1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Biomaterials. Author manuscript; available in PMC 2023 February 01.

Published in final edited form as:
Biomaterials. 2022 February ; 281: 121374. doi:10.1016/j.biomaterials.2022.121374.

Engineered implantable vaccine platform for continuous
antigen-specific immunomodulation

Dixita Ishani Viswanath1:2, Hsuan-Chen Liul, Simone Capuanil3, Robin Vander Poll, Shani
Saunders?, Corrine Ying Xuan Chual”, Alessandro Grattonil#:5"
1Department of Nanomedicine, Houston Methodist Research Institute, Houston, TX, USA

2Texas A&M University College of Medicine, Bryan & Houston, TX, USA

SUniversity of Chinese Academy of Science (UCAS), Shijingshan, 19 Yuquan Road, Beijing
100049, China

4Department of Surgery, Houston Methodist Hospital, Houston, TX, USA
SDepartment of Radiation Oncology, Houston Methodist Hospital, Houston, TX, USA

Abstract

Cancer vaccines harness the host immune system to generate antigen-specific antitumor immunity
for long-term tumor elimination with durable immunomodulation. Commonly investigated
strategies reintroduce ex vivo autologous dendritic cells (DCs) but have limited clinical adoption
due to difficulty in manufacturing, delivery and low clinical efficacy. To combat this, we
designed the “NanoLymph”, an implantable subcutaneous device for antigen-specific antitumor
immunomodulation. The NanoLymph consists of a dual-reservoir platform for sustained release
of immune stimulants via a nanoporous membrane and hydrogel-encapsulated antigens for local
immune cell recruitment and activation, respectively. Here, we present the development and
characterization of the NanoLymph as well as efficacy validation for immunomodulation in an
immunocompetent murine model. Specifically, we established the NanoLymph biocompatibility
and mechanical stability. Further, we demonstrated minimally invasive transcutaneous refilling
of the drug reservoir in vivo for prolonging drug release duration. Importantly, our study
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demonstrated that local elution of two drugs (GMCSF and Resiquimod) generates an immune
stimulatory microenvironment capable of local DC recruitment and activation and generation
of antigen-specific T lymphocytes within 14 days. In summary, the NanoLymph approach can
achieve in situ immunomodulation, presenting a viable strategy for therapeutic cancer vaccines.

Keywords

local controlled release; oncoimmunotherapy; in situ delivery; immunomodulation; subcutaneous
implant; cancer vaccine

Introduction

Although immune checkpoint blockade antibodies have revolutionized cancer treatment,
only 13% of patients respond, with limited success in most solid tumors'-3. Further,
patients often experience relapse due to immunotherapy resistance? 4. Consequently, there
is a crucial unmet need to increase immunotherapy response rate across all cancer types
and patient populations. Further, recent clinical success with oncoimmunotherapeutics
have pushed towards developing patient-centric therapeutic approaches to eradicate
solid tumors®-7. These methods harness the host immune system to generate antigen-
specific targeted responses capable of overcoming an immunosuppressive tumor
microenvironment®: . To this end, therapeutic cancer vaccines aim at mobilizing patient-
and tumor-specific antitumor immune responselC. By increasing immunogenicity and
maintaining specificity, therapeutic cancer vaccines can serve as a potentially facile
approach to eliminate tumors, evade tumor suppressive mechanisms and generate in situ
immunological memory for long-term tumor elimination!1-13,

Cancer vaccines must be capable of identifying tumorigenic cells without inducing
autoimmunity4 and generating widespread antitumor immunity while limiting systemic
toxicity and off-target effects. Various approaches in clinical and preclinical studies often
target dendritic cells (DCs), the most powerful antigen-presenting cell. DCs can efficiently
capture, internalize and process antigens for presentation to both CD4* and CD8* T cells
after migration to secondary lymphoid organs?®. Ex vivo protocols, in which autologous

or allogeneic DCs are isolated, maturated and transfused into patients1, have low clinical
adoption rate due to difficulty in manufacturing, delivery and minimal efficacyl’ 18, and
cost. Further, ex vivo strategies are limited by short lifespan of transfused cells, immune
rejection, immunosuppressive tumor and low tissue uptakel®-21, Moreover, ex vivo DCs
requires repeated administration at high doses to achieve adequate biodistribution and tissue
penetrance. High degree of patient adherence is often difficult to achieve!® even with
implementation of technology-based outreach efforts?2-24, Thus far, limited clinical impact
is observed with ex vivo DC approaches?.

To combat these limitations, biomaterial-based cancer vaccines have demonstrated
enhancement of the cancer-immunity cascade by generating antigen-specific responses

in preclinical models?>-28, Specifically, scaffold-based technologies were demonstrated to
generate an immunostimulatory microenvironment to modulate the host immune system in
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situ29-32, While a number of these systems have been developed, they are often administered
once and cannot be precisely tuned to patient responses?®: 33 34,

Fundamental to therapeutic cancer vaccines is the development of a self-contained

approach to recruit, prime and initiate antitumor immune cells without external actuation

or complex manipulation. In this work, we developed an immunostimulatory implant
capable of continuously recruiting and activating immune cells locally for systemic-reaching
immunomodulatory effects. Our technology, termed the “NanoLymph”, is a subcutaneously
(SQ) implantable device with a dual-reservoir structure for both immune stimulants (drug)
and antigens. We envision clinical deployment of the NanoLymph to occur in a four-step
process (Figure 1). First, the NanoLymph is implanted SQ with a minimally invasive
procedure similar to insertion of long-acting drug delivery implants3®. The implantation
incision and surrounding tissues is allowed to heal for two weeks to permit any potential
acute foreign body response to resolve3%: 37 (Figure 1A). Thereafter, the NanoLymph is
transcutaneously (transQ) loaded with immunostimulants and hydrogel-encapsulated antigen
in the drug and antigen reservoir, respectively (Figure 1B). Immune stimulants are eluted

in a sustained manner across a nanoporous membrane into the interconnected antigen
reservoir, which forms a drug-antigen gradient within the NanoLymph proximity. This
gradient of immunostimulants autonomously triggers continuous recruitment of DCs locally.
Recruited DCs interface directly with antigens encapsulated within the hydrogel (Figure
1C). DCs are activated against presented antigenic milieu and home to local lymph nodes

to generate sustained systemic effects (Figure 1D). By recruiting and activating DCs

within NanoLymph, we aim to harness their co-stimulatory properties to induce T cell
immunomodulatory effects. Distinct from current vaccine approaches, the NanoLymph is
designed as a long-term platform, with considerations for minimally invasive refilling for
continued immune modulation in tune with patient needs.

Materials and Methods

NanoLymph fabrication and assembly

NanoLymph devices were fabricated with a stereolithography 3D printer (Form 3B,
Formlabs, Massachusetts, United States of America (USA)) using biocompatible BioMed
Clear resin (Formlabs). A solid modeling software (SolidWorks®, Dassault Systemes,
Vélizy-Villacoublay, France) was used to create a 3D dataset for the fabrication process.

