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ALTERNATIVE DIAGNOSTIC METHODS

FOR SAMPLING THE IMMUNE SYSTEM IN SITU
by

Anasuya Mandal

Abstract
Current protocols for immune system monitoring involve the collection of cells from blood

or cerebrospinal fluid. However, since major populations of immune cells reside within tissues,
these invasively-obtained body fluid samples are, at best, indirect indicators of the status of the
immune system. Direct tissue sampling through biopsies is difficult to incorporate into long-term,
repetitive, longitudinal immune monitoring. Whereas delayed-type hypersensitivity tests (e.g.,
Mantoux tuberculin test) query the presence of antigen-specific cells in the skin, but do not provide
information about the phenotype and functional characteristics of responding immune cells.

Here we present a technology that addresses several of these challenges simultaneously,
with the synergistic goals of providing enhanced diagnostic methods for sampling and analyzing
the function of the immune system, and providing a greater insight into the status of the immune
system than state-of-the-art assays. We designed hydrogel-coated, immune-monitoring, sampling
microneedles that are capable of sampling non-recirculating immune cell populations present in
the skin and permitting the quantification of biomarkers present in collected dermal interstitial
fluid, thus enabling the parallel monitoring of both cellular and humoral immune responses.

We focused, first, on optimizing the materials for fabricating sampling microneedles with
the requisite properties of mechanical integrity and robustness, reproducible fabrication, effective
skin penetration, ability to include bioactive cell-signaling molecules in the MN sampling platform
and a compartment within the platform for sample collection and retention. Next, we utilized two
animal models: an immunization model in which mice were vaccinated with model antigen
ovalbumin, and an infection model in which mice were infected, via tail-skin scarification, with
vaccinia-virus expressing SIVgag. We established that including adjuvants and antigen as cargo
in lipid nanocapsules embedded in the hydrogel coating of the microneedles elicit the recruitment
and sampling of not only antigen-specific cells, but also non-recirculating tissue resident memory
cells. In both models, we demonstrated that even at long times post antigen exposure, sampling
microneedles consistently recruited for higher proportions of antigen-specific cells than those
present in blood. Finally, we also showed that the dermal interstitial fluid collected via sampling
microneedles, could be reliably quantified for biomarkers such as antigen-specific IgG.

The technology of sampling microneedles allows ex vivo analysis of cells retrieved directly
from the local tissue environment and enables the investigation of antigen-specific cells for
diagnostic purposes as well as answering spatio-temporal questions related to immunology in local
tissue environments. This simple, painless and minimally-invasive sampling approach should
facilitate longitudinal monitoring of antigen-specific immune cell populations in the skin relevant
for a variety of infectious and autoimmune diseases, and aid the process of vaccine design.

Thesis Supervisor: Paula T. Hammond
Title: David H Koch Professor of Chemical Engineering

Thesis Supervisor: Darrell J. Irvine
Title: Professor of Biological Engineering and Materials Science and Engineering
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Chapter One

INTRODUCTION

1.1 The Immune System and Immune Response

Our body is under constant attack from various elements present in its environment -

microbial pathogens, viruses, and various chemical and physical factors. The body's immune

system, comprising many biological structures and processes, plays a crucial role in defending and

protecting the body against disease. The immune system has two main subsystems: the innate and

the adaptive immune systems. Components of the innate immune system are present at barrier

tissues such as the skin, gut, lungs, and other organs with mucosal linings that face continuous

insults from the environment. They mainly protect against infection, in a non-specific manner of

response, via cell mediated and humoral components. The innate immune system has no

immunological memory and each exposure to pathogen leads to an immediate maximal response.

It consists of the complement system and innate leukocytes such as natural killer cells, mast cells,

eosinophils, basophils, phagocytic cells including macrophages, neutrophils, and dendritic cells,

which identify and eliminate pathogens that might cause infection. The adaptive immune system,

on the other hand, acts in slower manner, taking between 24-72 hours to mount a specific, tailored

response against a particular antigen. It consists mainly of B cells and T cells that interact to

provide and form antigen-specific responses, which, after their initial formation, retain the ability

to mount tailored responses due to their immunological memory for the specific antigen.

The lymphatic system, which is part of the circulatory system, consists of lymphatic organs

and a vast network of lymphatic vessels that form the roads using which immune cells are

transported. Primary or central lymphoid organs (thymus and bone marrow) are the creation sites

of lymphocytes and early, immature progenitor cells. Immature naYve T cells undergo maturation

in the thymus where those cells that are unable to differentiate "self' from "non-self' antigens

undergo apoptosis. Secondary or peripheral lymphoid organs, including lymph nodes and the

spleen, mainly consist of mature nafve lymphocytes, and are the sites at which an adaptive immune

response is initiated via lymphocyte activation by antigen presentation. Non-lymphoid or

17



peripheral tissues such as skin and intestine have previously been considered only as passive-

barrier layers. However, in recent years, it has been shown that antigen-specific memory cells

specifically home to and reside in peripheral tissue to confer long lasting immunity, for many

years, at the most probable sites of invasion." To better understand the formation of and

importance of these memory cells in peripheral tissues, we will now outline the timeline of the

immune response.
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Figure 1-1: Memory cells and their role in an immune response. (A) NaYve T cells are activated
by pathologic infections and differentiate into effector or killer T cells. Activated T cells clonally
expand in response to particular antigens (expansion phase). After pathogen clearance, high
proportions of the expanded antigen-specific T cells undergo apoptosis (contraction phase). Some
population of the surviving antigen-specific T cells is maintained as memory T cells (memory
phase). Adapted from 5. (B) Function ofT RMs in the event of pathogen exposure. Adapted from 6.

An immune response is mounted upon pathogen or antigen encounter, most likely at the

site of entry, which may be a skin wound, lesion, or breakage in the continuity of a barrier tissue.

Epithelial barrier cells and resident innate immune cells express pattern-recognition receptors that

recognize specific pathogen components and can trigger downstream activation cascades.

Activation of dendritic cells through the activation of toll-like receptors (TLRs) expressed on

innate cells results in the increased production of pro-inflammatory cytokines, antimicrobial

peptides, increased nitric oxide synthesis, enhanced bacterial killing and increased antigen

presentation.7, 8 Antigen presenting cells (APCs) pick up antigens and which traffic to draining

lymph nodes where mature, nafve T cells are encountered. As shown in Figure 1-1, this leads to

clonal expansion, affinity maturation, recirculation of the activated effector lymphocytes to the

site of infection or pathogen encounter.9" 0 This effector population contracts after the resolution

of the infection to a stable memory population of intermediate frequency 1-1 7 in the form of

recirculating central memory T cells (T cm) and effector memory T cells (TEM) which are excluded

from many epithelial surfaces. However, some of these memory cells reside in peripheral tissues

as terminally differentiated cytotoxic resident memory T cells (T RM s), poised for immediate attack

and interception of their specific cognate antigen, upon re-exposure.1 8 In the next Section we shall

specifically discuss the role of the skin in the immunological context.

1.2 Skin as an Immune Organ

The skin in a human adult comprises around 20 billion memory T cells, nearly twice the

number of T cells in circulation.'9,20 Though it is the largest and most exposed interface of the

body with the environment, until recently, the skin was thought to serve as a passive barrier

between the host and an environment that presents constant challenges in the form of microbial

pathogens, chemical and physical intrusions, and radiation. The skin, in fact, presents the first line

of defense against many such pathogenic encounters and, in recent years, has been greatly

appreciated for its central role in defending the body.2 1
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Figure 1-2: Anatomy of the skin and immune cells found in the skin. Adapted from22 .

Human skin has two main compartments: the epidermis and the dermis (Figure 1-2), both

of which feature many players of the innate and adaptive immune system. The epidermis consists

of the stratum basale, the bottommost layer of the epidermis, which is a perennially differentiating

single layer of keratinocytes. As these keratinocytes differentiate, they move up the epidermis,

changing morphology and function in the stratum spinosum and the stratum granulosum until they

reach the very top layer of the stratum corneum. Dead keratinocytes are packed in a brick-and-

mortar like structure to form the outermost layer of the epidermis, protecting the body from toxic

agents and dehydration.23 Melanocytes, skin-resident APCs (Langerhans cells), and cytotoxic

CD8+ T cells can be found in the epidermis. The thickness of the stratum corneum varies between

10-30 ptm and the epidermis varies between 50-110 gm, depending upon the body site and
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pigmentation. 24 The dermis is composed of collagen and elastic tissue, and consists of many

specialized cells, especially dendritic cell subsets including dermal DCs and plasmacytoid DCs, T

cell subsets including CD4+ T helper 1 (THI 1), TH2 and TH 17 cells, 76 T cells and natural killer T

cells , macrophages, mast cells and fibroblasts. The dermis also features blood capillaries,

lymphatic vessels and nerves. The dermis is between 1.5 - 4 mm thick.

Because of the heavy presence of immunological components, the skin presents an

attractive and easily accessible immunological site for the delivery of vaccines,2 5 as has been

explored in our research groups in the recent past.2 6,2 7 In conjunction, so vital is the immunological

role of the skin in the maintenance of homeostasis that for patients receiving immunosuppressive

therapy after organ transplantation or as a treatment for genetic and acquired immunodeficiency

disorders, there is a marked increase in the severity and frequency of cutaneous malignancies and

infections.28,29

1.3 The Need for a Novel Immune Monitoring Method

The methods used to access to fluid compartments of the body today for the purposes of

diagnosis and monitoring fall into three categories: (i) invasive (in which a break in the skin is

created, or there is contact with mucosa, or other internal body cavities beyond a natural or artificial

body orifice, such as via traditional phlebotomy using venipuncture), (ii) minimally-invasive

(featuring minimal damage of tissues at the site of entry of instrument(s), such as saliva swabs

obtained from the inner lining of the cheek) and, (iii) non-invasive (in which no skin-break or

mucosal-contact occurs, such as urine collection).

The field of immune monitoring is mainly dominated by analysis of blood draws, a practice

that has been reported for millennia 30, in which systemically circulating blood is drawn from a

vein, typically in the arm. In recent decades, immune monitoring by flow cytometry on

peripherally sampled blood has become the standard method for immunophenotyping. 13 2

However, systemically circulating blood does not feature the many important immune cell

populations, as discussed previously, which preferentially reside in peripheral tissues including the

skin, the gut and other mucosal linings. One widely used method to query the skin is via delayed-

type hypersensitivity (DTH) tests 33 ,3 4 such as the Mantoux test35 and allergen patch tests, 3 6,3 7 which

offer qualitative read outs related to the immune response towards a particular antigen. For
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example, in the case of the tuberculin Mantoux test, the tuberculin antigen is initially injected into

the dermis and the skin is monitored for the next 2-3 days for the development of an induration,

which classifies as a mounted immune response. It has been shown that the cells that respond to

these injected stimuli are both central memory and effector memory cells which traffic to the site

of antigen deposition, as well as skin-resident antigen-specific T cells. 38 However, these methods

remain qualitative and fail to offer quantitative information about the phenotypical and functional

aspects of the cell infiltrate. There exist invasive methods of sampling and accessing non-

recirculating immune cell populations from lymph nodes39 or from skin 0 but these are apparatus

intensive and require special training for use. Additionally, in the contexts of (i)

immunosuppression given to patients with genetic and acquired immunodeficiency disorders, and

(ii) organ transplants and, (iii) vaccine development, assessing the immune status of the skin or

related peripheral organs, which are not queried by blood draws, in a minimally invasive manner,

is an unsolved problem.

We shall now proceed to highlight some specific needs in the medical field that would

benefit from a sampling method capable of accessing immune cell populations not found in

systemic circulation.

1.3.1 Case Study on Immune Monitoring in Organ Transplantation

Solid organ transplantation, despite continued improvement in its clinical management,

still faces challenges due to infectious complications.41 Since patients who have undergone organ

transplants, are on a strict immunosuppression regimen, they are not only susceptible to infections

due to the lowered efficacy of their own immune system but are also at the risk of potentially

rejecting the organ. Both of these factors require these individuals to be frequently monitored,

especially for the status of their immune system. To illustrate this need further, we consider the

case of skin-based allotransplants and the niche and new field of vascularized composite

allotransplantation,42-44 in which multiple tissues are transferred from donor to recipient as a single

functional unit. In the specific case of face transplants, 45 patients are continually monitored via

invasive punch biopsies at the graft margin to test for transplant rejection periodically. These

biopsies are analyzed via histological staining, a method that is impractical and cumbersome, and

creates a lot of waste in the process of obtaining the biopsy (Figure 1-3). In the specific case of

skin allograft transplants, histological analysis of biopsies betrayed the role of donor and recipient
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T cells in the graft.46 For many of these patients, a biopsy implies travel to a specific medical

facility and often, for patients not living in the area, travel days.

A B

Figure 1-3: Immune monitoring in vascularized composite allotransplantation. Areas marked
out for punch biopsy using blue ink on the allografted facial tissue (A) and sentinel hand flap (B).
Biopsied tissue is seen on the tip of the tweezer (C). The biopsy cavity (3mm diameter, 7-8 mm
deep) is closed via suture.

While non-invasive methods of monitoring using imaging have been explored,47 skin

samples obtained via biopsies offer a wealth of information about the functional, phenotypical,

and morphological makeup of the tissue. Thus, there is an opportunity here for a good compromise

between non-invasive imaging methods and invasive biopsy methods: a minimally invasive

method to 'micro-biopsy' the skin to access immune cell populations and be able to characterize

them via high throughput methods.

1.3.2 Case Study on Systemic Lupus Erythematosus (SLE)

Systemic Lupus Erythematosus, commonly known as Lupus or SLE, is a collection of auto-

immune diseases in which the immune system becomes hyperactive and attacks healthy tissue.

Lupus affects an estimated 5 billion people worldwide and presents as pain and inflammation in

joints, skin, kidneys, blood cells, brain, heart and lungs.4 8'49 Lupus has no cure but only treatment

upon diagnosis. A classic hallmark of lupus and other similar autoimmune diseases such as

rheumatoid arthritis and ulcerative colitis, is that these can periodically flare up and then improve.

Flares are treated by regulating the dose of medication for these patients. They cannot currently be

detected and the current standard of medical care includes annual, or monthly (as deemed
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necessary based on severity of disease presentation) blood work to test for antinuclear antibodies

(ANA), BILAG, FBC, ESR, CRP, urea, creatinine, electrolytes, dsDNA titer and complement

C3/C4 levels, and urine, liver and kidney function tests.5 0 These tests require trained professional

to be administered and for blood to be drawn. They are time and resource intensive both, on the

care provider's side, as well as the patient side. In addition, these tests do no help to predict flares

but only to record the levels of analytes of interest during the given immune status of the patient.

In recent years, there have been some efforts to identify biomarkers, present in blood, to predict

the onset of a flare in a patient. Candidate biomarkers include anti-Clq antibodies, anti-

nucleosome antibodies and complement C4d (erythrocyte bound) found in serum or peripheral

blood and MCP-1, neutrophil gelatinase-associated lipocalin, transferrin, hepcidin and tumor

growth factor 0 (TGFP) found in urine, to name a few. -

So far, most of these efforts have been confined to the analysis of blood, which is

cumbersome to rely on, as discussed above. There have been some reports of the implications of

the cellular immune response in the skin for lupus varieties: specifically, the lack of presence of

regulatory T cells in skin lesions of patients with cutaneous lupus erythematosus." Such cellular

immunological implications, derived from skin in such autoimmune diseases shows promise in

improving the lives of patients with these diseases since skin has the possibility being sampled

minimally-invasively, as we shall discuss in Chapter 4. The gap that lies in the monitoring of such

long-term autoimmune diseases, can be closed by enabling diagnosis and sampling for flare

detection at home, by the patient, via a minimally invasive method for sample collection.

