologically no signs of inflammation at the site of SNO-NP injection, as either changes in
skin thickness or granularity (Figure 7a), which is in line with several studies reporting the
lack of inflammatory effects from NO donors.82:89-95 Additionally, no increases in ONOO™~
were detected in any assayed tissue (Figure 4c,f,i), spleen sizes remained unchanged (Figure
7b), and plasma alanine transaminase and aspartate transaminase levels remained unchanged
relative to untreated animals (Figure 7c). We did observe, however, increases in LN size
(Figure 5d) that were potentially explained by flow cytometry analysis revealing dramatic
increases in resident immune cell frequencies (Figure 6c¢), an effect potentially arising from
the influx of cells circulating in the blood®8 caused by LN-delivered SNO mediated by
lymphatic-draining NP. This is supported by measured frequencies of NP association with T
and B cells dropping ~50% (Figure 6f) while total cell counts correspondingly increased
~30% (Figure 6¢). Furthermore, the viability of LN-resident cells was not diminished by
SNO-NP treatment (Figure 6a—b). Consistent with only modest decreases in total levels of
NP accumulation within LN as a result of SNO co-delivery (Figure 8a), the extent of NP
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uptake by LN-resident cells remained similar (Figure 6d). However, SNO-NP did associate
at increased levels with dendritic cell and MCM subtypes (Figure 6¢) corresponding to the
measured increases in abundance of these cell subtypes (Figure 6c¢), while the total
frequency of NP-associated cells remained similar to plain NP indicating that these cells’
barrier/scavenger functions®’-99 were unperturbed by NO delivery. On the other hand, T and
B cell abundance similarly increased (Figure 6c), but total frequencies of NP-associated
lymphocytes were nearly inversely reduced (Figure 6f), hinting that NO release did not alter
access of SNO-NP to these cells and that the reduced frequency was due to a dilution effect.
Taken together, these data indicate that delivery of NO alone or in combination with co-
encapsulated drug/agent to LN-resident cells in a manner roughly similar to those described
for the plain (non SNO containing) NP°® may be efficiently and rapidly achieved also by
SNO-NP, while retaining the LN- and cellular biodistribution benefits of NP delivery. Of
note, cellular uptake of the SNO-NP should not inhibit the function of subsequently released
NO, since transnitrosation within the cell to small molecule thiols, such as cysteine, can
occur and intracellular NO-species can be extracellularly released.#2-100 Therefore, NP-
delivered SNO, released either extra- or intracellularly within LN, would presumably be
bioactive.

In summary, we have demonstrated that SNO-NP facilitate the controlled and sustained
delivery of NO to lymphatic tissues in a preclinical in vivo mouse model, resulting in a two
order of magnitude increase in the accumulaton of SNO in the LN over the span of 72 hr
post injection above control animals compared a dose-matched small molecule NO donor.
Additionally, we found dramatic increases in the abundance of LN-resident lymphocytes,
dendritic cells, and MCM despite no apparent LN-resident cell death associated with
treament nor signs of systemic and injection site-localized toxicity after administration.
Since NO has shown /n vitro/in vivo promise with lymphatic-related cancer therapy and
infectious disease applications but has been unable to progress due to delivery-related
challenges, with further development this NO delivery technology has the significant
potential to advance such NO-based therapeutic approaches through enhancement of
lymphatic targeting.
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l(:igu)re 1. Nitric oxide (NO) delivery to lymphatic tissues using lymphatic draining nanoparticles
NP

A) By virtue of their blood impermeability that prolongs their retention at the site of
injection, hydrodynamically large drug delivery vehicles such as 30 nm lymphatic draining
NP have enhanced lymphatic uptake relative to small molecules, which can be leveraged to
enhance lymph node (LN) delivery of encapsulated NO. Representative IVIS images (B) and
quantification (C) of AlexaFluor-647-labeled NP transport from the site of injection (white
arrows) in the forearm skin to the draining ipsilateral (closed line) axillary and brachial LN
(dLN) but not non-draining contralateral (dashed line) LN (non-dLN) after 24 hr. n=6
samples per group. D) NP drain to LN from the site of injection in a manner proportional to
the starting concentration of injected NP. **p<0.01.
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I(:igure 2. )S/nthesis and characterization of S-nitrosothiol poly(propylene sulfide) nanoparticles
SNO-NP