The D-shaped NanoLymph was designed with dimensions of 11.2 mm x 11.1 mm x 2.6 mm,
presenting drug reservoir volume of 45 pL and antigen reservoir volume of 80 pL. Devices
were cleaned and cured according to manufacturer instructions and sterilized using autoclave
at 121°C, 15 psi for 30 minutes.

Devices were then assembled in aseptic manner under a laminar-flow hood in a stepwise
fashion. Silicone plugs devised from medical-grade silicone and corresponding primer
(NusSil, Avantor®, Pennsylvania, USA) were affixed and cured at 60°C for 10 minutes.
Nanoporous membranes and nylon meshes were cut using a laser cutter (VLS 2.30,
Universal Laser Systems, Arizona, USA), sterilized in 70% ethanol, affixed using the
same silicone used for the plugs and cured overnight at room temperature. Assembled
devices were incubated at 37°C in RPMI 1640 media with L-glutamine (Cytiva HyCloneg,
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Massachusetts, USA) for 48 hours to ensure sterility via no observed bacterial growth.
Lastly, devices were filled using sterile phosphate buffered saline (PBS, Fisher Scientific,
Massachusetts, USA) and 20% wi/v pluronic F-127 (PF-127, Sigma-Aldrich, Missouri,
USA) using aseptic technique.

In vitro material degradation

Resin, nanoporous membranes and nylon meshes (n=6 per group) were weighed and each
placed in individual 1.5 mL Eppendorf tubes with sink solution of sterile 1X PBS with 2%
fetal bovine serum (FBS, Sigma-Aldrich, Missouri USA) and incubated at either 37°C or
67°C (accelerated conditions). Samples were dried and weighed weekly (37°C) to evaluate
material degradation; sink solution was fully replaced with fresh buffer at each time point.
Material degradation was assessed via weight change percentage relative to day 0 using the
following equation:

Wi-W;
WC % :100 — * 100)

Wi

where wj is the original weight of each material and w; is the weight at each time point.

At predetermined endpoints, materials incubated in 67°C were removed, dried, fixed in 10%
formalin, dehydrated in ethanol and sputtered with 7 nm iridium. Imaging was performed
using Nova NanoSEM 230 under high vacuum setting and 5 kV electron beam at Houston
Methodist Research Institute Scanning Electron Microscopy and Atomic Force Microscopy
Core.

In vitro leakage

NanoLymph prototypes (n=3) were 3D printed as described above without drug elution
holes. Prototypes were cleaned and silicone ports affixed. Two needles (23G and 30G) were
inserted in either opposing silicone ports. A 1 mL solution of 10 mg/mL rhodamine B dye
solubilized in PBS within a 1 mL syringe was attached to the larger bore needle. Refill

of rhodamine B was visually assessed within venting needle. Implants were incubated at
37°C in 2 mL PBS, shaking continuously. Sink solutions were replenished according to
predetermined schedule and analyzed via fluorescent spectrophotometry for presence of
rhodamine B.

Cell proliferation assay

To gain insight on biocompatibility of assembled NanoLymph, MTT assays were performed
using murine dendritic cells (DC2.4), murine fibroblasts (L929) and murine macrophage
(RAW 264.7) cell lines (ATCC, Virginia, USA) in duplicate. DC2.4 cells were cultured

in RPMI-1640 with L-glutamine and non-essential amino acids media supplemented with
10% FBS, 100 U penicillin (Gibco, Texas, USA), 100 U streptomycin (Gibco), 1X HEPES
(Sigma-Aldrich, Missouri USA) and 0.0054x B-mercaptoethanol (Gibco). L929 cells were
cultured in Dulbecco's Modified Eagle's Medium (DMEM, Corning, Massachusetts, USA)
supplemented with 10% horse serum (ATCC, Virginia, USA), 100 U penicillin (Gibco), 100
U streptomycin (Gibco). RAW 264.7 cells were cultured in DMEM media supplemented
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with 10% FBS, 100 U penicillin (Gibco), 100 U streptomycin (Gibco). Media was
replenished every 48-72 hours and cells were passaged at 70-80% confluency as assessed
by visual inspection via light microscopy. NanoLymph extract was generated by incubation
of each material utilizing a volume/surface area ratio of 0.8 mL/cm? in appropriate media
condition for each cell line at 37°C on shaker for 72 hours. This 100% extract was then
diluted to 50% and 25% using complete appropriate media pre-incubated at 37°C for 72
hours.

For MTT proliferation assay, cells were seeded at 10,000 cells per well in a flat bottom 96
well plate and incubated overnight to allow cell adherence. The next day, culture medium
was aspirated and appropriate media was replenished in duplicate with negative control as
media only. Twenty-four hours later, MTT assay was performed using TACS MTT cell
proliferation assay (R&D Systems, Minnesota, USA) following manufacturer instructions.
Absorbance was measured at OD 570/690 nm with Synergy™ HT Microplate Reader
(Bio-Tech Instruments, Inc., Vermont, USA).

release

NanoLymph prototypes (n=6 per condition) with drug reservoir only were printed and
affixed with 30 nm polyethersulfone (PES) hanomembranes (Sterlitech, Washington, USA)
following similar protocol as described above. Devices were loaded with 3 pg granulocyte-
macrophage colony-stimulating factor (GMCSF, PeproTech, New Jersey, USA) solubilized
in PBS via silicone ports. Devices were immersed in 200 pL sterile PBS sink solution at
37°C, each in individual microcentrifuge tubes. Sink solution was collected and changed
daily for 15 days. Drug quantification was assessed via commercially available mouse GM-
CSF enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, Massachusetts, USA)
according to manufacturer’s protocol. Absorbance was measured at OD 450/620 nm with
Synergy™ HT Microplate Reader.

To quantify resiqguimod (R848) release, NanoLymph prototypes were assembled and loaded
with 30 pg of small molecule cyanine7 carboxylic acid (Cy7-CA), a surrogate for R848
due to similar physical properties38. Devices were similarly immersed in sink solution and
changed daily as described above. Daily absorbance was measured at OD 747 nm with
UV-Vis Spectrophotometer (Cary 50; Agilent Technologies).

In vitro drug bioactivity

To evaluate drug stability over time, primary bone marrow derived DC (BMDC) harvested
were isolated in accordance to established protocols3?. BMDC were labeled with CFSE
(CellTrace, Life Technologies, California, USA) at 5 uM per 1 x 106 cells for 20 minutes
at 37°C, quenched with media, washed twice and allowed to incubate overnight starved

of GMCSF. The next day, 20ng/mL of GMCSF from collected sink solutions were added.
Negative control wells received equivalent volumes of sterile PBS while positive control
wells received fresh 20ng/mL of stock GMCSF (PeproTech). After 48 hours, cells were
isolated, fluorescently labeled with CD11c and Live/Dead staining (Supplementary Table
1) and assessed using LSR-11 flow cytometer (BD Biosciences, California, USA). FlowJo
v10.7.2 (FlowJo, Oregon, USA) was used for analysis.
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8-13 week old female C57BL/6 and BALB/c mice (Taconic Biosciences, New York, USA)
were housed at the Houston Methodist Research Institute (HMRI) Comparative Medicine
Facility in Houston, TX. All animal experiments were carried out in accordance with
provisions of Animal Welfare Act and principles of the National Institutes of Health Guide
for Care and Use of Laboratory Animals with protocols approved by the Institutional
Animal Care and Use Committee. All animals had access to clean, fresh water at all

times and a standard laboratory diet and were monitored daily. All procedures were
performed under anesthesia with inhaled isofluorane. Euthanasia was accomplished in a
humane manner (carbon dioxide inhalation, confirmed by cardiac puncture) by techniques
recommended by the American Veterinary Medical Association Guidelines on Euthanasia.