1.4 Microneedle-Based Systems

MN-based systems consist of an array of projections, upto a millimeter in length, and are

used by the field mainly for transdermal delivery of proteins, drugs and vaccines.56 57 MNs can

penetrate the stratum corneum and access the viable dermis. However, they do not reach the nerve

endings or the capillaries. Consequently, MNs provide a painless and minimally invasive method

to access the immunologically rich reservoir that is present in the epidermis and dermis of the skin

(Figure 1-4). These qualities make MiNs appealing for administering drugs and vaccines in

children5 8,59 and in patients where compliance because of pain may present an issue. Chapter 2

provides a more detailed background on MINs.
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Figure 1-4: Schematic of MNs and their interaction with the dermis and epidermis. (A)
Schematic showing the earliest rendition of MNs, piercing the stratum corneum to deliver drugs
into the skin transdermally, adapted from 60 (B) Schematic showing MNs "h" entering the viable
dermis, as compared to other transdermal delivery methods, adapted from 61

While there have been some efforst to sample and quantify analytes using MNs, they have

been limited mainly to small molecules and proteins. 62-6 9 Thus, in this thesis we consider the use

of MNs for the purpose of immune monitoring - to access immune cell populations that are

currently difficult to reach, or are obtained only via invasive means.

1.5 Scope and Outline of Thesis

In this thesis, we designed immune-monitoring sampling MNs that are capable of sampling

non-recirculating immune cell populations present in the skin as well as biomarkers present in

collected dermal interstitial fluid (ISF).

Chapter 2 describes our efforts to fabricate sampling MNs with the requisite properties of

mechanical integrity and robustness, reproducible fabrication, effective skin penetration, ability to

include bioactive cell-signaling molecules in the MN sampling platform and a compartment within

the platform for sample collection and retention. We optimized the physical and chemical

properties of the alginate-based hydrogel used to coat the surface of the MNs, the time of

application as well as the dose of chemoattractants CCL21 and CXCL10 as cell-signaling

molecules to be included inside the sampling MNs platform. The sampling MN platform described

25



in this Chapter forms the basis of the sampling MNs used in the subsequent chapters to query

specific immune cells and biomarkers from dermal ISF.

Chapter 3 expands upon our most significant body of work, providing initial proof that

sampling MiNs, including adjuvants and antigen as cargo in lipid vesicles called ICMVs, elicit the

recruitment and sampling of not only antigen-specific cells, but also non-recirculating skin-TRM S.

Here we first optimized the combination of adjuvants used to enhance the recruitment of cells into

the sampling MNs and showed in a DTH test scenario, in an animal model featuring mice

immunized with model antigen ovalbumin (OVA), that sampling MNs were comparable to blood,

as body fluid compartments to sample similar proportions of CD8+ cells that were antigen specific.

We then characterized the time of application and dose of antigen required to signal for the

recruitment of antigen-specific TRM s. We finally showed the similar results in a second mouse

model featuring mice infected with vaccinia-SIVgag virus, via a tail-skin scarification method. We

also compared frequencies of antigen-specific cells obtained from peripheral blood draws and from

sampling MNs, at long times post antigen exposure in both animal models. Finally, with the help

of the MuSIC technology, we characterized the phenotype of the sampling MN infiltrate to explore

the mechanistic steps required in cell recruitment into the sampling MNs.

Chapter 4 explores the possibility of using sampling MNs to access dermal ISF and hence,

the ability to sample for and detect biomarkers found in dermal ISF. We first quantified the volume

of dermal ISF we obtained with sampling MNs and proceeded to quantify the levels of

immunoglobulin G as well as antigen-specific IgG in the OVA-immunized mouse model.

Chapter 5 provides an overall summary and conclusions of this thesis as well as possible

future directions. The Appendix details several key methods and protocols that were developed for

this work.
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Chapter Two

OPTIMIZATION OF MATERIALS FOR CELL AND

INTERSTITIAL FLUID SAMPLING USING

CHEMOATTRACTANTS

2.1 Introduction

Though microneedles (MNs) were first proposed during the 1970s60 , the tools and

techniques to manipulate micron-sized features were not fully utilizable and cost-effective. With

the advent of microfabrication technologies in the early 1990s 56,70, MNs have primarily been used

for the transdermal delivery of various active agents-primarily drugs and vaccines. In a recent

advance from our group, DeMuth et al7 ' showed the disruptions in the stratum corneum caused by

the insertion of poly-L-lactide MNs to be about 100 ptm in diameter. While the nanometer to few

micrometer-sized disruptions created by early MNs were adequate to permit the transport and

delivery of small drugs and macromolecules like insulin72,73 , we hypothesized that 'holes' as big

as 100 prm could allow the transport, and hence, sampling of cells, in addition to biomarkers that

might be dissolved in interstitial fluid (ISF). 62 ,74 ,75 This represents a significant advance in the

realm of diagnostics and sampling where, hitherto, MiNs have only been used in the form of hollow

conduits connected to an external pump for ISF extraction.76 Furthermore, MN insertion sites have

been shown to heal effectively in 1-2 days post MN insertion, with little scarring, erythema or

inflammation. 77 While there have been some reports of sampling capillary blood78 using MNs, the

MNs used in our research group are designed not to penetrate the skin to reach the nerve endings

and the capillaries, but only the viable dermis to assist a painless and immunologically potent MN

application or sampling.

In this chapter, we report on a MN system capable of sampling both cells and ISF from the

skin. Specifically, we will describe: (i) their mechanical integrity and robustness, (ii) their

reproducible fabrication, (iii) the effectiveness of their skin penetration, (iv) the compartment

within this platform to contain cell-recruiting signals, (v) a fabrication process amenable to the
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inclusion of bio-active molecules, and (vi) a compartment within this sampling platform for cells

and ISF to be collected, and retained upon collection.

Our first efforts focused on the fabrication of porous MNs, using materials that could

provide both the requisite rigidity, mechanical integrity, and other mechanical properties needed

to pierce the stratum corneum, as well as a porous structure to serve as a cell and ISF retention

matrix. These, however, proved to be difficult to reproducibly fabricate, and could not consistently

penetrate murine ear skin effectively.

Dried
solid alginate
PLLA coating
base --~

0O

Un-crosslink
alginate layer and

MN with dried Swelling of Immune cell Removal of , release cells and
hydrogel coating, hydrogel layer Infiltration into MN array interstitial fluid for
applied to skin & cargo release Hydrogel layer from skin analysis

Figure 2-1: Schematic of working of sampling MINs for cell and ISF sampling.

We then took advantage of the reproducible stratum corneum penetrating ability of the

solid polymer PLLA MNs previously used in our research group.27,71,79 By layering ionically

crosslink-able alginate gels8 0-82 on top of these MNs, it was possible to recreate a porous scaffold

that could serve as an effective cell and biomarker retention matrix (Figure 2-1). Our decision to

pursue this material for sampling MNs was strengthened by the FDA's designation of Alginate as

a GRAS (Generally Recognized As Safe8 3) material. Alginates are also capable of swelling in

vivo , increasing the volume available for the capture and retention of cells and ISF within the

sampling MNs. We subsequently investigated the optimal molecular weight and cross-linking

density, which provided the most favorable conditions for cell recruitment.

To signal for immune cell recruitment for the purpose of sampling, we considered the

incorporation of chemoattractants or chemokines (chemotactic cytokines) into the alginate matrix,
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which would facilitate cell movement and trafficking into the MINs via chemotaxis. 85-89 Our

research group has previously shown that chemoattractant-loaded gels and microspheres can be

used to signal for immune cell recruitment and enrichment in vivo. 90-92 We chose to investigate

the use of pro-inflammatory chemokines CCL21 and CXCL 10 in the alginate layer of our sampling

MNs. CCL21 attracts activated dendritic and central memory T cells whereas CXCL 10 is natively

secreted by various cell types in response to IFN-y like monocytes, endothelial cells and

fibroblasts.85 We employed subcutaneous gel injection models to optimize the dose of

chemoattractant and recruitment time necessary for the maximal recruitment of cells. We then

translated these conditions to the sampling platform by layering the alginate onto the solid PLLA

MNs and characterizing its swelling, and porosity, and the MN's insertion efficacy, and cell

recruitment ability.

The work described in this chapter informs the design of the working version of the

sampling MNs platform that is used in the subsequent chapters of this thesis.

2.2 Materials and Methods

2.2.1 Materials and Animals

Poly-L-lactide (Resomer L207S) was purchased from Evonik Industries AG (Essen,

Germany). SLM20 (MW 75-150 kDa, > 50% manuronic acid content, apparent viscosity 20-99

mPa-s, < 100 EU/g endotoxin, pH 5.5-8.5) and SLG100 (MW 200-300 kDa, > 60% manuronic

acid content, apparent viscosity 100-300 mPa-s, < 100 EU/g endotoxin, pH 5.5-8.5) sterile

ultrapure alginates were purchased from Pronova (FMC Biopolymer/Novamatrix, Sandvika,

Norway). Polycaprolactone (440744), calcium chloride dehydrate, polymethylmethacrylate

microparticles (74161 -10ML-F) and sucrose were purchased from Sigma-Aldrich. Polystyrene

microparticles were purchased from Polybead® Polysciences Inc. Wild type C57BL/6 mice (stock

#: 000664) and wild type BALB/c (stock #: 000651) were purchased from Jackson Labs. Animals

were cared for in the USDA-inspected MIT Animal Facility under federal, state, local, and NIH

guidelines for animal care.

2.2.2 Preparation of Porous Microneedles

PDMS molds (Sylgard 184, Dow Corning) machined using laser ablation (Clark-MXR, CPA-

2010 micromachining system) to create patterns of micron-scale surface-cavities. We selected molds
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containing square pyramidal cavities, approximately 550 pim in height and 250 jim in width at the base.

Porous MNs were prepared by melt-molding a polyester matrix around polystyrene or poly(methyl

methacrylate) microspheres used as porogens. 45 pim diam. microparticles based on polystyrene

(Polybead@ Polysciences Inc. 07314-5) or polymethylmethacrylate (Sigma 74161 -1OML-F) were

diluted to 2 w/vol % concentration by adding 20 piL of stock solution to 70% ethanol in water. 100

ptL of 2% PS beads were added to the center of the PDMS mold and centrifuged in 6 well plates

at 2000rpm for 10 minutes. After removal from centrifuge, the surface of the molds was wiped

with a damp Kim wipe to remove remaining PMMA beads from the surface of the mold. 150 mg

of PLLA (Resomer L-207S) or 150 mg of PCL (polycaprolactone, Sigma 440744) was added to

each MN mold and placed in an oven at 150'C, under vacuum (-25mm Hg) for 30 minutes. The

oven was set to 200'C and incubated for an hour while the physical appearance of polymer was

closely monitored. After the vacuum in the oven was released, the MNs were kept at 200'C for

10-15 minutes until all bubbles disappeared. The MNs were then cooled at -20'C for > 30 minutes

prior to demolding. At this stage, the MNs were characterized using optical microscopy.

In order to leach the porogen microparticles, the MN array was placed in a scintillation vial

containing approximately 5 mL of toluene or xylene, with the needles facing up, for 15 minutes.

After removal from solvent, the MNs were placed on a Kim wipe to remove excess solvent and

then gently dried with compressed air. Finally, the MNs were characterized using optical

microscopy and tested for ear tissue penetration.

2.2.3 Trypan Blue Test for Microneedle Insertion

Mice were euthanized using C02, and after confirmation of death, murine ears were

dissected with scissors and mounted on double-sided adhesive tape, with their dorsal sides facing

up, on a glass slide. Approximately 50 pL of PBS was used to hydrate the ears for ~-10 minutes at

room temperature. The MN array was pressed to the ear with a thumb, held stable with fingers and

applied with slowly increasing pressure, for one minute. Subsequently, 40 gL of Trypan Blue dye

as obtained from manufacturer was spread on the area of application and incubated for 10 minutes.

The murine ear tissue was then pat-dried using a Kim wipe and imaged with an optical microscope.

2.2.4 Alginate Swelling Studies

100 pL each of 1 wt %, 2 wt % or 3 wt % solutions of SLM20 or SLG100 (Pronova) in

PBS were mixed with 6.25pL of CaCl2 of 5 wt %, 10 wt %, 20 wt % or 30 wt % in inserts of a 24-
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well Transwell plate. 3x105 alginate microspheres prepared according to Wang et al's protocol 9'

were added to promote uniform gelling, in addition to the CaCl2 solution, relevant samples. The

mixture was immediately mixed via pipette after the addition of the CaCl2 solution. The plate was

then incubated for 15 minutes at 370C, and 100 ptL of PBS was added to each sample and allowed

to swell for 24 hours at 370 C. After 24 hours, excess PBS was removed and their wet weight was

noted. The samples were then lyophilized and their dry weight was noted. The ratio of wet and dry

weights was determined to be the swelling ratio.

2.2.5 Atomic Force Microscopy of Alginate Gels

Samples for AFM were prepared in a manner similar to that used for the swelling

experiments, described above, in Transwell plates, and allowed to swell for ~ 24 hours in PBS at

370 C. The bottom membrane of the Transwell chambers was cut out and samples were pushed out

onto glass slides with flat surface up. MFP-3D-Bio (Asylum Research) AFM at the MIT Center

for Materials Science and Engineering in force mode was used, under 'submerged liquid

conditions' to record the elastic modulus of the wet gels.

2.2.6 Subcutaneous Gel Injection Studies

The backs of 8-12 week old C57BL/6 or balb/c mice were shaved ~24 hours before gel

injection. For gel injection, 200 pL of 1 wt % SLM20 or SLGOO (Pronova) in PBS, including

chemoattractants when relevant, was prepared in a 27 /2 G needle syringe and syringe with 31 G

needle was filled with 25 ptL of CaCl2 solution of desired concentration. Using the 27 '% G needle,

the skin on the dorsal flank was pulled up to create the area where the subcutaneous gel was

administered. The 31 G needle was inserted into the pulled-up skin and the alginate and calcium

chloride solution were subsequently co-injected at the site. The area was rubbed lightly for uniform

gelling.

For retrieval and processing, gels were harvested from euthanized mice and immersed in

200 pL RPMI in 24-well plates. Gels were mashed with the back of a plunger of syringe. 980 pL

RPMI and 20 pL Liberase (Roche) at 5mg/mL were added and incubated for 20 minutes at 200

rpm, 370 C on an incubating mini-shaker. 1 mL of alginate lyase (1 mg/mL) containing 0.02%

EDTA was added to solution after the gel was broken down via pipetting. After 15 minutes of

incubation at 150 rpm, 370 C, gels were washed with PBS while passing the solution through a

40pm cell strainer into a 50 mL Falcon tube. Volume was made up to 1OmL and centrifuged at
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1500 rpm (700 g) for 5 minutes to pellet. Supernatant was discarded and cell pellet was

resuspended in RPMI for cell counting using a hemocytometer or processed forward for flow

cytometry.

2.2.7 Preparation of Sampling (Alginate Coated) Microneedles

(a) (b) Add PLLy solution (c)

PDMS Mold

(g) (f) (e) Add calcium (d)
Apply to skin Sampling MNs (crosslinking) solution Add sucrose-alginate solution.