A) Schematic of micellar structure of Pluronic-stabilized, poly(propylene sulfide) NP
containing free core thiols that become S-nitrosated using an acidified sodium nitrite
protocol at room temperature. SNO on the SNO-NP can either be retained on the NP or can
be transnitrosated to a low molecular weight thiol (LMW-SH); NO that is released from the
SNO-NP will be either oxidized with oxygen to nitrite, or will interact with superoxide and
form peroxynitrite. B) Efficiency of S-nitrosation reaction, defined as the amount of S-
nitrosothiol that can be generated per amount of starting free thiol concentration, reaches a
maximum around 15 minutes. C) Efficiency of S-nitrosation reaches a maximum at 2—4 eq.
sodium nitrite to free core thiols. D) Low pH is required for the S-nitrosation reaction with
sodium nitrite and free core thiols. E) SNO-NP are stable and the same size as unmodified
NP, indicating that the Pluronic-stabilized, poly(propylene sulfide) NP structure remains
stable under these conditions. F) SNO decay from SNO-NP at different starting SNO
concentrations over 3 d. G) The approximately 50 hour half-life of the SNO release from
SNO-NP is constant at 37°C regardless of starting SNO concentration. n=3 samples per

group.
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Figure 3. Colocalization of NO and SNO-NP fluorescence in lymph nodes (L N) draining site of
injection demonstrates nanoparticle-mediated lymphatic transport facilitates NO delivery to LN

Representative VIS images (A, C) and quantification (B, D) of AlexaFluor647 (A-B) and
NO probe DAF-FM DA (C-D) fluorescence in draining LN associated with SNO-NP, but
not SNAP administration in the forelimb skin. White arrow, intradermal site of treatment
group injection; white circle, LN draining the site of intradermal injection; yellow circle,
DAF-FM DA injected LN.
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Figure 4. SNO-NP improve délivery of SNO to lymph nodes draining the site of intradermal
injection (dL N) compared to small molecule NO donor

A) SNO-NP showed improved delivery and retention over 72 hr of SNO to lymph nodes
(LN) compared to SNAP. * indicates statistically greater SNO for SNO-NP compared to
SNAP. B) No appreciable accumulation of nitrite within LN for either SNO-NP or SNAP
compared to control. SNO-NP and SNAP signals were not detectable (ND) at 1 or 72 hr. C)
No appreciable accumulation of peroxynitrite within lymph nodes for either SNO-NP or
SNAP compared to control. D) SNO-NP showed early spike in SNO concentration within
plasma, whereas SNAP peaks at 24 hr. PBS and SNAP signals were ND at 72 hr. **
indicates statistically greater SNO for SNO-NP compared to SNAP. E) No appreciable
accumulation of nitrite within plasma for either SNO-NP or SNAP compared to control.
SNO-NP and SNAP signals were ND at 24 and 72 hr. F) No appreciable accumulation of
peroxynitrite within plasma for either SNO-NP or SNAP compared to control. G) SNO-NP
showed greater bias of SNO delivery compared to SNAP to LN than to plasma. Levels of
SNO accumulation in the spleen, kidney, and liver were ND. H) There was a modest
accumulation of peroxynitrite in the LN for SNAP but not SNO-NP, whereas in the liver
there was a larger, but not statistically significant, difference in accumulation of
peroxynitrite in the liver. The accumulation of peroxynitrite in the spleen and kidney was
ND for all groups. 1) In the plasma there was a noticeable but not statistically significant
difference in the AUC of SNO signal for SNO-NP vs. SNAP. G-I, PBS AUC was subtracted
from SNO-NP or SNAP AUC. For all graphs the columns/points and error bars represent the
mean + SEM (n=3-6 samples per group). *p<0.05, **p<0.01.
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Figure 5. SNO-NP can be synthesized to deliver awiderange of SNO doses that accumulate
within the draining lymph node (dLN) in a manner proportional to concentration