Minimally invasive SQ implantation

A small incision (approximately 1 cm) was made on dorsal right lateral side caudal to
cervical spine. Blunt dissection was used to separate dermal layer from SQ fascia to generate
SQ pocket on right flank. Assembled sterilized devices were placed into this pocket. The
incision site was closed with wound clips (Roboz, Maryland, USA). All animals received
five days of oral analgesic pre- and post-surgery as well as SQ buprenorphine SR (0.5
mg/kg), and bupivacaine (5 mg/kg) as a splash block during surgery for postsurgical pain.

In vivo NanoLymph biocompatibility assessment

Histological

To assess biocompatibility and toxicity of the NanoLymph, we implanted sterile
NanoLymph in the flanks of C57BL/6 mice as described above. Mice body condition and
vital signs (weight and rectal temperature) were assessed every two days. At predetermined
endpoints, mice were euthanized as described above. Organs including liver, kidney,
NanoLymph and surrounding fibrotic capsule were harvested for histological analysis as
described below.

analysis

C57BL/6 mice were each implanted with either one NanoLymph or one titanium control

and euthanized as described above at predetermined endpoints. Fibrotic capsule immediately
surrounding the SQ implant site, liver and kidney were isolated, fixed in 10% formalin,
embedded in paraffin, sectioned at 5 um and stained with hematoxylin and eosin (H&E)

or Masson’s Trichrome at the Research Pathology Core of Houston Methodist Research
Institute (HMRI).

Sections were imaged using EVOS Cell Imaging Systems (ThermoFisher, Massachusetts,
USA) mounted with 4x and 20x non-oil objective and 10x ocular attached to digital

camera. Semiquantitative histopathological assessment was evaluated in accordance to
inflammatory scoring system*?, which was adopted from published standards*® 42. Sections
were evaluated by two trained pathologists blinded to treatment groups following scoring
guidelines (Supplementary Table 2). Numerical scores were aggregated and averaged to
provide overall score.
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Serum ALT analysis

NanoLymph

Quantification of serum alanine transaminase (ALT) was used to assess impact of
NanoLymph implantation on liver function. ALT quantification was assessed via
commercially available mouse ALT Activity kit (Sigma Aldrich, Massachusetts, USA)
according to manufacturer’s protocol. Briefly, serum was mixed with a coupled enzyme/
substrate mix, resulting in a colorimetric product at OD 570 nm proportional to pyruvate
generated at 37 °C. Quantification was assessed as per Kit instructions as amount of enzyme
that generates 1.0 umole of pyruvate per minute at 37 °C.

refillability

Using Cadmium Telluride Quantum Dots 705 (Qdot 705; Sigma Aldrich), we evaluated the
drug reservoir refill capability of the NanoLymph. NanoLymph were SQ implanted 10-week
old BALB/c mice either 2 weeks or 22 weeks prior to refilling procedure, modeling short-
and long-term use, respectively. Mice were shaved on right flank with 20 mm diameter
circle extending from middle of implant prior to baseline imaging to avoid potential signal
obscurance by fur. Mice were anesthetized with isofluorance and placed on left lateral
decubitus position on imaging stage of the in vivo imaging system (IVIS, PerkinElmer,
Massachusetts, USA). For quantum dot detection, we used an excitation wavelength of 640
nm and emission wavelength of 700 nm.

After baseline imaging, the drug reservoir was transcutaneously filled with Qdot 705
solubilized in PBS. Briefly, two needles (23G and 30G) were each inserted in either
opposing silicone ports. A 1 mL solution of 1 mg/mL quantum dots solubilized in PBS
within a 1 mL syringe was attached to the larger bore needle. Refill was visually assessed
by evidence of vented PBS and excess Qdot 705 through 30G needle in vitro. Analogous
procedure was used to refill antigen reservoir with 21G needle loaded with 20% w/v PF-127
in PBS in vitro. We imaged the mice using IVIS as described above to assess reservoir
filling. To confirm that loaded cargo can be removed transcutaneously, we flushed the drug
reservoir with 3 mL sterile PBS following refilling procedure described above. Mice were
reimaged using IVIS as described above.

Living Image Software 4.5.2 (PerkinElmer) was used to acquire images. Images were
qualitatively assessed by scaling all images on one consistent scale for comparison. Images
were quantitatively assessed by drawing region of interest (ROI) around the NanoLymph and
measuring fluorescent signal in radiance (p sec™! cm=2 sr1),

Biodistribution of drug and antigen from NanoLymph

To assess drug and antigen biodistribution from the NanoLymph, two cohorts of mice were
used. For the NanoLymph group, BALB/c or C57BL/6 mice were shaved, anesthetized,
imaged and refilled as described above 2 and 22 weeks after implantation. For the SQ
injection group, equal concentration of either mock drug or antigen were injected SQ on
right flank of BALB/c mice after baseline imaging. SQ injection of mock drug was delivered
in 50 pL of PBS while antigen was delivered in 20% w/v PF-127 in 50 pL of PBS. SQ
conditions were chosen to mimic cargo loaded within NanoLymph. Cyanine7 carboxylic
acid (Cy7-CA, Abcam, Cambridge, United Kingdom), and Ovalbumin-AlexaFluor 647
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(OVA-AF647, Invitrogen, Massachusetts, USA) were used to model R84838 and ovalbumin,
respectively. Cy7-CA was solubilized in sterile PBS and delivered to the drug reservoir.
OVA-AF647 was solubilized in sterile PBS and mixed in a 1:1 ratio with 40% PF-127 to
prepare final solution of encapsulated OVA-AF647 in 20% PF-127. For Cy7-CA detection,
we used an excitation wavelength of 710 nm and emission wavelength of 760 nm. For OVA
detection, we used an excitation wavelength of 640 nm and emission wavelength of 680
nm. Mice were imaged over period of 14 days and fluorescent signal analyzed as described
above.

Following euthanasia at predetermined endpoints, NanoLymph, surrounding fibrotic capsule,
adjacent inguinal lymph node, liver, spleen, kidneys and lung were collected. For SQ groups,
surrounding skin and tissue were collected in lieu of NanoLymph. Blood, collected via
cardiac puncture, was transferred to serum separation tubes (BD Biosciences) for serum
isolation following centrifugation at 2,000 x g for 15 minutes. Serum was collected and
stored at —80°C. Ex vivo fluorescence imaging was performed on organs using VIS as
described above. Using Living Image 4.5.2 software, ROI were drawn and radiance values
were measured as described above. Normalization was performed relative to fluorescent
imaging at 1 hour.