Dry under vacuum Dry under vacuum

Figure 2-2 Schematic of method of fabrication of sampling (alginate coated) MNs. (a) MNs
were fabricated by melt-molding poly-L-Lactide into PDMS molds (b) PLLy was added for 30
minutes, removed and (c) dried. (d) Sucrose-alginate solution was added and dried under vacuum.
(e) Calcium solution was added and dried under vacuum. (f) The resulting sampling MNs were
stored under vacuum before (g) application to skin.

Poly-L-lactide (PLLA) MNs were melt-molded into PDMS molds (with cavities of square

cross section, pyramidal, -550 pm height and 250 pm base) by adding 150mg of PLLA (Resomer

L-207S) to the PDMS molds, incubating at 150'C for 30 minutes under vacuum (-25mm Hg) and

then melting at 200'C for one hour until melted and free of internal bubbles. Molds were kept at -

20*C for at least 30 minutes, prior to careful demolding.

To create the alginate coating, MNs were exposed to poly-L-lysine (PLLy, Sigma P4832)

by pipetting 100 gL of PLLy solution on each MN array and incubated at room temperature for 30

minutes. The PLLy solution was removed and the MNs were allowed to dry at room temperature

for 2 hours. The alginate layer was fabricated by pipetting 60gL of sucrose-alginate solution (35

pL SLG100 from Pronova 0.01 g/L in milliQ water + 25 pL of 5.625% sucrose from Sigma

dissolved in milliQ water) onto each MN array and subsequently drying the MNs under vacuum

(-25 mm Hg) for > 2 hours at 25'C. To include a 'cargo' in the alginate layer, 'cargos' were added
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to the sucrose-alginate mix prior to deposition on the MN, keeping the total volume < 75 tL. The

alginate layer was crosslinked by adding 20 RL of 0.5 wt % CaCl2 in milliQ water, made up to 50

pL (for ease of pipetting and covering entire MN array with solution) with milliQ water on top of

the MN array with dried alginate. To include a 'cargo' in this crosslinking layer, the 'cargo' was

dissolved with 20 pL of 0.5 wt % calcium and diluted with milliQ water up to 50 pL.

2.2.8 Crosslinking of Alginate Coated Microneedles

For sintered MNs, the alginate-sucrose formulation described above was dried under

vacuum at room temperature onto the PLLA MN surface for 4 hours. Dried alginate coated MNs

were placed in an oven that was preheated to 100'C, for 45 minutes, under vacuum. After they

were allowed to cool to room temperature, a solution containing calcium for crosslinking and

CCL21 (2 pig) was pipetted on the MNs.

For MNs containing microspheres (MS), 5x1 04 alginate microspheres, prepared according

to a previously established protocol91, were spiked into the alginate-sucrose solution, before drying

under vacuum. Crosslinking solution containing 0.5 wt % calcium chloride and 2ptg CCL21, made

up to 50 pL with milliQ was pipetted onto the MN array and allowed to dry under vacuum.

For MNs containing 'sintered MS', MNs were processed in a manner similar to the protocol

for the 'sintered MNs' described above except that the alginate-sucrose formulation was also

spiked with 5x104 alginate microspheres before drying and placing in the oven.

2.3 Results and Discussion

2.3.1 Porous Microneedles Insertion In Vivo

A key technical challenge for the fabrication of cell-sampling MNs was to create a porous

MN structure that will allow cell collection while maintaining sufficient mechanical integrity for

skin insertion/retrieval. We first attempted to create MNs capable of sampling cells and ISF

involved by exploring methods to create porous, interconnected networks within solid poly-L-

lactide (PLLA), poly-lactide-co-glycolide (PLGA), or polycaprolactone (PCL) MNs which were

formed via melting granules or powder forms of these polymers into PDMS molds, previously

produced via laser ablation. Sacrificial microspheres made of polystyrene (PS) or

polymethylmethacrylate (PMMA) were embedded into the solid polymers. As shown in Figure

2-3A&B, PMMA microspheres were deposited into a poly(dimethyl siloxane) rubber mold. The
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matrix of the MNs was then deposited by melting the solvent-resistant biodegradable polymer to

fill the mold cavities around the porogen microspheres (Figure 2-3C). The PMMA or PS porogens

were subsequently dissolved away by immersing the MN arrays in either of ethyl acetate, DMF or

acetic acid- good solvents for PS and PMMA but poor solvents for the polyester matrices-

resulting in porous MNs (Figure 2-3D).

(A) kB) (C)

fA

(D) (E)

Figure 2-3 Schematic of fabrication of porous MNs. Microspheres are centrifuged into PDMS
molds (A) & (B). PLLA is melt-cased into PDMS mold (C) and de-molded MNs are leached via
immersion in ethyl acetate (D), producing porous MNs (E).

To characterize the reproducibility of production of these MNs, their mechanical integrity,

and robustness, MNs were imaged with an optical microscope at all steps of fabrication as well as

before and after tests of insertion into murine ear tissue. We found that these porous MNs did not

have the required mechanical integrity to penetrate the stratum corneum, and showed extensive

buckling/fracture when applied to untreated murine skin as shown in Figure 2-4 and Figure 2-5.

Porous MINs made using polycaprolactone showed poor results upon testing for skin insertion as

confirmed by Trypan blue staining (Figure 2-4A) even though they showed excellent pore

formation upon exposure to solvent (Figure 2-4B). The MNs were observed to be excessively bent

(Figure 2-4C) when imaged with an optical microscope which caused dispersed bruising and cell

death on the surface of the ear. Although they showed good formation of tips, prior to leaching,

and de-molded well (Figure 2-4D) PLLA MNs started dissolving upon exposure to DMF for 15
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minutes, leaving behind brittle and incomplete MNs which were very fragile (Figure 2-4E). These

MNs were not tested further for skin insertion.

D

Figure 2-4 Porous MNs perform poorly upon insertion into murine ear skin. Murine ear skin
stained with Trpan Blue after insertion test (A) with porous PCL MNs viewed via optical
micrography before (B) after insertion test (C). Conical PLLA MNs before (D) and after leaching
(E) with DMF.

Since DMF proved to be too strong a solvent for the preferential leaching of PLLA, we

attempted to leach PLLA MNs containing PMMA beads with ethyl acetate and acetic acid.

Although leaching with ethyl acetate resulted in the formation of pores having access to the surface

of the MNs (Figure 2-5A), this pattern was not seen on all MNs in the array casting doubts on the

reproducibility of this fabrication method. Leaching with acetic acid for 15 minutes also created

porous MNs, as seen in Figure 2-5B; however, this caused some of the MNs to break away when

exposed to compressed air for drying. Shorter solvent exposure times (5 minutes and 10 minutes)

were found to produce a higher number of intact MN arrays but reduced the preferential dissolution

of the sacrificial porogens.
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Figure 2-5: Porous MNs pre and post insertion into murine skin, as viewed by scanning
electron microscopy. PLLA with PMMA beads leached with ethyl acetate (A) and acetic acid
(B). PLLA MNs with polystyrene microspheres after leaching with ethyl acetate (C) and after
insertion into mouse ear tissue (D). Scale bar: the distance between the centers of the bases of
adjacent micorneedles is 500gm.

Next, we tried polystyrene (PS) microbeads as porogens. Leaching with ethyl acetate

produced more drastic results: Many MNs in an array were partially excavated due to the

dissolution of porogens and interstitial PLLA though regions of contiguous PLLA were resistant

and consistent tip formation was observed (Figure 2-5C). Post insertion into murine ear tissue for

10 minutes, as expected, many of these tips were broken (Figure 2-5D) which rendered them unfit

in terms of mechanical integrity and robustness.

Our next strategy to solve this challenge was based on the generation of "protected" porous

MNs, using a glassy sugar matrix as a protective coating to provide mechanical strength to porous
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MNs during skin insertion. To this end, the porous microprojections were strengthened by vacuum

drying an aqueous sucrose solution over the MN array, forming an initially hard sugar-glass

coating that fills the MN pores, which would rapidly dissolve on application of the array to the

skin (Figure 2-6A&B). We hypothesized that this instantly-dissolving support layer (Figure

2-6C) would also be ideal for stably entrapping stimulatory/chemoattractant compounds that can

recruit immune cells into the MN cavities on skin penetration (Figure 2-6D).

0 Chemoattractant .

(A) * n(B) (C) (D)

Figure 2-6: Fabrication of chemokine loaded sugar-glass-reinforced porous MNs. (A)
Sucrose solution with chemoattractants is dried overnight on porous MN array, yielding (B) sugar-
glass-reinforced porous MNs, (C) Skin application, dissolution of sucrose layer, release of
chemoattractant cargo, and chemotaxis of cells into porous MNs, followed by (D) Porous MN
array containing collected cells removed from skin.

The morphology of porous MNs at each stage of the fabrication process is highlighted in

the optical micrographs shown in Figure 2-7A-C. Initial testing on murine skin showed that

sucrose-reinforced porous MNs provided consistent penetration of the skin of C57B1/6 mice

(revealed by Trypan blue staining of skin post-MN application, Figure 2-7D). This staining pattern

was identical to the pattern obtained when murine ear tissue is penetrated with non-porous solid

PLLA MNs, suggesting effective stratum corneum penetration. PMMA microspheres of three sizes

were tested as porogens in the MN arrays- 30 pm, 40 pm and 50 ptm diameter. MNs templated

with 50 ptm microspheres showed the most reproducible penetration of murine skin and mechanical

integrity. SEM images in Figure 2-7E-F show that there are openings with ~10 pm diameter on

the exterior surface of the MNs and an interconnected network inside post skin application,

confirming that pores remain open even following application to the skin. However, MNs were

not intact after penetration tests as many of the microprojections would be left behind in the skin

and the array consisted of broken MNs (Figure 2-7H, I, J). This defeated the purpose of

fabricating MNs which would be able to sample for cells and micro-biopsy the skin, if the needles

which collected the sample were left behind in the skin itself.
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Figure 2-7: Sucrose-glass reinforced porous MNs do not provide reproducible results for
interconnected porous networks and mechanical integrity. Brightfield images of as-fabricated
solid MNs prior to PMMA porogen etching (A), after porogen dissolution (B), and after sucrose
over-coating (C). (D) Optical micrograph of trypan blue-stained murine skin following application
of sucrose-reinforced MNs revealing the pattern of stratum corneum penetration following MN
patch application. Scale bars for (A)-(D) are 100 tm. (E, F) SEM images of porous MNs prior to
sucrose coating showing pores on exterior MN surfaces. Scale bars are 10 pm. (H, I, J). Optical
micrographs of MNs post murine-skin insertion test. Each MN at the base is 250pm wide.

38



Thus, we discarded this approach of creating inter-connected porous networks within the

solid biodegradable polymer MN tip matrix, since the presence of the pores themselves weakened

the penetrating ability of the MNs.

2.3.2 Choice of Alginate

A

CapIC)

B

Figure 2-8: Crosslinking of alginate with calcium ions. (A) Calcium ionically crosslinks alginic
acid chains 93 (B) Strategy for internal crosslinking of hydrogel layer with alginate microspheres
acting as calcium reservoirs to crosslink the surrounding alginate chains.

We chose to take advantage of the stratum corneum breaching ability of the solid PLLA

MNs-the primary reason of using MN-and considered coating a layer that could serve as a

retention matrix for the micro-biopsy sample. We selected alginate, a natural polysaccharide block

copolymer containing two carboxylic acid units (guluronic and mannuronic acid), for the cell

retention matrix because of several of its useful physical properties. In the presence of divalent

cations such as calcium, alginate forms an ionically-crosslinked physical hydrogel that has been

proven to be biocompatible and safe for biomedical applications. 90 9394 We have previously shown
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that leukocytes can efficiently infiltrate alginate gels in vivo.90 93 Sucrose was included in the gel

coating layer as a porogen that would increase the porosity of the swollen matrix in vivo without

sacrificing mechanical integrity of the coating layer during initial penetration of the stratum

corneum. In addition, the process of coating the solid MNs allowed the possibility of inclusion of

bio-active molecules without degradation or denaturation (because of exposure of the high

temperatures at which the solid MNs are initially melt-cast).

In order to recruit cells of interest into the hydrogel-coated MN platform, it was imperative

that the alginate coating remain intact on the MN surface during insertion and removal from the

skin. This requirement has two aspects: (i) an optimal degree of internal crosslinking of the

hydrogel layer to promote mechanical integrity, while retaining porosity to allow cell migration

and recruitment and (ii) adherence of the hydrogel coating to the MN surface to avoid loss of the

hydrogel layer upon application to skin. Alginate hydrogels can be ionically crosslinked by the

addition of divalent cations like calcium and zinc. However, addition of salts like CaCl2 which are

highly soluble in aqueous media to an alginate coating can lead to instantaneous crosslinking of

the alginate surface, leaving behind a non-crosslinked interior. As an alternative, in preliminary

experiments we tested the use of alginate microspheres 91 embedded within the (initially un-

crosslinked) alginate matrix to serve as calcium reservoirs that can ion-exchange with monovalent

ions from the surrounding matrix, leading to calcium transfer to the surrounding matrix and gel

crosslinking internally (Figure 2-8).

We first tested alginates of varying compositions and strengths of crosslinking. These

samples were created by using two forms of commercially available alginate (SLM20 and

SLG100, from Pronova) and different concentrations of crosslinking solution (calcium chloride in

water). The two alginates differ in content of mannuronic and guluronic acid (higher content of

which promotes stiffer, more crosslinked hydrogels) 9 ,9 6. SLM20 consists of 50% mannnuronic

acid units and SLG100 consists of 60% guluronic acid units. They also differ in molecular weights:

75000 - 220000 g/mol range for SLM20 and 200000 - 300000 g/mol range for SLG100. As

expected, SLG100 is also more viscous (100-300 mPa-s as compared to 20-99 mPa-s for SLM20).

We hypothesized that SLGl00 would be easier to handle because of its increased stiffness and

would also be more cell-friendly and biocompatible. 97

One of the first attributes of these hydrogels to be tested was their swelling behavior. In

order to perform as a cell-retention matrix, we required the dried alginate to swell as much as
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possible with the intake of ISF when applied to skin. This behavior was tested by generating

alginate gels from 100 pL of 1 w/w%, 2 w/w% or 3 w/w/o solutions of the alginates in PBS in

Transwell plates that could be gelled by the addition of calcium chloride solution, as indicated in

Figure 2-9. For the samples that included alginate microspheres, the microspheres were mixed in

along with the alginate before addition of calcium chloride solution.
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Figure 2-9: Choice of alginate via study of swelling behavior. Difference in wet (swollen state)
weight to dry weight, as a percentage of the dry weight giving the swelling ratio for different
compositions of alginate (concentration in w/w/o in PBS) and strength of crosslinking via calcium
chloride (concentration in w/w/o in water).

For the higher concentrations of calcium chloride solution, gels were formed almost

instantly, resulting in non-uniform crosslinking, as evidenced by slicing the gels using a razor

blade which revealed a liquid, non-gelled center and a thicker periphery indicating gelation only

at the surface. For the gels that were crosslinked more mildly (especially the ones indicated by the

solid orange bars in Figure 2-9), the slower gelation allowed for the mechanical mixing of the
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calcium chloride solution with the alginate solution and promoted more uniform gelling. After

gelation, and swelling in PBS for 24 hours at 37'C, the wet weight of the gels was noted. The

swelling ratio shown in Figure 2-9, was calculated as the ratio of this wet weight to the dry weight

(after lyophilization of alginate gels).

All formulations of the gels showed greater than a 90% increase in weight when swollen

in PBS, as compared to their dry weight, and those gels crosslinked with less than 15 w/w% CaCl2

showed swelling ratios of greater than 95%.

Based on these observations, and incorporating the ease of formulation and handling of the

gels, we chose the gels indicated by solid orange bars in Figure 2-9 for further characterization.