A) The SNO concentration of SNO-NP can be modified by either diluting maximally
nitrosated SNO-NP with a high starting SNO concentration, or by synthesizing SNO-NP
with different initiator concentrations such that the maximal nitrosation results in differing
SNO concentrations due to the altered free thiol concentration. B) The total SNO within the
dLN at 24 hr is proportional to the amount of SNO delivered by SNO-NP either by dilution
or by dose-matched NP batches with different initiator concentrations. C) Total nitrite within
the dLN at 24 hr was relatively insensitive to starting SNO concentration of SNO-NP. D)
The weight of dLN 24 hr post injection was increased slightly in proportion to the starting
SNO concentration of SNO-NP. For all graphs the columns/points and error bars represent
the mean + SEM (n=3-8 samples per group).
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Figure 6. SNO delivery by SNO-NP does not negatively affect the viability but increasesthe
number of cellsresident within lymph nodes draining the site of intradermal injection (dLN),
resulting in modestly altered distributions of cellular NP accumulation

A) SNO delivery from SNO-NP did not affect the viability of dLN cells compared to small
molecule NO donor SNAP, plain NP, or PBS control. B) SNO delivery from SNO-NP did
not alter the viability of any specific cell subtype within the LN compared to other groups.
C) SNO delivery from SNO-NP resulted in increased numbers of B and T cells relative to
SNAP, plain NP, and PBS control. While SNO delivery from SNO-NP also resulted in
increased numbers of other cell types, the results were not statistically significant. D) SNO
delivery from SNO-NP resulted in a reduction in both the number and percentage of
nanoparticle positive cells. E) SNO delivered from SNO-NP resulted in an increased number
of nanoparticle positive dendritic and macrophage cells while showing a slight reduction in
the number of nanoparticle positive B and T cells compared to plain nanoparticle control. F)
SNO delivered from SNO-NP did not affect the percentage of nanoparticle positive dendritic
and macrophage cells, but did result in a drastic reduction in the percentage of nanoparticle
positive B and T cells compared to plain nanoparticle control. Cells were gated as follows: B
cells - B220+CD3-CD11b-; T cells — CD3+B220-; conventional dendritic cells (CDCs) —
CD11c¢c+B220-; plasmacytoid dendritic cells (PDCs) — CD11c+B220+; subcapsular sinus
macrophages (SSM) — B220-CD3-CD11b+CD11c+CD169+F4/80-; medullary sinus
macrophages (MSM) - B220-CD3-CD11b+CD11c+CD169+F4/80+; and medullary cord
macrophages (MCM) - B220-CD3-CD11b+CD11c+CD169-F4/80+. For all graphs the
columns/points and error bars represent the mean + SEM (n=3-6 samples per group).
*p<0.05; **p<0.01; *** p<0.001; ****p<0.0001; ns, not significant.

J Biomed Mater Res A. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Schudel et al.

A

Page 23

B C
SNO-NP  SNAP  PBS
- wap - ”

) Sy ISV

|
ALT Activity {mllfinl.)

("

SNONP  SNAP ras

Figure 7. Intradermal administration of SNO-NP does not result in local or systemic

inflammation

A) Representative images of the inflammation reveals no qualitative difference in skin
thickness or cellularity between groups. Red bar, 1 mm. B) Top, representative spleen
images from treated mice. Scale bar, 0.5 cm. Bottom, spleen sizes were found to not be
statistically significantly different between groups measured after 24 hr treatment. C) There
was no statistically significant difference in time-matched ALT or AST measurements from
the plasma over a 72 hr time course between groups. n=3-7. ns, not significant.
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Figure 8. SNO-NP efficiently drain to the lymph node (LN) and cause only a modest diminution
in total NP LN accumulation

A) SNO-NP drained to and accumulated in the LN over 72 hr as measured by lodine PEG
stain assay. B) There was no statistically significant difference in the percent of injection of
SNO-NP solution when the dose of SNO was altered, however, compared to plain NP the
presence of SNO modestly attenuated the overall accumulation of AlexaFluor647-labelled
NP in LN 24 hr post injection as measured by fluorescence. For all graphs the columns/
points and error bars represent the mean + SEM (n=3-8 samples per group). *p<0.05;
**p<0.01; ns, not significant.
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