Immune cell homing and general multicolor flow cytometry assessment

To assess efficacy of immune cell modulation, NanoLymphs were implanted SQ in the flank
of C57BL/6 mice as previously described. After two weeks, mice were randomized into
four groups: PBS control, drug only, antigen only and drug + antigen. Reservoirs were
transcutaneously filled as described above. For groups receiving drug, mice were refilled
with 3 ug GMCSF and 30 pg R848 solubilized within 50 pL PBS. For conditions receiving
antigen, 1 pg OVA (257-264) SIINFEKL peptide labeled with FAM (AnaSpec, California,
USA) was solubilized in 100 L of 20% w/v PF-127 in PBS. Mice were euthanized 14

days following transQ filling. NanoLymph and adjacent inguinal lymph node were collected
for flow cytometry analysis. Cells were isolated from NanoLymph by aspiration through
1mL syringe. Adjacent inguinal lymph nodes were suspended to single-cell suspensions by
mechanical filtration in 70 um cell strainer. Single cells were first blocked with antimouse
CD16/CD32/Fc block (eBioscience, California, USA) and stained using either myeloid, T
cell or OVA tetramer panel (Supplementary Table 1) for extracellular staining at 4°C for

30 minutes. H-2K(b) SIINFEKL PE-labeled appropriate tetramer was provided by NIH
Tetramer Core Facility (Emory University, Georgia, USA). After washing with staining
buffer twice, cells were fixed overnight with fixation buffer (eBioscience) and washed

prior to data acquisition. Fluorescent data were collected using LSR-11 flow cytometer (BD
Biosciences, California, USA) and analyzed using FlowJo v10.7.2 (FlowJo, Oregon, USA).
Analysis was performed after exclusion of debris, doublets and non-viable cells. Analysis
was performed on a population-level relative to respective parent population via FlowJo*3,

Statistical analysis

Results are expressed as mean + standard deviation. All statistical analyses were performed
using GraphPad Prism 9.1.1 software (GraphPad Software Inc., San Diego, CA, USA).
Student t-test, one-way ANOVA or two-way ANOVA were performed when appropriate
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to determine statistical significance between experimental groups. P-values less than 0.05
were considered statistically significant with following symbols indicating significance as
follows: n.s. not significant, * P<0.05, ** P<0.01, *** P<0.001, **** P<(0.0001.

Development, fabrication and stability of the NanoLymph

We developed the NanoLymph to serve as a local immunomodulatory niche capable of DC
recruitment and activation as well as downstream T cell priming. The NanoLymph is a

dual reservoir system presenting a “D-shape” with two connected reservoirs, each for drug
and antigen cargo (Figure 2A-D). The drug reservoir is connected to the antigen reservoir
via two square windows, each measuring 0.8 x 0.8 mm, upon which a nanoporous PES
membrane is affixed using biocompatible silicone glue (Figure 2C). Drug sustainably elutes
from the drug reservoir through the nanoporous membrane into the antigen reservoir and
thereafter into the SQ space, creating a concentration gradient and an immune stimulatory
microenvironment. The antigen reservoir contains a hydrogel capable of housing recruited
cells and is enclosed via dual nylon meshes (Figure 2B). The inner 100 pm x 100 um mesh
provides cell and hydrogel retention, while the outer 300 um x 300 pm mesh allows for
mechanical support#4. Both drug and antigen reservoirs can be accessed transcutaneously in
a minimally-invasive procedure previously established in our group®®. Self-sealing silicone
plugs located on either end of the drug reservoir serves as loading and venting ports,
respectively, for transQ refill. The antigen reservoir is accessed via simple advancement of
needle through the skin and nylon meshes to reach the reservoir.

The NanoLymph is fabricated using stereolithography 3D printing in biocompatible resin.
Stereolithography allowed us to create the complex hollow structure with high dimensional
tolerances and accuracy and smooth surface morphology.#® Currently used in dental
implants, stereolithography offers rapid scalability and customizable flexibility46. The
NanoLymph presented here is optimized for murine models and measures 11.2 x 11.1 x
2.6 mms3 (height x width x depth), smaller in size than a M&M™ candy (Figure 2D).

As the NanoLymph is intended for long-term deployment, it is critical to assess material
stability of all components. Thus, we assessed degradation of the resin, nanoporous
membrane and nylon meshes though specimen weight change in vitro over time at 37°C

in simulated interstitial fluid#4 47. Simulated interstitial fluid, composed of PBS with 1%
FBS, was prepared to mimic fluid, salt and protein composition found in the SQ space. We
observed a minimal change in weight; all materials remained at or above 70% of original
weight throughout duration of study (Figure 2E)4”. The resin material encompassing the
NanoLymph exhibited less than 1% decrease in weight, indicating no substantial degradation
over time. Early time points with the PES nanomembrane observed between 5-18% increase
in weight attributable to initial water absorption. This finding is consistent with previous
reports for similar polyesters*8: 49, Further, SEM imaging of woven meshes and nanoporous
membranes showed intact material integrity for 55 days in vitro at 67°C, corresponding to
over 300 days in vivo9 (Figure 2F). Our laboratory has previously demonstrated similar
material retained integrity in a rat animal model for up to 10 weeks**. Additionally, it is
critical to ensure no drug will leak through resin structure or silicone ports. We previously

Biomaterials. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Viswanath et al.

NanoLymph

Page 10

demonstrated that silicone ports remain patent after repeated probing via a small-gauge
needle with no significant leakage of drug®L. To test potential leakage, rhodamine B dye
was loaded via resealable silicone ports in NanoLymph prototypes without drug elution
membranes and incubated in a sink solution of 1X PBS for up to 18 weeks. The presence of
rhodamine B in sink solution was assessed via fluorescent spectrophotometry. We observed
no significant leakage throughout the study up to 18 weeks (Figure 2G). Consistent with this
report, we have previously demonstrated

is non-cytotoxic and biocompatible

We evaluated NanoLymph cytotoxicity via MTT cell viability assay with murine dendritic
cells (DC2.4), fibroblasts (L929) and macrophages (RAW 264.7). These cell types would
interact with the NanoLymph throughout the duration of SQ implantation and thus would be
the most relevant to our study. Cells incubated with varying concentrations of NanoLymph
extract maintained viability above the 70% threshold®2 comparable to control (complete
media only) and showed no difference in viability across all cell lines (Figure 3A).

To evaluate NanoLymph biocompatibility in mice, we implanted NanoLymph SQ in the
flank of C57BL/6 mice. To monitor for signs of device-induced toxicity, we assessed mice
overall well-being, weight and rectal temperature thrice weekly (Figure 3B) over 28 days.
Under observation, mice were active, well-groomed and in good health consistent with no
indication of pain or distress3. The implantation site remained healthy with no evidence

of drainage or abscess formation throughout the study. Further, mice had no notable weight
loss compared to pre-implantation baseline and non-significant variability in core body
temperature. Similarly, in a long-term implantation study of 19 weeks, the mice had healthy
weight gain (Supplementary Figure 1A) and no significant variation in body temperature
(Supplementary Figure 1B).