Specifically, we examined their stiffness, mechanical integrity, and cell recruitment and retention

properties.
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Figure 2-10: Optimization of alginate coating composition. (A) Basal infiltration of cells nto
gels of low (75,000 g/mol) and high (200,000 g/mol) molecular weight (without adjuvants or
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chemoattractants added), at 1% and 2% w/w of gel when subcutaneously injected under the dorsal
flanks of EFGP mice. (B) Elastic modulus of the same gels as measured by AFM. (C) Comparison
of number of cells infiltrated into gel using high MW gel 1%, with (hatched bars) and without
(solid bars) the presence of chemoattractants CCL21 and CXCL 10, using the subcutaneous gel
injection model. (D) Confocal micrographs showing infiltration of cells with the presence of
chemoattractant CCL21.

We employed a subcutaneous injection model to assess the relative utility of different gel

compositions to support immune cell recruitment into alginate matrices. In this model, alginate

gels were injected into the dorsal flanks of eGFP-transgenic mice (where GFP is expressed by all

nucleated cells). The animals were euthanized at 24 hours and the gels were retrieved and imaged

using confocal microscopy. We found that basal cell infiltration into gels lacking chemoattractant

was comparable for Hi MW gels composed of 1 wt % alginate and for low MW gels composted

of 1 wt % alginate (Figure 2-10B). The Lo MW 2 wt % gel showed minimal to no cell recruitment

and so we focused on the Hi MW 1 wt % composition for chemoattractant tests since it was higher

in stiffness and easier to manipulate and handle. We also used atomic force microscopy to quantify

the elastic modulus of the resulting series of alginate coatings, and showed that, as expected, the

elastic modulus increased with polymer concentration and alginate molecular weight, though all

of the tested compositions had moduli in the 1-4 kPa range (Figure 2-10B). Gels were tested with

or without two different chemoattractants for leukocytes embedded in the matrix, CCL21 and

CXCL1O and shown in (Figure 2-10C), approximately 0.5x106 cells infiltrated these gels in 24

hours. This population could be doubled by including either CCL21 or CXCL 10 to chemoattract

cells to the matrix. As shown in the confocal micrographs of (Figure 2-10D), cells recruited by

gels releasing chemokine were present throughout the alginate matrix.

Based on these in vivo results, we focused on 1 % w/w high molecular weight alginate as

the gel matrix for further studies on the MN platform.

2.3.3 Effect of Chemoattractant Dosing and Time on Cell Recruitment

Using the subcutaneous gel injection model employed above to rapidly explore key

variables important to cell recruitment into alginate matrices, we next proceeded to identify the

optimal (a) duration to allow cell infiltration and (b) chemoattractant dose for maximal cell

recruitment in vivo. We first tested immune cell recruitment by CCL21 and CXCL 10 embedded

within alginate gels at a dose of 2 tg/mg alginate. Alginate gels with embedded chemoattractants
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were injected subcutaneously, and at the designated time-point, gels were harvested, digested using

alginate lyase and collagenase, and the recovered cells were stained with antibodies and analyzed

using flow cytometry. Based on prior studies of DTH tests, we hypothesized that we would observe

maximal recruitment at 48-72 hours. Consistent with this expectation, we observed a general trend

of increased recruitment of immune cells over time for most cell subsets analyzed, for both CCL2 1-

and CXCL 10-releasing gels (Figure 2-1 1A-B). At 48 hours, we observed up to 1.5% CD4' T cells

(of total recruited live cells) in gels containing 4 pg of CCL21 while for gels containing 4 pg of

CXCL10, CD4' T cells made up ~3% of total recruited live cells. This trend held true for both

total and memory CD4' cells, and similar recruitment was observed for CD8' T-cells when

CXCL 10 was employed. In all cases, CXCL 10 recruited more cells than CCL21-containing gels.

The rest of the infiltrate was composed majorly of macrophages and other cells of myeloid origin,

as indicated by the presence CDl lb and CD IIc cell surface markers. (data not shown)
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Figure 2-11: Effect of chemoattractant dosing and time on cell recruitemnt (A) and (B) show
the effect of time on infiltration of CD8, CD4 and Memory CD4 T cells and CD44+ memory cells
at 4 pg of CCL21 and CXCL 10. 1% High molecular weight gels were injected subcutaneously
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into the dorsal flanks of C57BL/6 mice. Gels were retrieved at indicated times and analyzed using
flow cytometry. (C) and (D) show the effect of dose of chemoattractants CCL21 and CXCL 10 on
gels retrieved at 48 hours.

To answer our second question about the optimal chemoattractant dosing for cell

recruitment, we compared three levels of dosing - blank gels, 2 ptg and 4 pg of both CCL21 and

CXCL 10. From previous studies, it had been observed that two doses of CCL21, at 2pig each, 4

hours apart have been able to recruit increased numbers of CD4' and CD8' T-cells to injected skin

regions and to draining lymph nodes, persisting for up to 4 days after the initial injection.98 99 in

our studies, we observed that higher chemoattractant dosing recruited more T-cells at 48 hours,

with CXCL10 again recruiting more cells than CCL21 (Figure 2-11C-D).

40-
M CXCL10+ 4ug 48hrs

30. W CXCL10+ 4ug 24hrs
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20. CXCL10+ 2ug 24hrs
10 Blank 48 hrs

w10 W Blank 24 hrs
M Blank 12 hrs
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CD3e- CD11b+ F4/80+ CD3e+ CD8a+ CD3e+ CD4+ CD44+ CD3e+ CD4+

Figure 2-12: Subcutaneously injected gels majorly comprise of macrophages. Phenotypical
analysis of cell infiltrate using flow cytometry of alginate gels (1mg, SLG100) when injected
underneath the dorsal flank of C57BL6 mice with (varying doses) or without CXCL10 ("blank")
for 12, 24 or 48 hours.

However, as expected, the cells that were both the first to arrive into the gels, and the

majority of the cell population within the infiltrate, were CDllb+F4/80+ macrophages.

Irrespective of the dose of included CXCL1O or the duration for which the gel was injected

subcutaneously underneath the skin, macrophages consistently accounted for more than a third of

the cell infiltrates, as quantified and phenotyped by flow cytometry (Figure 2-12). Macrophages

were also the dominant population when the chemokine included is CCL21, irrespective of dose

of CCL21 included (data not shown). The ubiquitous presence of macrophages, can be explained
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by considering the implantation of the alginate gel as a foreign body and it is well known that

macrophages are the main players in a foreign body reaction.100

2.3.4 Persistence of Alginate on MN Application to Skin

There are two important attributes of the cell-retention matrix (the alginate-hydrogel)

formed on the MN surface: it must (i) stay adhered to surface upon removal from skin and (ii)

facilitate release into skin of chemoattractants added to the alginate coating. Thus, ideally, if we

were to track the fraction of alginate retained on the MN surface, it should stay as close to the

initial amount as possible and the fraction of chemoattractant should decrease with time and be as

close to zero as possible upon removal. We initially performed studies with the low molecular

weight variety of alginate surface. The alginate and chemoattractant were both fluorescently

labeled (in the 647 channel and 555 channel respectively), and the MNs coated with these

fluorescently labeled components were applied to the shaved dorsal flanks of C57B1/6 mice. In all

of these studies, the chemoattractant was included in the calcium crosslinking solution of the

formulated MN. MNs were imaged before and after, at different durations of MN application via

IVIS (Figure 2-13A). As expected, the fraction of CCL21 on the MN surface decreased in an

exponential manner (similar to a first order release via diffusion) which was favorable (Figure

2-13B). However, since the alginate was inadequately adhered to the MN surface, the fluorescent

signal from the alginate was also lost indicating loss of alginate itself from the MN surface.

A CCL21 Channel Post App
MNs Pre App

MNs Post App Alginate Channel Post App

Fraction retained on MN = Post app luorescent signal
Pre app fluorescent signal

B

C

w
ro
0)

Persistence of CCL21 and alginate upon MN application

1.2- CL2Lt1 - M

Alginate -
1.0-

0.8-

0.6-

0.4

0.2

0 2 4 6

Time (hours)

46

N
MN



Figure 2-13: Fraction of CCL21 and alginate present on the surface of MN at various times
post application to mouse flank skin as measured by IVIS (A) before (pre) and after application
(post app) and quantified (B), by normalizing to initial radiance.

To counter this, and to promote adherence between the MN surface and the hydrogel, we

tested the impact adsorption of a layer of a strong positive polyelectrolyte, PLLy (molecular weight

150,000 - 300,000 g/mol), prior to the alginate/sucrose deposition. Our initial tests of alginate-

coated MNs applied to mouse skin showed that the alginate gel tended to be sloughed around the

base of MNs following application/removal, rather than remaining coated along the full MN shafts.

By contrast, the inclusion of the PLLy base layer enabled retention of the hydrogel layer along the

shafts of each MN project following 10 hours of application on mouse skin.
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Figure 2-14: Various methods of crosslinking the alginate to confer heightened persistence
of alginate layer upon application to skin. (A) Fraction of radiance as detected by IVIS on MN
surface for CCL21 and alginate after 8 hours of application, as compared to initial radiance pre-
application to skin. (B) Ratio of alginate to CCL21 signal retained on MN surface post 8 hours of
application to skin.

With the adherence issue resolved, we sought to optimize the crosslinking strategy for the

alginate coating itself, to ensure that the coating was uniformly crosslinked throughout its
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thickness, we tested varying the format of calcium ion inclusion in the alginate layer, now testing

with the high molecular weight SLG 100 that formed stiffer gels. All of these formulations were

tested via application to the shaved dorsal flanks of C57BL6 mice, for a duration of 7-8 hours.

MNs were imaged via IVIS to quantify the amount of fluorescent alginate present on the MN

surface pre- and post-application. We explored the possibility of including alginate microspheres

(which contain calcium ions) to promote uniform crosslinking in the alginate layer (as shown in

Figure 2-8B) as well as sintering the alginate layer before addition of bio-active chemoattractants.

With the inclusion of the pre-coat of PLLy on the MN surface, up to about 60% of the alginate

was retained for alginate coated MNs simply crosslinked using calcium, and none of the treatments

were significantly different for alginate retention on the MN surfaces (Figure 2-14). However,

since the alginate coating should also ideally allow maximally free diffusion of chemoattractant

cargo out of the alginate coating, calcium-crosslinked alginate coated MNs performed the best,

showing least amount of fluorescently labeled CCL21 retained on the MN surface after 7-8 hours

of application. This can be explained by considering that the inclusion of microspheres adds further

tortuosity in the diffusion path of the chemoattractant molecules out of the alginate.

Based on these results, all further studies were done using SLG 100 as the cell retention

matrix, a pre-coat layer of PLLy to increase adherence of the alginate layer onto the PLLA MN

surface, and using 20 pL of a 0.5 w/w % of calcium chloride to re-hydrate and crosslink the alginate

layer.

2.3.5 Sampling Microneedle Characterization, Insertion and Sampling In Vivo

Building on the previous results, we now had a finalized 'alginate coated sampling MN

array' (henceforth referred as 'sampling MNs') fabrication protocol, as elaborated in Section 2.2.7.

Briefly, solid polymer MNs molded from PLLA were coated with a solution of alginate and

sucrose, which was dried under vacuum. This process yielded a thin layer of the polysaccharide

and sucrose sugar glass conformally deposited on the MN array (Figure 2-2). As shown in Figure

2-15A, dried alginate/sucrose layers formed uniform conformal coatings over the PLA MN arrays.

Dried alginate/sucrose films containing cargo showed an average thickness of ~22pm when

deposited on flat silicon substrate and analyzed via profilometry (Figure 2-15B). Inclusion of

calcium and cargo, as expected, caused the films to be about 4plm thicker than non-crosslinked

alginate films deposited on silicon substrates. Upon application to skin, the sucrose leaches out to

leave behind microscopic pores in the gel layer to allow cells to efficiently enter the alginate matrix
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in vivo (Figure 2-15C). On application to the skin of C57B1/6 mice for 10 mins these sampling

MNs showed effective penetration as visualized by staining the skin with Trypan blue post-

insertion (Figure 2-15D). Once inserted into murine skin, the alginate coating swells with ISF and

forms a soft gel crosslinked via endogenous Ca' and Mg"* in the tissue fluid. This is illustrated

by the optical micrographs of the dry and swollen gel layers pre- and post- skin-application

respectively (Figure 2-15E-F).

In summary, this fabrication process fulfilled all the properties required for a device

amenable to sampling for cells and ISF. This allowed us to embark upon the most telling

experiment yet-to check if these sampling MNs would indeed be able to recruit and sample for

cells from the skin of mouse ear tissue.
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Figure 2-15: Morphological characterization of alginate coated sampling MNs. (A) Confocal
micrograph showing conformal coating of MNs (shown in top view) and co-localized cargo
(green) and alginate (red) on MN surface. (B) Thickness and roughness of dried alginate films via
profilometry on silicon substrate. (C) Confocal micrograph showing porous nature of alginate
coating on the surface of a single MN. (D) Trypan blue stain of mouse ear tissue showing effective
penetration of MNs. (E) and (F): Optical micrographs showing cell-sampling MNs before and after
application to C57BL6 mouse ears.

To this end, we formulated (i) alginate coated PLLA MNs, that would serve as a

background for fluorescence since they would not be applied to the eGFP mouse ear, (ii) sampling

MNs without chemoattractant and (iii) sampling MNs containing 2 ptg of CCL21 in the alginate
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coating. These MNs were applied to the ears of EGFP mice for 24 hours and analyzed via confocal

microscopy. EGFP mice express the green fluorescent protein in all nucleated cells. Thus, the

presence of fluorescent signal could be attributed to cells sampled from the EGFP mice. We

hypothesized, based on our data from subcutaneous gels injection studies, that sampling MNs

containing chemoattractant should recruit highest numbers of cells. This hypothesis was validated

when we observed the maximum fluorescent signal emanating from the CCL2 I -containing

sampling MNs (Figure 2-16).

Non applied sampling MN Applied to Ear Applied to Ear
(no CCL21) (with CCL21)

--- [i A B C

Figure 2-16: CCL21 containing sampling MNs show recruitment of cells upon application to
murine ear skin. (A) Non-applied sampling MN, (B) alginate coated MN applied to EGFP mouse
eear without CCL21 and (C) with CCL2 1.

However, we observed that the inclusion of chemoattractants in sampling MNs caused

irritation and inflammation of the mouse ear tissue and, in some cases, scar tissue formation and

necrosis of the ear tissue as well. Thus, in our future endeavors, we focused on including milder,

non-inflammatory cell-signaling molecules. This work is described in Chapter 3.

2.4 Conclusions

In this chapter we explored two approaches of fabricating a MN based platform capable of

sampling for cells and ISF from tissue in situ. The first approach-fabricating porous MNs-was

unsuccessful because the porous nature of the entire polymer matrix compromised their

mechanical integrity and rendered these MNs incapable of consistently penetrating the skin of

murine ears.
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Our second approach consisted of coating the solid surface of a PLLA MN array with a

hydrogel (alginate) that would be initially dry, be able to contain bioactive cargo to signal for the

recruitment of cells, and provide a retention matrix for recruited cells to adhere to before removal.

These sampling MNs exhibited all of the properties desired for our cell and ISF sampling MNs:

(i) mechanical integrity and robustness, (ii) reproducible fabrication (iii) effective skin penetration,

(iv) a compartment within platform to contain cell-recruiting signals, (v) a fabrication process

amenable to the inclusion of bio-active molecules, and, (vi) a compartment within the sampling

platform for cells and ISF to be collected, and retained upon collection.