Implanted materials undergo a multi-step orchestrated cascade termed the “foreign body
response” (FBR) encompassing release of inflammatory cytokines that recruit neutrophils,
macrophages and fibroblasts leading to fibrotic encapsulation3”. Although this is an
expected physiological response, unresolved FBR may pose a significant challenge to
implant function®*. Here, we evaluated NanoLymph-induced FBR via histologic analysis
at the implantation site. We used hematoxylin and eosin (H&E) and Masson’s Trichrome
to evaluate cellular infiltration and collagen deposition, respectively. Specifically, we
assessed the NanoLymph-induced fibrotic response in early (7, 14 and 28 days) and late
(154 days) post-implantation period, compared to titanium, a material commonly used in
medical implants. We demonstrated that the fibrotic capsule remained thin throughout the
investigation. Although the resin material initially generated a thicker fibrotic capsule than
that of titanium control, the two conditions equilibrated by 14 days (Figure 3C). In both
materials, fibrotic capsule thickness steadily increased over time. Fibrotic capsule thickness
steadily increased in both resin and titanium implants (Figure 3C). By day 154 time point,
we noted no significant increase in thickness in the resin implants compared to day 28.
Further, histological assessment of cellular infiltrates, necrosis and tissue damage®® in the
fibrotic capsule and surrounding tissue of NanoLymph exhibited similar characteristics to
that of titanium at all endpoints. The NanoLymph presented minimal inflammatory response
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localized to implant site with underlying healthy surrounding SQ tissue and muscle (Figure
3D, E) comparable to control titanium implants. This response is typical of FBR to medical
implants without evidence of chronic or ongoing inflammation.

To assess potential device-induced adverse effects, we assessed signs of liver toxicity or
inflammation in mice SQ implanted with NanoLymph. Serum ALT enzyme levels were
analyzed as a measure of hepatic damage at 17, 21 and 28 days post-implantation. All

mice exhibited no significant increase in ALT levels at any endpoint (Supplementary Figure
2A). Further, across all endpoints, there was minimal nephritic and hepatic inflammation
comparable to titanium control by histological evaluation (Supplementary Figure 2B, 2C).
These results demonstrate that NanoLymph is biocompatible and develops minimal FBR
comparable to known biocompatible titanium.

Constant and sustained release of drug from NanoLymph

To study the immune response triggered by the NanoLymph, we used two
immunostimulants for their DC recruitment and maturation properties. Our drug cocktail

is composed of granulocyte-macrophage colony stimulating factor (GMCSF) and a Toll-Like
Receptor 7/8 agonist, Resiquimod (R848). GMCSF is a commonly used cytokine in ex

vivo DC-based vaccines in both preclinical and clinical trials'8 with positive immunogenic
responses. GMCSF is an endogenous cytokine produced by multiple immune cell types

in response to inflammation or infection. It promotes DC generation, recruitment and
survival®8: 57, R848, an imidazoquinolone compound, enhances DC survival, induces
cytokine production and promotes tumor-antigen T cell priming®8-63, We hypothesized that
GMCSF with R848 can synergistically generate an immunostimulatory microenvironment
for continuous DC recruitment and activation at the NanoLymph to achieve antigen-specific
T cell responses.

To evaluate drug release, we performed in vitro assays in which the drug reservoir

mounted either 30nm or 100nm PES nanoporous membranes. PES was chosen for its

high dimensional stability, resistance to oxidizing agents, resistance to biofouling, thermal
stability and strong mechanical properties®4-66. Implants were loaded with 3 pg of GMCSF
and 30 pg Cy7-CA. Cy7-CA is a fluorophore used as a surrogate for R848 due to their
similar physical and molecular properties and ease of detection via UV-Vis absorbance38,
GMCSF release from 30 nm nanoporous membranes exhibited a sustained release, with an
average release rate of 2.5 ng/day over 14 days (Figure 4A). There was a moderate burst
release the first three days with an average of 4.5 + 2.8 ng GMCSF released per day. As
expected, GMCSF release from larger membrane sizes of 100 nm demonstrated rapid near-
complete release within first 4 days and thereafter was undetectable. GMCSF release via 100
nm membranes averaged 5.6 + 2.9 ng per day for first 4 days. Once devices were exhausted,
release rate dropped to average 0.5 = 0.1 ng for remainder 10 days. Cy7-CA release showed
a typical exponentially decaying concentration-driven diffusion profile presenting higher
release rates at first (3392 ng/day for the first 5 days) followed by lower diffusion rates

(257 ng/day after day 5) using membrane sizes of 30 nm. Release using 100 nm followed
comparable profile with initial higher release rates (4009 ng/day) for first 5 days followed by
215 ng/day after day 5 (Figure 4B).
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To assess drug bioactivity after release from the NanoLymph, we cultured primary murine
bone marrow derived DC (BMDC) with released GMCSF compared to fresh stock. These
BMDCs require daily supplementation with GMCSF for optimal growth in culture. There
was no significant difference in BMDC viability between fresh or NanoLymph-released
GMCSF across all time points (Figure 4C). These results demonstrated that the NanoLymph
can release drugs in a constant manner while maintaining its biological activity, critical for
continuous DC recruitment.

In a pilot in vivo study, we investigated cellular inflammatory responses to SQ implanted
NanoLymph. We compared NanoLymph mounted with either 30 nm or 100 nm nanoporous
membranes. After implantation, we allowed two weeks for potential acute FBR to subside.
Thereafter, NanoLymph was transcutaneously loaded with GMCSF and R848 in the drug
reservoir and ovalbumin peptide (OVAp) in the antigen reservoir. OVAp was encapsulated in
20% wiv PF-127 hydrogel following previously established protocols by our laboratory*4.
Use of OVAp was included to ensure activation of possible antigen cross-presentation by
myeloid cells87: 88, For the control implants, PBS and 20% PF-127 hydrogel was used in the
drug and antigen reservoir, respectively.

In the 30 nm membrane NanoLymph cohort, we did not observe significant neutrophil or
macrophage influx on either days 3 or 14 post-drug and antigen loading (Supplementary
Figure 3A, B). On the contrary, we observed a statistically significant neutrophil infiltration
from NanoLymph with 100 nm nanoporous membranes compared to PBS control
(Supplementary Figure 3C). This strong acute inflammatory response was observed on both
days 3 and 13 post-drug and antigen loading. Thus, we conclude that rapid bolus dosage

of GMCSF likely triggered a local neutrophil influx consistent with literature reports®9: 70,
We observed no drug-dependent effect of local macrophage recruitment at either time point,
indicating no evidence of chronic inflammation (Supplementary Figure 3D). In fact, we
noted a statistically significant decrease in macrophages locally recruited to NanoLymph
eluting drug and antigen compared to control at day 3. Therefore, in consideration of small
drug molecule sizes and to avoid unwanted acute inflammatory responses, we selected the
30 nm nanoporous membrane for the following studies.

In vivo NanoLymph transcutaneous refilling and drug release

The NanoLymph is designed for minimally invasive transQ loading of both the drug and
cell reservoir. As a proof-of-concept, we used quantum dots (Qdot 705), which allowed

for visualization via IVIS live animal imaging, to demonstrate transQ refillability of
NanoLymph in mice. NanoLymph drug reservoir was transcutaneously filled with Qdot 705
two weeks after SQ implantation. Briefly, two needles were each inserted in either opposing
silicone ports, which were easily palpable?4. A 1 mL syringe with Qdot 705 solution was
attached to the loading needle, while the other needle was left open for venting excess
fluids. Successful drug reservoir refill was visually confirmed using VIS imaging (Figure
5A). Fluorescent signal intensity of drug disappeared upon flushing the reservoir with sterile
saline. Further, we demonstrated similar results 22 weeks after SQ implantation, indicating
the reservoir remained patent and intact, suggestive of NanoLymph capability for long-term
implantation (Figure 5A).
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To assess the capability for sustained drug elution, we compared mice implanted for 2 weeks
with Qdot 705 filled-NanoLymph (solid, blue) to a one-time SQ bolus injection (solid, gray)
via IVIS imaging. Mice were assessed via IVIS imaging 1 hour after drug administration
and on days 1, 3, 7, 11 and 14 thereafter. At hour 1, mice in both the NanoLymph and SQ
group demonstrated high fluorescent signal (Figure 5B, C). Compared to the NanoLymph,
mice receiving a SQ bolus dose had an immediate significant decrease in signal intensity,
which was undetectable by day 11. In contrast, Qdot 705 eluted from NanoLymph showed
sustained signal over 14 days, indicative of sustained progressive drug elution. Ex vivo
imaging of SQ tissue showed completely cleared signal by day 14, whereas NanoLymph had
drug retention and residual drug (Figure 5D).

To assess the capability for sustained drug elution after long-term implantation, we repeated
the aforementioned experiment after 22 weeks of NanoLymph implantation. Age-matched
mice were either transQ loaded with Qdot 705 within NanoLymph drug reservoir (dashed,
blue) or administered one-time SQ bolus injection (dashed, grey) and imaged via IVIS as
above. Elution from the NanoLymph exhibited similar rate of release in both short- and
long-term implantation. Similarly, compared to NanoLymph, mice receiving a SQ bolus
dose displayed analogous trend in both time points, with nearly undetectable signal by day
11 (Figure 5B, Supplementary Figure 4). These similar release profiles can be attributable to
non-significant increase in fibrotic capsule (Figure 3C). Overall, these results demonstrated
NanoLymph refillability and sustained drug release in vivo in both short- and long-term
implantation.

To study in vivo drug biodistribution, we used Cy7-CA as a surrogate model for R848
via NanoLymph affixed with 30 nm nanomembranes, SQ implanted in mice. Cy7-CA
was transcutaneously filled into NanoLymph drug reservoir as aforementioned. Payload
delivered through the NanoLymph exhibited an extended release duration compared to a
one-time SQ bolus injection (Figure 6A). By day 3 and thereafter, mice receiving SQ bolus
dose showed consistent significant decrease in Cy7-CA signal compared to NanoLymph
group. After day 7, almost all of Cy7-CA signal disappeared at the administration site

in SQ injection group compared to the NanoLymph cohort (Figure 6A, B). Ex vivo
imaging analysis demonstrated that NanoLymph released cargo into fibrotic capsule and
skin milieu generating a local immunostimulatory niche (Figure 6C-F). At the overlying
skin, NanoLymph retained local signal for longer than the one-time SQ bolus, which
exhibited a significant decrease rapidly after day 1 (Figure 6C, F).

To evaluate systemic biodistribution of cargo, we explanted organs of relevance at
predetermined endpoints for ex vivo IVIS imaging (Figure 6C). Payload released by
NanoLymph exhibited a similar distribution to inguinal lymph node as SQ cohort at all

time points (Figure 6C, G). Lastly, drug is cleared by the kidney and liver. SQ delivery
resulted in rapid bolus clearance to the kidney and liver on day 1 in contrast to the
NanoLymph cohort (Figure 6C, H-I). Payload delivery from either the NanoLymph or

SQ group did not distribute to either the spleen or lung, which are typical of monoclonal
antibodies”® 72(Figure 6C). Overall, we showed that the NanoLymph is capable of sustained
drug elution across a period of at least 14 days with minimal biodistribution to distant
organs.
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Next, we evaluated the ability of the NanoLymph to control the release and retention of
antigen over time. Antigen release and retention within the NanoLymph occurs via hydrogel
degradation, which is widely studied#* 7376, We used ovalbumin conjugated to Alexa Fluor
647 (OVA-AF647) to model our proposed antigen payload®l: 2. OVA647-encapsulated
within PF-127 was transQ loaded by simply advancing an injection needle through the skin
and nylon mesh into the antigen reservoir®4.

Strikingly, OVA-AF6467 delivered via SQ administration was almost immediately cleared
out from the injection site with significant orders-of-magnitude decrease within one

day, compared to NanoLymph (Supplementary Figure 5A). This effect is quantified via
relative radiance of observed OVA-AF647 using VIS imaging (Supplementary Figure

5B). To evaluate systemic biodistribution of cargo, we explanted organs of relevance at
predetermined endpoints for ex vivo IVIS imaging (Supplementary Figure 5C). Similar to
Cy7-Ca, OVA-AF647 eluted from the NanoLymph into fibrotic capsule and local skin tissue
in a gradient-like manner over time (Supplementary Figure 5C-F). In contrast, signal at
surrounding skin rapidly disappeared after day 1 in the one-time SQ bolus injection group
(Supplementary Figure 5C, F). In the inguinal lymph node, kidney and liver, OVA-AF647
released by NanoLymph exhibited a similar distribution as SQ bolus at all time points
(Supplementary Figure 5C, G-1). Further, antigen did not distribute to either the spleen or
lung (Supplementary Figure 5C). This indicates that loaded antigens are confined locally to
the immediate local NanoLymph microenvironment and exhibit minimal biodistribution to
distant organs.

NanoLymph can recruit and activate dendritic cells in vivo leading to generation of
antigen-specific lymphocytic response

We hypothesized that sustained delivery of immunostimulants in combination with an
antigenic target via the NanoLymph can recruit and activate DC locally, which subsequently
migrate to the adjacent inguinal lymph nodes for cross-presentation to T cells””. Therefore,
we assessed immune responses in the NanoLymph and inguinal lymph node proximal to

the NanoLymph site. To test this hypothesis, we SQ implanted mice with NanoLymph
affixed with 30 nm nanomembranes. Fourteen (14) days after SQ implantation, mice were
divided into control, drug only (GMCSF/R848), antigen only (OVAp) or combinatorial
drug/antigen treatment. We transQ loaded the NanoLymph with drug combination and
antigen in the drug and antigen reservoir, respectively, according to the groups. Controls
were transQ filled with PBS and 20% PF-127 hydrogel in their respective reservoirs.