In the following chapters we will apply these sampling MNs to test for the recruitment of

immune cell populations that are not found in found in blood. Specifically, we will demonstrate

the applicability of this sampling platform for providing information about the immune status at a

level that is inaccessibly to currently available sample collection methods and assays.
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Chapter Three

ADJUVANT AND ANTIGEN TOGETHER ELICIT

RECRUITMENT OF ANTIGEN-SPECIFIC CELLS

AND RESIDENT MEMORY T CELLS

3.1 Introduction

Microneedles (MNs) are micrometer to millimeter long projections,10 1 0 2 which when

applied to the surface of the skin, are capable of penetrating the stratum corneum 03 and

painlessly59 reaching the viable epidermis or dermis. In chapter 2, we elaborated on a strategy of

adapting MNs, which are predominantly used for transdermal delivery of proteins104-106,

drugs107,108 and vaccines,109-114 to a diagnostic and sample collection context, as shown in Figure

2-1.. We explored the use of pro-inflammatory chemoattractants (CXCL 10 and CCL21) to attract

cells into these sampling MNs and proved the efficacy of utilizing sampling 4Ns to attract and

collect cells from the mouse ear skin.

We observed that the inclusion of chemoattractants in sampling MNs caused irritation and

inflammation of the mouse ear tissue and, in some cases, scar tissue formation and necrosis of the

ear tissue as well. Thus, in this chapter, in addition to chemoattractants, we explore the use of

adjuvants"',' 6 as agents of cell recruitment as shown in the schematic in Figure 3-1. Adjuvants

(from Latin, adjuvare meaning 'to help') were first described" 7 as "substances used in

combination with a specific antigen that produced a more robust immune response than the antigen

alone". Based on previous work done in the Irvine laboratory 79, we explored the use of TLR3

agonist polyl:C (a potent double-stranded RNA adjuvant for stimulating anti-viral responses)'18', 9

as well as TLR1/2 agonist Pam3 Cys,8 a synthetic lipopeptide, known to elicit antigen-specific IgG

responses stronger than conventional adjuvants like alum.1 20
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Chemoattractant Adjuvant
release release

Chemoattractant
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Figure 3-1: Schematic showing the hypothesized difference in mechanism of cell recruitment
via chemoattractants and adjuvants, when released from sampling MNs. Chemoattractants
create a gradient that cells respond to and migrate towards regions with higher concentrations of
chemoattractant. Adjuvants often agonize nearby cells, often being TLR agonists themselves, and
cause the distressed cell to release chemoattractants which causes other cells of interest to migrate
towards the region of chemoattractant production.

In order to demonstrate the applicability and efficacy of sampling MNs as a platform for

'micro-biopsy', in this chapter we wished to answer to two main questions: whether sampling MNs

were capable of collecting (i) antigen-specific immune cells and (ii) immune cell populations that

cannot be accessed via peripheral blood.

To answer the first question, we adapted a DTH based test34 3 1 which involves injecting an

antigenic preparation into the dermis. Upon prior exposure and presence of previously sensitized

antigen specific memory T cells, an induration accompanied by erythema is observed over the next

24-72 hours- in the classic DTH assay, this redness in the skin at the site of injection provides a

qualitative indication of the presence of a memory T cell response to the injected antigen. The
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cytokines and chemokines released by antigen-specific memory T cells localized at the site of

injection act upon polymorphonuclear cells, macrophages and other lymphocytes33 ,121 resulting in

the classic DTH reaction. Interestingly, less than 1% of the infiltrate in a DTH response is

comprised of antigen-specific T cells. 122
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Figure 3-2: Variegation of T RM phenotypes in different tissue sites. Expression of the T RM

markers CD69 and CD 103 on CD4+ and CD8+ T EM (effeCtor memory T cell) populations in tissue
sites (indicated on horizontal axis) is depicted by proportion of CD69+ based on position on the
vertical axis, and proportion of CD 103 +, indicated by colored shading of each cell type (ranging
from yellow = 0% to deep red/brown = 100%). CD69 is absent on circulating cells and is

progressively upregulated on T EM with the highest expression levels seen in mucosal sites. CD 103
expression is highest in CD8+ T EM in muCOSal tissue sites and mucosal-draining lymph nodes with
variable expression by CD8+ T EM in other tissues, and CD4+ T EM exhibit low or negligible
CD 103 expression. Adapted from 2

To answer the second question, we investigated the recruitment of an important immune

cell population that is absent from systemic circulation. Resident memory T cells (T RM S) 3,19,21,124-

127 are terminally differentiated T cells that reside specifically in peripheral tissues such as the skin,

gut, mucosal linings and other barrier tissues'. They are cytotoxic CD8+ T-cells that are poised for

immediate interception and killing of infected cells upon re-exposure to their target antigen. 128

Thus, they can be thought of as a frontline checkpoint for a successful immunization regimen.'23,129

These T RM s are characterized by the expression of CD69 and CD103 as shown in Figure 3-2.
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CD69 is an activation marker that is increasingly expressed on the surface of T cells, as they

circulate from primary, to secondary to finally, non-lymphoid organs.'23 ,"30 CD103 is an integrin

mediating lymphocyte retention in non-lymphoid tissues such as the mucosal surfaces in lung and

gut, and in skin.4

Since these cells are not accessible by standard peripheral blood draws because they do not

circulate, it should be noted that the TRM literature in humans is based on organ biopsies and tissue

samples obtained, most frequently, from deceased individuals1 303-12 or rarely, from invasive

biopsies. In mouse models, animals are sacrificed and their organs are then digested to study cell

counts and phenotypes. Given that MNs penetrate through to the viable dermis when applied to

skin, and can, hence, access the immune surveillance reservoir61 of the skin, we only needed to

include the necessary cell signaling components to include in the sampling device, if any, to be

able to collect these TRM s. Sampling MiNs can, thus, have important applications towards vaccine

design. Thus, we considered utilizing sampling MNs for accessing these important immune cell

populations in a minimally-invasive manner.

3.2 Materials and Methods

3.2.1 Materials and Animals

Poly-L-lactide (Resomer L207S) was purchased from Evonik Industries AG (Essen,

Germany). SLM20 and SLG100 sterile ultrapure alginates were purchased from Pronova (FMC

Biopolymer/Novamatrix, Sandvika, Norway). Calcium chloride dehydrate and sucrose were

purchased from Sigma-Aldrich. R848, polyl:C and Pam3Cys were purchased from InvivoGen.

Murine-IP 10 (CXCL 10) was purchased from PeproTech.

DOPC (1,2-Dioleoyl-sn-Glycero-3-Phosphocholine) and MPB (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide) were purchased from Avanti Polar

Lipids (Alabaster, AL). DTT (dithiothreitol) was purchased from Sigma-Aldrich.

Chromatographically purified endotoxin-free ovalbumin (OVA) was purchased from Worthington

(Lakewood, NJ).AL 11 peptide (AAVKNWMTQTL) was synthesized by GenScript Corp. For CpG,

solid phase DNA synthesis and 5Y lipophilic conjugation were carried out as previously described using

an ABI 394 synthesizer. 3 3 The sequence used was murine ODN class B sequence 1826 with two

guanine spacers: 5' diacyl lipid -*G*G*T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T- 3.'
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Following cleavage and deprotection, oligos were purified via RP-HPLC and quantified using UV-

VIS. Note that * indicates phosphorothioate linkage.

Wild type C57BL/6 mice (stock #: 000664) were purchased from Jackson Labs. Evaluation

of antigen specific CD8 T cells and T RMs were done by staining with SIINFEKL/H-2Kb peptide-

MHC tetramer (iTAg Tetramer/PE - H-2Kb OVA (SIINFEKL), from MBL) or SIVgag tetramer

(iTAg Tetramer/PE - H-2Db SIV GAG (AAVKNWMTQTL) from MBL), anti-CD45, anti-CD8a,

anti-CD3e, anti-CD11b, anti-CD11c, anti-CD103 (BD Biosciences) and CFSE Cell Trace

(Thermo Fisher Scientific C34554). Fc block from eBioscience (14-0161-86) was used to prevent

non-specific binding.

3.2.2 Intradermal Injection of Adjuvant Based Studies

5ptg of each adjuvant (R848, polyl:C and Pam3Cys) was injected intra-dermally in the

dorsal auricular ear skin of 8-12 week old C57BL6 mice. Each injection was made up to 14[tL in

PBS and injections were administered 48 hours before the mice were euthanized and ear tissue

resected and processed for phenotyping.

3.2.3 Ear Tissue Digestion

Adapting a previously established protocol for our needs, 3 4 the surface of the ear was

cleaned for hairs using a blunt razor blade. The dorsal and ventral surface of the ear tissue were

split mechanically using tweezers and immersed in RPMI containing liberase (Roche),

collagenase, HEPES buffer and DNAase for 1.5 hours at 370 C on a shaking incubator at 200 rpm.

The digested ear tissue was mashed using the back of a syringe plunger and passed through a 40

pm cell strainer. After pelleting the cell suspension, the samples were stained with anti-mouse

antibodies (CD45, CD8a, CD1 Ib, CD1 Ic, DAPI) and analyzed via flow cytometry.

3.2.4 Synthesis of ICMVs

Interbilayer-crosslinked multilamellar vesicles (ICMVs) were synthesized as described

previously.' 3 5 Briefly, dried films of 1.26 pmol of lipids (DOPC:MPB at 1:1 mol ratio) and 5 pg

of Pam3Cys were rehydrated in 20 mM bis-tris propane at pH 7.0 with 20 pg OVA or 20 pg AL 1I

peptide for 1 h with vortexing every 10 min and sonicated in alternating power cycles of 6 and

3Win 30 s intervals for 5 min on ice (Misonix Microson XL probe tip sonicator, Farmingdale, NY,

USA). DTT and CaCl2 were then sequentially added, immediately one after the other, at final

concentrations of 3 and 40 mM, respectively, and incubated for 1 h at 370 C to form ICMVs. The
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particles were recovered by centrifugation, washed twice, re-suspended in millQ water, and stored

at 4'C until usage. In some experiments, ICMVs were prepared including a lipophilic tracer, DiD,

at 0.1 molar % concentration with respect to lipids, and 20 pg of Alexa Fluor 555-conjugated OVA

was used to hydrate the lipid films.

3.2.5 Immunizations

Groups of 8-12 week old C57BL6 mice were immunized using a prime-boost regimen:

animals were primed on day 0 and boosted on day 14 with 10 pg OVA and 1.24 nmol CpG (in

soluble form) suspended in PBS, via injections administered subcutaneously at the base of the tail.

3.2.6 Sampling MN Preparation

MN synthesis is described in detail in Chapter 2 and in the Appendix. Briefly, poly-L-

lactide was melt-molded into PDMS molds to form MN arrays. MN arrays were exposed to poly-

L-lysine for 30 mins and dried at room temperature and atmospheric pressure. Alginate-sucrose

solution was then pipetted onto the 1 cm 2 MN arrays and dried under vacuum for 2 hours at room

temperature. Calcium chloride solution containing polyl:C and ICMVs encapsulating Pam3Cys

(and OVA or AL 11 peptide) was pipetted onto MN arrays and dried under vacuum at room

temperature for > 8 hours. MN arrays were stored under vacuum at room temperature until use.

3.2.7 OVA-specific IgG titer ELISA

Serum total IgG titers were determined as previously described. 136 Briefly, 96-well plates were

coated with OVA and blocked with bovine serum albumin, then incubated with serially diluted serum

and detected with HRP-labeled anti-mouse IgG (Bio-Rad), followed by development and measurement

of optical absorbance at 450 nm. Antibody titer is reported as reciprocal serum dilution at an

absorbance of 0.3.

3.2.8 Tail Skin Scarification with Vaccinia-SIVgag Virus

C57BL6 mice were anesthetized and tail skin area, 1 cm from the base of the tail, was

wiped clean with 70% ethanol. 5 ptL of diluted virus in PBS (total dose of either 2x105 PFU, Ix106

PFU or 2x10 6 PFU) was applied to the cleaned tail skin and scratched gently 25 times with a 27 '/2

gauge needle. Mice were monitored 3-4 times per week for lesion size, swelling size (measured

with Vernier calipers) and body weight.
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3.2.9 Characterization of Samples from Sampling MNs

Blood was processed via ACK lysis to lyse the red blood cells and enrich for leukocytes.

Hair on the surface of ear tissue was first removed using a blunt razor blade. The dorsal and ventral

surface of the ear skin were then mechanically separated before being subjected to enzymatic

digestion using a combination of collagenase and DNase to break down the cartilaginous tissue.

Sampling MNs were applied to the dorsal surface of the C57BL6 mouse ears for 12 or 24

hours, secured using a combination of waterproof tapes. MNs were retrieved from anesthetized

mice and the recovered cell suspension was retrieved from the gel coating via immersion in PBS

containing 1% BSA and 100 mM EDTA for 30 minutes at 37'C while shaking at 150 rpm, washing

the surface of the MN and pelleting via centrifugation. At relevant time points, blood was collected

via retro-orbital bleeding, into EDTA and red blood cells were lysed using ACK lysis buffer.

Samples were stained with anti-mouse antibodies (CD3e, CD8a, CD69 and CD103) as well as

antigen-specific MHC tetramers (SIINFEKL or AL 11). For CFSE staining, pelleted samples were

resuspended in 100 tL of 0.36 pM solution of CFSE (Cell Trace, Thermofisher) for 5 minutes, at

room temperature in the dark and quenched using 150 pL of RPMI containing 10% FBS for 15

minutes, washed and pelleted and analyzed via flow cytometry.

3.2.10 MuSIC (Multispectral Imaging Cytometry)

For the fabrication of the nanowell arrays, existing silicon masters mounted in metal molds

were used (Love Lab, MIT). Poly(dimethylsiloxane) (PDMS) (Dow Corning) (10:1 ratio of base

to catalyst) was injected through the input port of the molds, and cured at 80'C for 4 hours. The

molds were then opened to obtain nanowell arrays containing 83,490 cubic wells (50 pim). Prior

to use, the nanowell arrays were oxygen plasma treated for 2 minutes and immediately immersed

in 100% fetal bovine serum at 50'C both to preserve the hydrophilicity resulting from plasma

treatment, and to coat the array non-specifically with protein to improve cell viability. Prior to cell

loading, nanowell arrays were rinsed with media.

Cells were stained as described in Section 3.2.9 with a cocktail of anti-mouse antibodies

(CD8a PE/Cy7, CD19 BV71 1, MHCII PerCP710, CD1 lb BV655, CD1 Ic PE/Cy5, CD3e PerCP,

CD45 BV605, Sytox Green and CD 103 BV42 1.) from Biolegend. After staining, cells were loaded

onto a nanowell array, with loading governed by a rough Poisson distribution. The loaded nanowell

arrays were then imaged with an epifluorescence microscope (Zeiss) with filter wheels at the

relevant excitation and emission wavelengths. Compensation was performed with agarose beads
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(Agarose Beads Technologies) in 100mM sodium carbonate. Each antibody was incubated with a

separate aliquot of beads and imaged in all the fluorescent channels of interest. The percentage of

spillover from other channels into a given channel was calculated from the fluorescence data and

then used to compensate the acquired cell fluorescence data.

Cells were identified from the obtained fluorescent images with Enumerator, an in-house

image analysis software (Love Lab, MIT). For each nanowell array, a spreadsheet containing cell

information including nanowell IDs, fluorescent intensities in each channel, and cell sizes, was

generated. This data was then further analyzed and gated using Matchbox, an in-house MATLAB-

based single-cell analysis software (Love Lab, MIT).