After 14 days, we evaluated immune cell recruitment locally to the NanoLymph and the
inguinal lymph node. We observed a statistically significant drug-dependent recruitment of
CD11c+ DCs locally compared to control (Figure 7A). Further, mice receiving both drug
and antigen had significantly higher proportion of CD80+ DCs recruited to the NanoLymph,
indicating that the combinatorial elution is required for complete cellular activation (Figure
7B). This effect was recapitulated in adjacent inguinal lymph nodes with a significant drug-
dependent increase of DCs (Figure 7C). Further, mice receiving both drug and antigen had
a significantly higher proportion of OVA+DC, indicating effective NanoLymph-induced DC
homing to the lymph node (Figure 7D). Specifically, DCs were recruited to the NanoLymph,
where they interfaced with OVAp and migrated to the adjacent inguinal lymph node.
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Antigen-presenting DC migration from the NanoLymph to local lymph nodes is crucial
for initiating T cell activation cascade. To investigate this, subpopulations of T cells were
assessed for antigen specificity by utilizing OVA tetramer staining. Although NanoLymph
eluting both drug and antigen generated significantly fewer CD4+ T cell in adjacent
inguinal lymph node (Figure 7E), there was a significant increase of tetramer+ CD4+ T
cell compared to control (Figure 7F). Similarly, significantly higher number of CD8+ T
cells were localized to inguinal lymph nodes in the combinatorial drug/antigen NanoLymph
cohort (Figure 7G) with a corresponding robust tetramer+ CD8+ T cell response (Figure
7H). Activation and proliferation of cell-mediated immunity, comprising of CD4+ and
CD8+ T cells, is responsible for orchestrating and directing a targeted immune response’S.
These results support our hypothesis, demonstrating that NanoLymph delivering both drug
and antigen can activate DC locally and induce DC cross-presentation to generate antigen-
specific cellular responses.

Discussion

Optimal material and design of therapeutic vaccines can enhance antigenic immunogenicity,
generating either cell-mediated or humoral immunity. Past work from other groups in
generating biomaterial-based therapeutic vaccine often are limited by encapsulation and
degradation kinetics25 34 | rapid burst release of drug”® 80 and lack of patient-centric
design (i.e. minimally invasive, refillable)33. They are often single-administration strategies
that cannot be tailored for future patient needs and have high incidence of adverse

effects®l. Our SQ implantable platform, the NanoLymph, was designed to address the
aforementioned limitations and the critical need for a patient-centered vaccine strategy with
minimal extracorporeal manipulation. Through sustained and constant elution of drugs and
antigens, the NanoLymph achieves an enriched local microenvironment conducive for DC
localization, activation and cross-presentation to T cells in distant lymphoid organs. Further,
in considerations for future clinical translation, we demonstrate that the NanoLymph is
biocompatible, mechanically stable and minimally invasive.

Current clinical trials for cancer vaccines often hinge on repeated administration of ex

vivo activated autologous DC over period of weeks to months. Conventional techniques
require invasive DC isolation from patients and ex vivo manipulation with GMCSF. Such
cellular manufacturing utilizes immunostimulants in orders of magnitude higher than that
released via the NanoLymph82-84. GMCSF’s potential for adverse effects is dose-dependent
leading to immune-related adverse eventns8®. Further, high-dose formulations are required
due to minimal lymph node infiltration of DC, presumably contributing to limited clinical
benefit and narrowed clinical utility8 86, |astly, such strategies rely on complicated
isolation and dosing schedules, necessitating high degree of patient adherence. We posit
that the NanoLymph can generate equivalent antigen-specific lymphocytic populations in
situ compared to other approaches. It provides a local microenvironment conducive for
systemic immune activation. Further, spatiotemporal cargo release from the NanoLymph can
significantly influence immune cell responses. The capacity for tunable hierarchical release
of multiple factors can be essential to achieving desired oncotheraputic outcomes without
inducing lymphocytic exhaustion?°,
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In contrast to polymeric vaccine delivery approaches, the NanoLymph is drug- and antigen-
agnostic and can be easily and rapidly be optimized for a variety of therapeutic targets
without drug reformulation8”. For example, FMS-related tyrosine kinase 3 ligand (FLT3-L)
could be loaded in the NanoLymph to further potentiate immunomodulatory activity. FLT3-
L promotes DC generation, recruitment and survival and could be used to synergize with
GMCSF to augment DC responses®8: 89, As an oncotherapeutic, in addition to activating an
antigen-specific T cell responses, the NanoLymph can be used to simultaneously combat
tumor-induced immunosuppression. The drug reservoir of the NanoLymph can be used

to induce sustained local elution of immune checkpoint inhibitors (e.g. anti-PD-1 or anti-
PD-L1). Local release of PD-L1 inhibitors will inhibit both the PD-1/PD-L1 axis as well
as the PD-L1/CD80 interactions of DC. Blocking PD-L1 on DC increases free CD80 in
circulation, maximizing co-stimulatory CD28 interaction on T cells to enhance lymphocyte
priming®. Thus, use of PD-1 may further synergistically enhance CD80 molecules to
enhance T cell priming®l. Combinatorial local therapy of immune checkpoint inhibitors
and immunostimulants could achieve robust systemic antitumor T cell responses while
alleviating the risk of acquired resistance and treatment-associated toxicities?2. Likewise,
the NanoLymph can be loaded with either autologous or allogeneic immunodominant
tumor antigens. Autologous antigens such as immunogenic neoantigens isolated from
tumor biopsies?3 % or whole-cell tumor lysates can deliver specific and non-specific
antigens® 96, The use of patient-derived antigens offers a personalized oncotherapeutic
strategy to generate robust responses while limiting alloimmune reactivity.

These capabilities of the NanoLymph offer significant flexibility for management of
various diseases influenced by the immune system. Previous work in our laboratory have
demonstrated in situ delivery of immunosuppressants to protect allogeneic cell transplants
from host immune rejection*#: 76, Along the same lines, the immunomodulator potential of
the NanoLymph can be leveraged for allergy immunotherapy to desensitize patients against
common life-threatening allergens. Specifically, the NanoLymph could be used to elute
cytokines (e.g., TGFp and IL-2)%" 98 or mTOR inhibitors (e.g., rapamycin)?% 100, with
house dust mite allergoid serving as the antigen101: 192 |n this context, the NanoLymph
can induce allergen desensitization by tolerogenic DCs suppressing Th2 mediated immune
responses.

Most available medical implants lack drug refillability and therefore rely on either complete
structure degradation or explanation and re-implantation for continued care, posing a
significant barrier to care35. Minimally invasive transQ accessibility of the NanoLymph
allows for drug replenishment, replacement or dosage tuning, if needed. Although we
have optimized drug dosage here in a murine model, clinical translation may require
further personalized dose tuning dependent on patient’s immune responses. For example,
known sex-based differences193: 104 and interactions with gut microbiotal®: 106 can
influence maturation and function of immune cells. Therefore, the NanoLymph allows for
therapeutic optimization on a per-patient basis in consideration of a myriad of external
variables, allowing for patient-centric therapy. Further, the flexibility of NanoLymph
device placement could be leveraged for disease-specific indications. In the context

of cancer, considering that strong antitumor immune responses are initiated intra- and
peritumorally>® 197 ideal implant placement could be in proximity to the primary tumor
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or draining lymph nodes108 55, Future studies will characterize the functionality of antigen-
specific lymphocytes to generate strong intratumoral antitumor local and memory immune
responses. Additionally, such studies will characterize impact and cargo release efficiency
after multiple transQ refillings for generation of strong therapeutic antitumor immune
responses. Lastly, it is necessary to evaluate the efficacy of the NanoLymph against current
conventional vaccine techniques. Thus, future experiments will assess the immune response
generated in mice receiving NanoLymph versus repeated bolus SQ administration.