3.2.11 Statistical Analysis

Data sets were analyzed using two-tailed nonparametric Mann-Whitney test, one or two-

way analysis of variance tests, followed by Tukey's HSD test for multiple comparisons with Prism

(GraphPad Software, San Diego, CA). p-values less than 0.05 were considered statistically

significant. All values are reported as mean s.e.m.

3.3 Results and Discussion

3.3.1 Confirmation of APC Hypothesis via MuSIC

Thus far, we have established a strategy to fabricate hydrogel-coated MNs capable of

sampling ISF and recruiting cells from the skin via the delivery of immunostimulatory agents -

Figure 3-3 outlines the overall system design. Briefly, melt-molded polylactide MN arrays were

coated with an alginate hydrogel layer that contains antigen/immunostimulator-loaded lipid

nanoparticles (ICMVs). We hypothesized that upon application to skin, the adjuvant released from

the hydrogel coating would APCs (Figure 3-3 step (1)), which would internalize the ICMV

nanocapsules present within the gel (step (2)). ICMV nanocapsules would get taken up by the

recruited APCs, triggering their activation (step (3)), and these activated APCs would then act as

active recruiting agents within the coating, releasing a collection of chemoattractant signals and

cytokines that further recruit T-cells and other leukocytes to the sampling gel. We have previously

shown that ICMV nanocapsules efficiently promote antigen presentation by APCs.1 35,137 T-cells

specific for antigens delivered in the ICMV capsules would recognize the antigens presented to

them by the activated APCs in the gel coating, leading to their arrest and retention in the hydrogel
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layer (steps (4), (5)). Upon removal from the skin, the hydrogel layer is digested to release recruited

cells (step (6)), which can then be analyzed for phenotype, surface markers, cytology, etc.

250 pm
H --- --- -- adjuv ant ---- -- -- - -

\4 -- -
-- - -- - - -- - - -- - - -- - - -- - -

:APc

I- IC - -

-0

(5)

Figure 3-3: Schematic of Sampling MN platform. Hydrogel-coated MNs contain
immunostimulatory ICMV nanocapsules (red). Upon application to skin, the hydrogel layer swells
and releases chemoattractant. (2) APCs home into the gel layer from surrounding tissue, (3) Take
up ICMVs and are thus stimulated to (4) recruit antigen-specific T cells into the gel. (5) The
platform is removed from skin, and (6) the gel is digested to retrieve collected cells and ISF for
further analysis.

In this section, we validate our hypothesis by showing that all of these steps indeed occur

and demonstrate that we can successfully sample for cells, from the skin, via sampling MNs that

have been applied to the surface of the skin.

Using cell-suspensions derived from the processing of sampling MNs applied to mouse ear

skin for phenotypic analysis via flow cytometry presented hurdles is challenging because flow

cytometry machines ideally perform well with cell events in excess of 10,000 cells.138 ,139 In our
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most studied model of the OVA-immunized mice, being able to retrieve 10,000 live cells was often

a tough ask when the cell-suspensions were derived from a single sampling MN array.
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Figure 3-4: Characterization of MN infiltrate and confirmation of APC hypothesis via
MuSIC. Groups of OVA-immunized mice (n=3/group) were sampled with sampling MNs
containing 5 jpg of polyl:C, and 2 pg OVA-Alexa Fluor555 and 5 m~g Pam3Cys inside ICMVs
containing DiD, for 24 hours, followed by retrieval, antibody stanining and phenotypic analysis
via MuSIC. Cell numbers (A) as a proportion of CD45+ immune cells (B) recruited into sampling
MNs applied for 24 hours onto OVA-immunized mice. (C) Micrographs showing overlay of
fluorescent channels for live/dead dye Sytox, CD45, CD3, CD 19, CD1 Ic, DiD (ICMV) and OVA-
Alexa Fluor 555, showing the presence of antigen presenting cells containing ICMVs. The edges
of each well are 50 pm.
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In order to prove that APCs interacted with the ICMVs that were embedded within the

alginate coating of the sampling MNs (Figure 3-4), we wished to achieve deep phenotyping of the

cell suspension we obtained from the sampling MNs. We synthesized ICMVs which encapsulated

fluorescent OVA (Alexa Fluor 555 conjugate) and included DiD, a fluorescent lipophilic tracer

dye which would be embedded in the lipid bilayers of the ICMVs. These ICMVs were included in

the alginate coating (in the crosslinking layer) of the sampling MNs. MNs were applied for 24

hours on the ears of C57BL6 mice that had been immunized with OVA 24 weeks prior. The cell

suspension obtained was analyzed using nanowell arrays and MuSIC 4 0 , a technology developed

by Love and coworkers at MIT, which allows for comprehensive phenotyping of scarce cells,

especially those obtained from tissues directly for which conventional flow-based phenotypic

methods present challenges.

MuSIC is an image-based cytometry methodology that increases the number of measurable

surface markers from four to sixteen. The method uses combinatorial combinations of excitation

and emission filters on a basic epifluorescent microscope to create sixteen unique spectral channels

that match spectra of commercially available fluorophores. Custom software automatically

identifies cells within images of the nanowell arrays and deconvolutes the intensity of each

fluorophore on each cell using a spectral spillover matrix generated by imaging beads bound

uniquely to each fluorophore.

We found that on average, we obtained about 5000 immune cells (CD45+) from each

sampling MN (Figure 3-4A). Of these, 20% were T cells (CD3e+), about 15% were B cells

(CD19+) and more than 60% of these were non-B&T cells (Figure 3-4B). One third of these non-

B&T cells, which were about a fifth of the total immune cells, were APCs. This was interesting as

it corroborated with our expectation and hypothesis that APCs came in to the alginate coating to

interact with the ICMVs. However, what was most encouraging was that more than 80% of these

APCs were also fluorescent in the DiD channel, indicating that the APCs had endo-cytosed the

ICMVs. The fluorescent signal from the OVA was, however, only found in about 15% of these

APCs indicating that, possibly, the APCs had processed the antigen and were cross-presenting the

antigen on their MHC complexes or that the fluorescent OVA signal was too weak.

These findings were also evidenced by micrographs of individual nanowells containing the

single cells (Figure 3-4C). We observed live APCs (Sytox-CD45+CD3-CD19-CDllc+) that

showed bright fluorescent signal in the ICMV (DiD) channel and a weak signal in the OVA
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channel. All of these fluorescent signals were co-localized which proved that the ICMVs were

indeed inside the APCs.

3.3.2 Delayed Type Hypersensitivity Test Based Sampling

Our initial tests of the complete cell sampling MN patches were based on classic DTH tests

(e.g., the Tuberculin 'Mantoux' test or allergen tests) in which an antigen is injected into the skin

and the site is monitored for 2-3 days. If an individual has previously been exposed to the antigen,

a palpable induration will develop within ~72 hours35.

i.d. injection
adjuvants + antigen in ear

Apply sampling MNs
to mouse ear +antigen
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Figure 3-5: Cell sampling MNs allow detection of cellular immune responses. Groups of OVA-
immunized or naYve C57B1/6 mice (n=8/group) were injected intradermally in the ear at time zero
with 2 pg OVA and 5 pg each of polyl:C and Pam3Cys. 60 hours later, sampling MN were applied
to the same site for 12 hr. followed by retrieval for flow cytometry analysis. (A) Timeline of
immunization and sampling. (B) Flow cytometry plots showing OVA-specific CD8' cells in naYve
and immunized mice, as sampled from blood or with cell-sampling MNs, staining for CD8 and
OVA-specific cells (using OVA peptide-MHC streptavidin tetramers). (C) OVA-specific
(SIINFEKL+) cells as a percentage of total CD8' cells quantified via flow cytometry. Shown are
means s.e.m., ns, nonsignificant, ***, p < 0.0001, analyzed by one-way ANOVA, followed by

Tukey's HSD.
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Replicating the same setting, C57BL6 mice immunized with OVA protein (4 weeks prior

to the assay) were injected in the ear, intra-dermally, with adjuvants and 2 pg of OVA (Figure

3-5A). After 60 hours, MNs coated with crosslinked alginate (carrying no adjuvants) were applied

for 12 hours to the same skin site, after which they were retrieved and the alginate coating was

dissolved by exposing the MNs to a solution of 100 mM EDTA in media for 30 mins at 37'C to

retrieve cells for analysis. Blood was also collected from the same animal for comparison of the

results from MNs. Flow cytometry plots showed that as expected, in the blood (Figure 3-5B) naive

mice lacked detectable OVA-specific CD8' T-cells, while OVA-specific cells were present at high

levels in immunized mice. These high frequencies of antigen-specific cells present in blood were

expected and consistent with previous similar OVA + lipo-CpG immunization studies in our

research group, 14 1 especially in the period of 2-4 weeks post an immunization event (prime or

boost). Similar results were seen in MN samples, although lower total numbers of cells were

collected. Quantifying the results from groups of animals, the frequency of OVA-specific CD8'

T-cells detected using the sampling MINs was the same as observed in the blood (Figure 3-5C).

Thus, we established the sampling MNs were capable of detecting cellular immune responses and

specifically, sampling for antigen-specific cells from tissue in situ at comparable levels to those

found in blood following pre-exposure to antigen and adjuvants about 60 hours before sampling,

during the effector phase of an immune response.

3.3.3 Cell Recruitment into MNs with Adjuvants and CXCL10

We subsequently tested if vaccine adjuvants could be used to recruit more cells into the

skin at the MN application sites, allowing the entire "DTH" response to be stimulated from the

MNs. We first compared the capacity of 3 different adjuvants to recruit cells into the skin: a TLR3

agonist polyl:C; the TLR 7/8 agonist R848; and the TLR2/TLR1 agonist Pam3Cys.

Each of these adjuvants, as well as the combination of polyl:C and Pam3Cys, were injected

intradermally in the ears of mice. 48 hours after these injections, the skin site was digested using

collagenase and analyzed via flow cytometry for infiltrating cell populations. We observed that

the combination of polyl:C and Pam3Cys elicited significantly increased recruitment of various

immune cell populations, including CD11b'CD11c- myeloid cells and CD8' T-cells, into the

application ear, as seen in Figure 3-6A-B.
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Next, we utilized our subcutaneous gel-injection model to test if the adjuvants, like the

chemoattractants (as discussed in Section 2.3.2), also increased cell recruitment into alginate gels.

C57BL6 mice were injected subcutaneously, underneath the dorsal flank skin, with alginate gels,

with and without the combination of polyl:C and Pam3Cys (5 pg each). The gels were harvested

after 24 hours and the cell infiltrate was analyzed via flow cytometry. We observed that the

presence of the adjuvant combination doubled the number of live cells that were recruited into the

gels (Figure 3-6C).

Endotoxin free water
10 pg R848
10 pg poly [:C
10 pg Pam3Cys
5 pg poly I:' + 5 pg Pam3Cys

C

2.5]

d 2.0-

1.0

0.51
0.0-

II

5pg PAM3CSK + 5pg polyl:C

Non app 5% sucrose alginate MN

App 5% sucrose alginate MN

App 5% sucrose alginate + 5ug
parn + Sug polyl:C MN
App 5% sucrose alginate + 5ug
pam + 5ug polyl:C CXCL10 MN

Figure 3-6: Cell recruitment into
were injected intradermally in their
ears were digested and analyzed
CD 11 b'CD 1 c~ leukocytes (A)

MNs with adjuvants and CXCL10. 7wk old C57BL/6 mice
ears with adjuvants. Mice were euthanized 48 hours later and
using flow cytometry for infiltrating populations including
and CD8a leukocytes (B). Live cells recruited into

subcutaneously injected gels under the dorsal flank of naYve C57BL6 mice for 24 hours, with and
without presence of adjuvants Pam3Cys and polyl:C (C). Cell-sampling MNs, including adjuvants
in the coating, were applied for 12 hours on the ears of naYve C57BL/6 mice. The alginate coatings
on the MNs were digested and analyzed using flow cytometry for infiltrating cell populations
including total leukocytes (CD45+) (D) and total T cells (CD3e+) (E). "Non app" is a control MN
array that was not applied to the skin, and represents the background noise of the measurement.
Data sets represent mean s.e.m., *, p < 0.05 and **, p < 0.01, analyzed by one-way ANOVA,
followed by Tukey's HSD.
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Our next step was to investigate if the inclusion of these of agonists into the alginate coating

of cell-sampling MNs could facilitate increased cell recruitment into the alginate coating itself.

We fabricated sampling MNs as depicted in Figure 2-2, but also included adjuvants in the alginate

coating, expecting they could diffuse into the neighboring tissue upon application to the skin. MNs

were applied to the ear skin of groups of mice and retrieved 12 hours later. The alginate layers of

each MN patch were dissolved using EDTA, and the recovered cells were stained with antibodies

for flow cytometry analysis. As shown in (Figure 3-6D-E), even without added adjuvants, the gel-

coated MNs elicited some level of cell recruitment, likely mediated by chemokines triggered in

the surrounding tissue following the micro-damage caused by MN penetration into the

epidermis. 142-144 Notably, the combination of Pam3Cys and polyl:C led to more cell recruitment

than "empty" alginate MNs, but addition of CXCL10 did not further increase the number of

captured cells (Figure 3-6D-E). Though small numbers of cells were recovered in the MNs in this

short application time, this experiment demonstrated the proof of concept that a significant

population of cells can be collected in just 12 hr of application time.

Mouse ears subjected to MNs that contained CXCL10 in the alginate coating showed

increased redness and inflammation. For some animals, the ear tissue disintegrated and necrosed

because of excessive inflammation and the periphery of the ear tissue showed scar tissue

formation. We suspect that because CXCL 10 (and CCL2 1) are both pro-inflammatory cytokines,

the doses of these included in the sampling MNs to recruit cells for sampling are not healthy for

the long-term recovery, healing and survival of the tissue. Thus, subsequently, we focused on

including only the adjuvant combination of Pam3Cys and polyl:C (5 pg each) in the MNs to signal

for cell infiltration.

3.3.4 Encapsulation of Adjuvant in ICMVs Elicits Increased Recruitment

The adjuvants included in the alginate coating in the previous results (Section 3.3.3) were

in soluble form, being co-dissolved in the calcium crosslinking solution added on to the alginate

coating during the preparation of these MNs. Our research group has previously shown that lipid

nanocapsules (ICMVs) loaded with antigen and/or adjuvant compounds efficiently activate and

promote antigen presentation by APCs.1 35,137 Consequently we next explored if the encapsulation

of adjuvants in ICMVs, embedded in the alginate coating of the sampling MNs, could further

increase the number of cells recruited into them. ICMVs incorporating Pam3Cys were synthesized
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and polyl:C was included in soluble form in the alginate coating. These sampling MNs, with

adjuvants incorporated into ICMV particles, recruited -8x more cells than those present in the

coating in soluble form (Figure 3-7A).
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Figure 3-7: ICMVs encapsulating antigen and adjuvant, when embedded in the alginate
layer of sampling MNs, elicit increased recruitment of cells into sampling MNs. Groups of 8-
10 wk old naive C57BL/6 mice (n=8/group) were sampled for 12 hours using sampling MNs
containing adjuvant (5 pg Pam3Cys) in either soluble or ICMV encapsulated formats, with 5 tg
poly I:C included in soluble form in the alginate coating. (A) Live cells retrieved, per MN array.
"Non app" is a control MN array that was not applied to the skin, and represents that background
noise of the measurement. (B) Live cells retrieved upon sampling C57BL/6 mice for 12 hours with
sampling MNs containing ICMVs containing Pam3Cys incorporated in the
crosslinking/outside/surface layer recruit more cells than those placed 'inside' in the alginate layer.
(C) and (D): Confocal micrographs of ICMVs containing fluorescent OVA (red) encapsulated in
ICMVs within in fluorescently tagged alginate (blue) as prepared by including the ICMVs in the
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alginate solution, or in the calcium crosslinking solution, respectively. Data sets represent mean
s.e.m., ***, p < 0.001, analyzed by one-way ANOVA, followed by Tukey's HSD.

We next investigated if the inclusion of the adjuvant-incorporating ICMVs ('inside') in the

alginate solution during preparation of the sampling MNs versus their inclusion in the calcium

crosslinking solution ('surface') elicited differing degrees of cell recruitment and infiltration. MNs

with ICMVs incorporated in these ways were applied to C57BL6 mice for 12 hours (Figure 3-7B),

and we found that ICMVs incorporated in the surface layer recruited almost twice as more cells

into the alginate layer, presumably since the particles were more accessible to leukocytes entering

the gel from the surrounding tissue, leading to more rapid/pronounced local stimulation. We

investigated the morphological reason for these biological effects by encapsulating fluorescently

labeled OVA inside ICMVs that were included either in the alginate layer (also fluorescently

labeled) or in the calcium crosslinking solution during preparation of the sampling MNs. We

observed that ICMVs, included 'inside' the alginate layer during preparation, showed aggregation

(Figure 3-7C) whereas when ICMVs were included in the calcium crosslinking layer during

preparation, they stayed dispered and were uniformly distributed in the alginate layer (Figure

3-7D). Since dispersed ICMVs can be understood to be more accessible for interactions with

incoming cells much more than aggregated ones, we performed all following studies by including

the ICMVs in calcium crosslinking solution during the preparation of the sampling MNs.

3.3.5 Confirmation of Resident Memory T Cells in Tissue

The experiments performed thus far suggested that our sampling MNs could recruit a

diagnostically-significant number of T cells. We then wished to go one step further and check for

the recruitment of antigen-specific T RM s that are known to preferentially reside in peripheral tissue

like the skin, and do not otherwise circulate systemically in the blood. 19 ,20" 24 145

To this end, we first sought to characterize the immune cell phenotypes in skin and

specifically check for the existence of not just TRMs, but in mice immunized with the OVA antigen,

OVA-specific T RM s. We first confirmed that our subcutaneous immunization protocol establishes

a population of skin-resident memory cells: Blood and digested ear tissue were obtained from both

naive as well as immunized C57BL6 mice, at ~ 4 weeks post boosting. We noted that OVA-

specific CD8' cells were present in the blood and ear tissue of only the immunized animals. As

expected, when we gated forward on these antigen-specific cell populations for the T RM markers
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CD69 and CD 103, only the ear tissue from the immunized animals showed the presence of cells

which were positive for both of these cell-surface markers. This is exemplified by the flow

cytometric plots in Figure 3-8A. If we consider the antigen-specific population for the blood

sample from immunized mice ("Imm. Blood"), we see these cells express neither of the two skin-

homing markers and, therefore, lie in the bottom left quadrant of the flow cytometric plot shown.
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Figure 3-8: TRM characterization in the blood and skin compartments in OVA-immunized
mouse model. Groups of OVA-immunized mice (n=3/group) were bled, euthanized and their ears
were digested and analyzed via flow cytometry. (A) Flow cytometric plots showing gating strategy
for characterizing TRM s in blood and digested ear tissue from C57BL6 mice that are naYve ("Nafve
Blood", "NaYve Ear") or were immunized ("Imm. Blood", "Imm. Ear" with OVA. OVA tetramer
(SIINFEKL) (B) and antigen-specific T RM s (C) as a frequency of CD8' cells. (D) and (E) show
CD69' and CD103' cells as a frequency of all live cells. Data sets represent mean s.e.m., ****,

p < 0.0001, analyzed by one-way ANOVA, followed by Tukey's HSD.

When we considered the proportion of CD8' cells that were OVA-specific in the

immunized animals, as expected from our understanding of previous similar studies and also from

Figure 3-5, the blood of these immunized animals consisted of 60% of its CD8' being specific for

the antigen (Figure 3-8B). The ear tissue in contrast, consisted only of about 3% CD8' that were

specific for OVA. However, of the same total CD8' cell population, 2.5% of them were of the
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TRM phenotype (CD8' CD69' CD103') in the ear tissue from the immunized mice as compared

to almost negligible levels in the blood from immunized mice (Figure 3-8C).The vast excess of

other CD8' cells are presumably circulating cells from blood vessels and capillaries in the ear.

Interestingly, about 1.8% of the CD8+ cells in the ear tissue from naive mice were TRM s, which

are probably specific to other antigens that these animals have been exposed to environmentally.

CD69 is an early activation induced marker for T cells and CD69 is expressed on almost

all these cells as they egress the blood compartment and make their way into secondary lymph

organs and especially the skin, CD69 is expressed on almost all cells. 4 6 This trend is seen in

Figure 3-8D, where the ear tissue cells are seen to have higher CD69 expression than live cells

from blood, irrespective of whether the sample comes from naYve or immunized animals. The aE

integrin CD 103 (which binds e-cadherin on epithelial cells) is a specific feature of CD8+ T Rm. As

a proportion of live cells, cell samples from blood show significantly lower levels of CD103

expression whereas for cells from digested ear tissue, about 2-3% of the live cells consist of cells

expressing CD 103 (Figure 3-8E).

These observations led us to the holy grail of our efforts - to test for the sampling of TRM s

that specifically reside in the skin and cannot be observed by peripheral blood draws, using our

sampling MNs.

3.3.6 Optimized Sampling Conditions: Antigen Dose and Time of Application.

Having established the presence of T RM Sin our immunized animals, we next sought to

determine whether sampling MNs could recover these cells, as .illustrated in Figure 3-9A.

Sampling MNs were applied to OVA-immunized C57BL6 mice, ~ 10 weeks after immunization,

for 24 hours, including 2pg OVA and 5ptg Pam3Cys in ICMVs, as well as 5pig polyl:C in the

alginate coating. Similar to the results we obtained from digested tissue and blood (Figure 3-8),

when considering CD8' T cells, and gating forward on CD69 and CD103, the sample from

sampling MNs shows a population of TRM s that does not exist in blood. After this, we investigated

the effect of (i) MN application time and (ii) antigen dose included in the coating on cell sampling

effectiveness in the absence of a pre-injection of antigen into the skin. To achieve this, we

incorporated both antigen (OVA) and adjuvants (polyl:C and Pam3Cys) into ICMV nanoparticles,

and encapsulated the ICMVs in the surface layer of the alginate gel coating on MNs.

70



i.d. injection
12hr 'Mantoux'

Blood

C069-M 03.
0-47

_ CD103

MN app
24hr -ova
24hr +ova

48hrs

4000-

2000-

1000 
s

0

6-4

4000*

2000 

0
A$,Z. -

E
2M,0

000 00
00

1000 .

Soo

00

00

I?0 00

Soo

S300-

20D-

100

oil*N NO

+
0

500 *

400-

300-

200 -

100

01

F
500- _________

400-0

M 300-

200-

100

J
Soo'

,1400

300

200

S100 0

0-

0*

Figure 3-9: Optimal parameters for sampling of TRMs. Groups of OVA-immunized mice
(n=5/group) were sampled with sampling MNs with or without 0.02 gg, 0.2 pg or 2 jg OVA,
applied to mouse ears for upto 24 hours to optimize the duration of application and dose of antigen
for sampling. (A) Sample flow cytometry plots showing staining for CD69 and CD 103 in blood
and cell-sampling MN samples. (B) Timeline of timing optimization experiment. (C), (D), (E) and
(F): Live cells, CD8+ cells, CD8+CD69+CD103+ TRMs and OVA-specific CD8+ TRMs,
respectively, per sampling MN array, from sampling MNs applied to naYve or OVA-immunized
C57BL/6 mice to study effect of duration of application on recruited cell numbers. (G), (H), (I)
and (J): Live cells, CD8+ cells, CD8+CD69+CD103+ TRms and OVA-specific CD8+ TRm s,
respectively, per sampling MN array, from sampling MNs containing ICMVs encapsulating 0.02ug,

71

A Sampling MN

(0

B

t=o

MN app
12hr 'Mantoux'

12hr +ova

60hrs

Retrieve MNs
Flow cytometry

72hrs

C

G

4*

I PiI

I



0.2ug and 2ug OVA to study dependence of recruited cell numbers on antigen level. Data sets
represent mean s.e.m., *, p<0.05, **, p<0.01, * p < 0.001 and * p < 0.0001 analyzed by
one-way ANOVA, followed by Tukey's HSD.

We first optimized the time of application of the sampling MNs. Since a two-step sampling

strategy as in the Mantoux test (with an intradermal injection two days prior to sampling) discussed

in Section 3.3.1 may be difficult to employ, particularly in a front-line medical setting, we

investigated if a one-time application of MNs loaded with antigen-containing ICMV nanoparticles

could recruit enough cells into the hydrogel layer of the patch. Using ICMVs containing 2 pg of

OVA, MNs were applied for either 12 or 24 hours (with no prior intradermal injection of adjuvant

or antigen) onto the ears of C57BL6 mice that were previously immunized with OVA (Figure

3-9B). MNs with ICMVs applied for 24 hours showed a higher recruitment of cells of interest

(Figure 3-9C-E) for all relevant phenotypes of cells (CD8+, T RM s and OVA-specific

(SIINFEKL+) T RM s). The latter are T-cell populations that enter the skin and permanently reside

there following immunization, thereby providing local immunity.

These cells are of particular interest since, by definition, they cannot be measured by

traditional blood draws. Based on these studies, we concluded that, for murine studies at least, 24

hours was the most useful timeframe over which to apply sampling MNs, as this give us the highest

number of cells recruited. It is possible to imagine that in other larger animal models and humans,

increasing the size of the MN array or patch can mimic the benefits of a larger sample size or cell

suspension that is collected from the skin. However, in a mouse model, we have consistently seen

that the 12 hour application time yields only, at most, half the number of cells of each type that

can be obtained from the application of the same sampling MNs for 24 hours.

We also included a group of MNs that were applied to similar mice, which did not contain

antigen in their alginate coating, and only contained the adjuvant combination. As can be seen in

Figure 3-9C-D, the infiltration level at 24 hours, even without the presence of the antigen, is higher

than those groups in which the sampling MNs containing both antigen and adjuvant were applied

for 12 hours. However, these CD8+ cells were not of the TRM phenotype (Figure 3-9E-F) and are

probably CD8+ leukocytes of naYve or central memory lineage.

We next sought to titrate the OVA dose to identify the lowest dose of antigen that could be

incorporated within the ICMVs and still trigger an enrichment of antigen-specific cells in the MNs.

The initial usage of 2 pg of OVA was based on two approximations: (i) the chemokine doses, when
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they were being used, were used at 2-4 ptg so we chose to stay in the same concentration range and

(ii) the mice were initially immunized with 10 pg of OVA, via an injection given at the tail-base

subcutaneously. 20% of this dose seemed a high enough starting point to test for with the sampling

MNs.

With this reasoning in mind, three doses of antigen were investigated: 0.02pg, 0.2pg and 2

pig of OVA. MNs containing these OVA-loaded ICMVs were applied for 24 hours to the skin of

C57BL6 mice that had been immunized with OVA and boosted two weeks prior to the assay. We

analyzed recovered cells by flow cytometry and stained the cells with antibodies to identify total

CD8+ T-cells, TiRMs and OVA-specific tissue-resident (CD103+CD69+) CD8+ T-cells (Figure

3-9G-J). MNs with ICMVs containing 2 pg of OVA showed maximum recruitment of cells into

the corresponding cell-sampling MNs for all relevant phenotypes of cells (live, CD8+, OVA-

specific CD8+ T-cells and OVA-specific CD8+ T RM S with decreasing numbers of cells recruited

for each type of cell in the MNs that contained OVA equivalent to a tenth or a hundredth of that

dose. While this behavior can be explained by the fact that a higher antigen stimulus recruits more

antigen specific cells, we can also think of using a lower dose and a larger surface area of the MN

array to combat the trade-off between dose and recruited number of cells. Thus, for our future

murine studies, we chose the 2 pg dose of antigen.

Based on these studies, a 24 hour application of cell-sampling MNs incorporating ICMVs

(containing 2 pg OVA and 5 pg Pam3Cys) as well as co-dissolved polyl:C (5 pg), in the

crosslinking layer of the alginate coating, was designated as the finalized sampling strategy.

3.3.7 Antigen is Required to Signal for Recruitment of Antigen-Specific Cells

Next, we evaluated the ability of cell-sampling MNs to be used to monitor these tissue-

resident cells at long times following vaccination. Continuing with our model of C57BL6 mice

immunized with OVA, we looked at a time point 10 weeks post boost (i.e. exposure to antigen),

as depicted in Figure 3-10A. We first compared MNs carrying ICMV nanoparticles either loaded

with antigen together with adjuvants or loaded with adjuvants only, to test the effect of the antigen

in recruitment of the cells of interest. We hypothesized that antigen would be required to signal

for the retention of antigen-specific cells, though we were interested to see the phenotype of cells

recruited into the MNs with only the presence of adjuvants since we knew that the resting 'naYve'

ear population also consisted of other TiRM s, which weren't specific for OVA.

73



In each case, antigen-loaded MNs were more effective in recruiting/retaining leukocytes

(live cells, CD8+ leukocytes, antigen-specific CD8+ cells, TRMas and antigen-specific TM is,

Figure 3-lOB-F), especially antigen-specific T-cells (Figure 3-10D and Figure 3-10F). As

expected, no CD69+CD103' T m cells were detected in blood (Figure 3-10E and Figure 3-10F).

Combining this information with our previous inquiry into the effect of exclusion of

antigen from the coating of sampling MNs in Section 3.3.6, we concluded that in the OVA-

immunized mouse model, sampling MNs applied for 24 hours, containing ICMVs on their surface

that encapsulate the OVA antigen as well as Pam3Cys, in addition to polyl:C that is co-dissolved

in the coating as a co-adjuvant, was the most effective way to sample for cells, providing ~ 5-10k

live cells which can be quantified reliably using flow cytometry.
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Figure 3-10: Antigen stimulus is required for the sampling and recruitment of antigen-
specific cells via sampling MNs. Groups of OVA-immunized mice (n=5/group) were sampled 11
weeks post boost for the presence of T i s with sampling MNs containing no or 2 jig of OVA,
applied for 24 hours, retrieved and analyzed via flow cytometry. (A) Timeline of immunization
and sampling. (B), (C), (D), (E) and (F) Live cells, CD8+ cells, tetramer+CD8+ cells, Tim s and
OVA-specific CD8+ T m s, respectively, per sampling MN array, from cell-sampling MNs
containing no antigen (open circles) and 2ug OVA encapsulated in ICMVs incorporated in MN
coating (filled circles). Data sets represent mean s.e.m., * p<0.0I and ***, p < 0.001, analyzed
by one-way ANOVA, followed by Tukey's HSD.
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We were, however, skeptical of the inclusion of this 'high' dose of antigen for purely a

sampling need since, ideally, to gauge the status of a system, one should not perturb the system

(even though, measuring the state of a system without any perturbation is an impossibility in

itself). 141
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Figure 3-11: Sampling MNs do not change the immune status, as seen by monitoring levels
of antigen-specific cells in blood post sampling. Groups of naive or OVA-immunized mice
(n=5/group) were sampled with sampling MNs containing 2 gg of OVA, applied for 24 hours,
retrieved and analyzed via flow cytometry. Frequencies of OVA-specific CD8+ T cells from blood
in naive (open circles) and previously immunized (filled circles) C57BL/6 mice, post sampling
MN application at day 0 and boost on day 24. Data sets represent mean s.e.m., * p < 0.0001
analyzed by two-way ANOVA,

3.3.8 Testing of Possible 'Immunization' via Sampling MNs

In order to test if the process of sampling itself constituted a 'mini-immunization,' we used

C57BL6 mice that had previously been immunized (prime + boost) with OVA and lipo-CpG 36-

77 weeks prior to these studies. The OVA-specific CD8+ cells were monitored via retro-orbital

blood draws pre- and post- sampling MN application at day 0 for age-matched naive and
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immunized mice. The sampling MN protocol used was the one finalized for the OVA-immunized

mice, as described in Section 3.3.6. Mice were bled 4 days prior to the sampling MN application

to allow for a baseline assessment of the antigen-specific cells present at 'steady state' and were

bled on the day of sampling and then, every week for 3 weeks after the sampling. We observed

that for both naive and immunized mice the levels of OVA-specific (SIINFEKL+) cells, as a

frequency of CD8+ cells, had no statistically significant change with the sampling MN application

event (Figure 3-11).