The nondegradable NanoLymph can be easily manipulated for continual immune
modulation. In contrast, biodegradable vaccines present non-retrievable systems slowly
eluting cargo over time dependent on polyester degradation kinetics. Although such
polyesters have a long history of durable safety in the clinicl09, accidental release of entire
payloads may be possible in unique clinical settings or through system malfunction. High
dose delivery of GMCSF and other cytokines are linked to serious adverse effects including
arterial thrombosis, vascular leak syndrome, bone pain and hematopoietic malignancies!10.
The NanoLymph presents a self-sealing design, passively controlling the rate of drug
release through nanoporous membranes. Additionally, the NanoLymph uses a minimal
concentration of drug to exert immunomodulatory effects, diminishing the possibility of
severe adverse reactions. To further mitigate adverse effects, the NanoLymph structure can
be retrieved entirely, if needed, to meet patient requirements.

Overall, we present a proof-of-concept study demonstrating that locally released drug and
antigen from the NanoLymph in a spatiotemporal manner successfully recruits and activates
DC to induce an antigen-specific immune response. Future studies will extrapolate on this
effect by evaluating the prophylactic and therapeutic efficacy of the antitumor immune
response for cancer treatment. Taken together, this work provides the foundation for the
development of an immunomodulatory niche adaptable for multiple disease etiologies
beyond cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: NanoLymph deployment strategy.
(A) NanoLymph is subcutaneously implanted in for two weeks to allow foreign body

reaction to equilibrate. (B) Transcutaneous loading of immunostimulants or antigens into the
NanoLymph drug and antigen reservoir, respectively. Loading and venting needles for the
drug reservoir are advanced into the NanoLymph through self-sealing silicone ports (visible
in Figure 2). Venting needle permits sufficient loading of drug reservoir and removal of any
entrapped air or excess fluids. Loading needle attached to antigen-loaded syringe for antigen
reservoir filling is advanced through skin and nylon mesh. (C) Release of immunostimulants
from drug reservoir into antigen reservoir and surrounding subcutaneous microenvironment
creates stimulatory gradient for local recruitment of dendritic cells (DC) to NanoLymph. (D)
Recruited DC are activated upon interaction with hydrogel-encapsulated antigens. Activated
DC exfiltrate NanoLymph and home to secondary lymphoid organs.
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Figure 2: NanoLymph design and characterization.
(A) Rendering of NanoLymph cross-section with view of drug and antigen reservoir as

well as self-sealing silicone loading ports on opposing sides. (B) SEM image of nylon
woven mesh membrane; scale bar 500 pm. (C) SEM image of polyethersulfone (PES)
nanoporous membrane; scale bar 10 um. (D) NanoLymph shown to scale in comparison
with commercially available M&M™; scale bar 500 mm. (E) Degradation of NanoLymph
components in vitro as function of change in weight from baseline. Horizontal dotted

line indicates 75% weight change. NanoLymph in purple, nylon mesh in teal, nanoporous
membrane in orange. (F) SEM image of nylon woven mesh (scale bar: 500 um) and PES
nanoporous membrane (scale bar: 10 um) 55 days after incubation at 67 °C (G) Percent of
rhodamine B leaked from in vitro implants after 18 weeks
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Figure 3: NanoLymph cytotoxicity and biocompatibility.

(A) Viability of murine dendritic cells (DC2.4), fibroblasts (L929) and macrophages (RAW)
after incubation with NanoLymph extract in media or complete media alone control (Veh)
assessed via MTT assay. Horizontal dotted line represents 70% cell viability (B) Changes

in weight (black) and rectal temperature (blue) assessed thrice weekly in mice after
NanoLymph implantation. (C) Thickness of fibrotic capsule in resin (gray) and titanium
(blue) samples across endpoints. (D) Pathological scoring of histological sections of fibrotic
capsule. (E) Hematoxylin and Eosin (H&E) and Masson’s Trichrome stained fibrotic
capsule at 7, 14, and 28 weeks post implantation with NanoLymph versus titanium control.
Scale bar 100 pm. *P < 0.05, **P < 0.01 and ***P < 0.001. Graphs are plotted as mean +
SD. Statistical significance determined via one-way ANOVA.
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Figure 4: Drug release from NanoLymph.
(A) Cumulative release of GMCSF through 30 nm (blue, circle) and 100 nm (gray,

triangle) nanoporous membrane. (B) Cumulative release of Cy7-Ca through 30 nm and

100 nm nanoporous membrane. (C) Viability of primary bone marrow derived dendritic cells
(BMDC) cultured in released GMCSF (blue) compared to stock GMCSF (grey). Graphs are
plotted as mean + SD.
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Figure 5: NanoLymph refillability and drug retention in vivo.
(A) IVIS analysis of SQ implanted NanoLymph showing pre-procedure (baseline),

transcutaneous refilling of drug reservoir using quantum dots 705 (Qdot 705) and flushed
out reservoir. (B) Normalized relative radiance of 1\VVIS of Qdot 705 either injected
subcutaneously (SQ, gray, circle) or within drug reservoir (NanoLymph, blue, square) across
time points in vivo. Age-matched mice were implanted with NanoLymph for either 2

weeks (solid) or 22 weeks (dashed). (C) IVIS analysis of Qdot 705 injected SQ or within
NanoLymph at various time points in mice at weeks post implantation. (D) Ex vivo imaging
of skin overlying SQ injection or implanted NanoLymph. *P < 0.05, **P < 0.01 and ***P

< 0.001. Graphs are plotted as mean + SD. Statistical significance determined via two-way
ANOVA.
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Figure 6: Drug retention within NanoLymph.
(A) IVIS analysis of Cy7-Ca in drug reservoir of implanted NanoLymph compared to

injected subcutaneous (SQ) control in mice. (B) Normalized relative radiance analysis by
IVIS of Cy7-CA comparing SQ (gray, circle) to NanoLymph drug reservoir (teal, sqare)
across time points in vivo. (C) Ex vivo IVIS images of Cy7-Ca in organs comparing
NanoLymph (NL) to bolus injected SQ. Relative radiance analysis by IVIS of Cy7-CA

in (D) NanoLymph, (E) fibrotic capsule and (F) skin surrounding implant. (F) Relative
radiance analysis by IVIS of Cy7-CA in (G) inguinal lymph node, (H) kidney and (I) liver.
*P <0.05, **P < 0.01 and ***P < 0.001. Graphs are plotted as mean + SD. Statistical
significance determined via two-way ANOVA.
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Figure 7: NanoLymph induced immunomodulation.
(A) DC recruitment at NanoLymph (B) Activated DCs in NanoLymph (C) DC migration to

adjacent inguinal lymph node. (D) OVA+ DC localized at draining LN. (E) CD4+ T cell

in LN. (F) Proportion of OVA tetramer+ CD4+ T cell in LN. (G) CD8+ T cell in LN. (H)
Proportion of Ova tetramer+ CD8+ T cell in LN. Control NanoLymph in gray, Antigen only
in orange, Drug only in green, Drug antigen combination in blue. All endpoints evaluated
14 days after transQ loading. Graphs are plotted as mean * SD. Statistical significance

determined via one-way ANOVA.
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