To compare the effect in a 'real' immunization event, we boosted the mice again with 10

pg of OVA and 1.24nmol of lipo-CpG (the same cocktail was used for the initial prime-boost

regimen) at day 21. As expected, for the immunized mice, this resulted in OVA-specific cells

proliferating to become more than 60% of the CD8+ cell compartment, while, for the naive mice,

these numbers were lower (- 15%). This is in line with the behavior of naive mice when they are

exposed to this vaccine combination for the first time, from our previous studies in the research

group.141 Based on these results, we concluded that the process of sampling with the inclusion of

antigen (2 ptg OVA) in the sampling device itself did not cause a significant change in the cellular

immune response of both naive mice as well as mice that were previously exposed to the antigen

itself.

3.3.9 TRM Sampling in Vaccinia-SIVgag Infection Model

Thus far, we proved the ability of sampling MNs to recruit antigen-specific cells and

antigen-specific TRM S in an animal model in which mice were immunized with OVA, which is a

model antigen. To test the ability of the sampling M Ns to recruit TRM s established by a live

pathogen, we chose a vaccinia virus infection model.

Vaccinia virus is used for immunization against small-pox, and is a well-studied model in

the laboratory for biology of poxvirus. We specifically chose skin-scarification as the infection

route as it is known that scarification as a method of vaccinia-virus vaccination is superior to

subcutaneous and intramuscular injection in the induction of vaccinia-virus-specific immune

responses. 48 In the tail-skin scarification studies we referenced 26" 49 , mice either succumbed to

the infection or were sacrificed within 3-4 weeks of the scarification procedure. Since we intended

to test for T RM sampling at long times (>10 weeks) post infection, we first wished to find the
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highest dose of virus to be used for the infection that the mice would be able to recover from and

for which the scarified skin lesion would eventually disappear.
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Figure 3-12: Dose titration studies in a vaccinia-SIVgag virus tail-skin scarification infection
mouse model. Groups of C57BL/6 mice (n=5/group) were infected via tail-skin scarification with
vaccinia-SIVgag virus and monitored. (A) Photographs of skin lesions and swelling region post
tail-skin scarification of C57BL6 mice Adapted from 149. (B) Swelling, (C) lesion size and (D)
body weight (normalized to average weight of group on day 0) post tail-skin scarification with
2x10 5, 1x10 6 and 2x10 6 PFU of vaccinia-SIVgag virus.

To this end, we explored three doses of vaccinia-virus expressing SIVgag15 0 - 2x105, 1x106

and 2x10 6 PFU that was used to scarify three groups of 10-12 week old C57BL6 mice. Most mice

developed skin lesions and swollen regions around the scarification site, as shown in Figure

3-12A. The lesion (broken, exposed skin), the swelling (red, swollen region around the

scarification site) and body weight of these mice was measured (Figure 3-12B-D). Based on this

dose titration study, even though there was no statistical difference between any of the groups, we

chose to proceed with the highest viral load (2x10 6 PFU) since the animals from this group did not
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succumb to the infection and maintained body weight and good health up to 80 days post infection

(data not shown).
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Figure 3-13: TRM characterization in the blood and skin compartments in vaccinia-SIVgag
virus tail-skin scarification mouse model. Groups of C57BL6 mice infected with 2x1 06 PFU of
vaccinia-SIVgag virus via tail skin scarification (n=5/group) were bled, euthanzied and ear tissue
was resected and digested to confirm presence of antigen-specific TRis. Flow cytometric plots
showing gating strategy for characterizing Tm is in blood and digested ear tissue.

Similar to our efforts for Tm sampling in the OVA-immunized mouse model, in the

vaccinia-SIVgag virus tail-skin scarification model we first sought to prove that (i) vaccinia-

SIVgag virus specific TRi s existed in the skin that (ii) could be sampled using sampling MNs.

We first obtained blood and ear tissue from mice that were infected, 8 weeks prior to euthanization,

via tail-skin scarification with 2x1 06 PFU of vaccinia virus expressing SIVgag and process these

compartments by antibody staining for analysis via flow cytometry. As expected, we were able to

serially look for markers expressed on TIms (CD8, CD69 and CD103) and these cells were only
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found in digested ear tissue and not in blood (Figure 3-13). It was also interesting to note that

almost all the Tiv s in the digested ear tissue from the infected mice were specific for the SIVgag

antigen (tested by their ability to bind to the AL 11 -MHC tetramer.
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Figure 3-14: TRM sampling in vaccinia-SIVgag tail-skin scarification infection mouse model.
Groups of C57BL6 mice infected with 2x10 6 PFU of vaccinia-SIVgag virus via tail skin
scarification (n=5/group) were sampled 11 weeks post infection with sampling MNs containing 2
ptg ALl peptide, and 5 pg each of polyl:C and Pam3Cys, applied to mouse ears for 24 hours,
retreived and analyzed via flow ctyometry. (A) CD8+ cells, (B) TRM (CD8+ CD69+ CD103+)
cells and (C) SIVgag-specific (SIVgag Tetramer+) T RM sampled from 1 OOgL blood (red circles)
and sampling MNs (black circles) (D) SIVgag-specific (SIVgag Tetramer+) cells, (E) T RM and (F)
SIVgag-specific (SIVgag Tetramer+) Tmvs as a frequency of CD8+ cells. Data sets represent mean

s.e.m., ns, nonsignificant, **, p<O.01, analyzed by one-way ANOVA, followed by Tukey's HSD.

Having proved that the cell phenotype of interest was preferentially found in the skin, we

next applied sampling MNs containing our pre-established adjuvant combination (5lag each of
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Pam3Cys and polyl:C) along with AL 1I peptide as the antigen. The AL 1I antigen and Pam3Cys

were co-encapsulated within ICMVs, which along with the polyl:C were included in the alginate

coating of the sampling MNs. MNs were applied on the ears of C57BL6 mice infected via tail-

skin scarification with 2x106 PFU of vaccinia-SIVgag virus 11 weeks post infection. Sample flow

cytometric plots are presented in the Appendix Section 6.9.

We largely observed the same trends in the vaccinia-SIVgag virus infected mice as we

obtained from our studies for TRM sampling in OVA-immunized mice. While the number of CD8+

cells collected from the sampling MNs was not significantly different from that collected from

-100IL of peripheral blood (Figure 3-14A), TRMs and SIV-gag specific (AL 1I tetramer+) TRM S

were only found in sampling MNs which were applied to dorsal skin surface of the mouse ear

(Figure 3-14B-C). SIVgag-specific cells, TRMs and SIVgag-specific TRM s as a frequency of

CD8+ cells (Figure 3-14D-F) were numerically almost the equal, indicating that almost all TRM S

were, in fact, SIVgag specific TRM s which is consistent with our digested ear tissue phenotyping

studies (Figure 3-13).

Upon any (re)exposure to antigen, the immune system mounts an immune response which

contracts over time'5 1" 5 2 , and thus we see the proportion of tetramer+ (OVA-specific) CD8+ T-

cells in blood decay with time following the vaccine boost (Figure 3-13A). In the vaccinia-SIVgag

virus tail-skin scarification model, we can see that at long times (>10 weeks), post infection, the

frequency of SIVgag specific cells is also negligible in the blood (Figure 3-13B). This is

understandable because the infection model is a much weaker exposure to antigen (due to exposure

via scarification of the skin surface) as compared the OVA model (which involves a subcutaneous

injection at the tail-base for the mouse, and hence, direct drainage via lymph and exposure to the

lymph nodes, resulting in a more robust immune response). The weakness of the infection model

via skin-scarification is also comprehensible since the levels of SIVgag-specific cells in the

peripheral blood, even two weeks after the immunization were about 1-2%.

3.3.10Antigen-Specific Cell Recruitment at Long Times

In contrast, as predicted by basic biology studies of TRM s, the tissue-resident population of

T-cells primed by the vaccine (and the infection event) remain constant over time, reflecting their

stable engraftment into the skin tissue. For both mouse models, sampling MNs were able to
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consistently sample for antigen-specific cells at higher levels than that seen in blood. In the OVA-

immunized mouse model, while the steady state proportion of CD8+ cells in blood that were OVA-

specific was about 15%, in the sampling MNs, this level was at least 40% or more. In the vaccinia-

SIVgag virus infection model, though proportion of CD8+ in the blood that were SIVgag specific

was near zero, in the skin, as demonstrated by sampling MNs, this proportion was at least about

25%.
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Figure 3-15: Sampling MNs consistently recruit higher proportion of antigen specific cells as
compared to peripheral blood draws. Antigen-specific cells as a frequency of CD8+ leukocytes
as queried by sampling MNs (black circles) and from peripheral blood (red squares) over long
times (A) post immunization in an OVA-immunized mouse model and (B) post infection in a tail-
skin scarification with vaccinia-SIVgag virus mouse model. Data sets represent mean s.e.m.,
* p <0.0001 analyzed by two-way ANOVA,

These results highlight the ability of cell-sampling MNs to quantify tissue-specific

immunity in a manner completely distinct from traditional sampling of peripheral blood.

3.4 Conclusions
In this chapter, we demonstrated the ability of sampling MNs to not only sample for cells

and effectively perform a 'micro-biopsy' when applied to skin, but also to provide access to

immune cell populations that reside only in the skin and do not circulate in the blood
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Building on the sampling MN array preparation method we described in Chapter 2, with

the help of a deep-phenotyping method from Love and coworkers at MIT, we were able to confirm

our hypothesis that antigen-presenting cells were present in the sampling MNs, making up almost

a fifth of the cell infiltrate, and that these APCs internalized the ICMVs that were embedded in the

alginate coating of the sampling MNs.

We then established that alginate coated MNs, without any attractants, when applied for

12 hours in a DTH test scenario, in an OVA-immunized mouse model, were able to sample for

antigen specific cells, at comparable frequencies to those found in blood. Since chemoattractants

(CXCL 10 and CCL21) caused irritation, inflammation and scar-tissue formation at the local area

of MN application, we included TLR agonists as adjuvants, encapsulated within ICMVs as cell-

recruiting factors, embedded in the alginate coating of the sampling MNs. We showed that these

ICMV encapsulated adjuvants were more effective at recruiting cells of interest into the sampling

MNs, as compared to the soluble form of the adjuvant.

To prove that sampling MNs could indeed query for cell populations preferentially are

present only in peripheral tissues like skin and are absent from blood, we utilized two mouse

models: (i) a model in which mice were immunized via subcutaneous injections of OVA and (ii)

a model in which mice were infected via tail-skin scarification with vaccinia virus expressing

SIVgag. In both models, we first proved the existence of T RM s in the digested ear tissue. We then

showed that sampling MNs were capable of antigen-specific T RM s, which provide lasting

immunity at barrier tissues like skin and also, that consistently, over many weeks and months post

immunization/infection, sampling MNs consistently recruited for higher proportions of antigen-

specific cells than those present in blood, in both mouse models.

We showed that while 12 hours of continuous application of the sampling MNs showed

recruitment of cells, a 24 hour application provided us with 4-5x more cells which allowed for

more confident processing and handling of samples, without worrying about losses due to

processing of samples. We also titrated the dose of antigen included in the ICMVs and found that

included 2ptg of antigen gave us the best results in terms of highest numbers of cells recruited.

Note that the presence of antigen was required in 'effector-phase' experiments (after 4-6 weeks

post boost), in case of a single extended sampling MN application

We also examined whether the process of inclusion of antigen in the sampling MNs caused

an immunization event by itself, and learnt that there was no significant change in the frequencies
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of antigen specific cells present in the blood before and after the application of sampling MNs on

both naYve and OVA-immunized mice.

In conclusion, in this chapter we have shown that sampling MNs can be used to painlessly

sample for immune cell populations, specifically the cell populations found in the skin, in a one-

step process. The ability to sample for important immune cell populations like TRMs not only

enables the design of vaccines in different animal models, but also allows for the possibility of

long-term immune monitoring without the need to do end-point studies to look at skin-resident

immune cell populations. In a translational context, sampling MNs can be utilized in human

patients with diseases of auto-immune background, in which the state and function of skin-resident

cells play important roles in the immune status of the patient.
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Chapter Four

SAMPLING MICRONEEDLES FOR BIOMARKER

EVALUATION

4.1 Introduction

Interstitial fluid (ISF) 151-155 is the clear, colorless solution that bathes and surrounds tissues

and organs in the body. It constitutes the environment of the cells and is regulated by homeostasis.

Plasma and ISF are very similar156-15 8 because water, ions and small solutes are continuously

exchanged between plasma and ISF, across the walls of capillaries through pores and clefts in

capillary endothelium. ISF, when collected in lymphatic vessels, forms lymph.
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Figure 4-1: Distribution of proteins found in suction blister fluid and serum. (A) Venn-
diagram of overlapping proteins found (percentages and numbers) both in suction blister.fluid and
serum and proteins uniquely found in one of the two matrices. Data obtained from 2-D-HPLC
MS/MS. Numbers of proteins detected are given between parenthesis and as a percentage.
(Minimal protein ID probability: 99%, number of uniquely detected pep- tides: at least 2,minimal
peptide ID probability: 95%.) (B) Logarithm of the ratios between the uniquely detected peptides
per protein found in suction blister fluid and serum. Higher ratios than 10 or lower than 0.1 were
set at 10 and 0.1, respectively. Adapted from 4.
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ISF is of interest to pharmacodynamic and pharmacokinetic studies since concentrations

of drugs in ISF often accurately reflect free (unbound and pharmacologically active)

concentrations of drugs in plasma. In fact, total (free + bound) plasma concentrations are often less

predictive of clinical outcome than tissue concentrations. 159 160 In addition, ISF is also rich in

biomarkers - proteins, ions and other analytes which are present, albeit in different concentrations

as compared to serum (Figure 4-1). Proteomic analysis of ISF40,16' obtained via the suction blister

method shows that it not only contains almost half of the proteins present in serum, but in fact,

about 200 proteins exist solely in ISF and cannot be found (or detected by assays currently

available) in serum. The interstitium of the tumor microenvironment has also recently been of

interest for the same reasons - the ability to quantify unique proteins that may be found only in

the vicinity of the tumor in the tumor ISF and shed light upon the workings of immunotherapy

methods or the cancer itself. 162-164 For these reasons, there is a strong need in the community to

design routes for the facile access to ISF and the rich pool of immunological biomarkers it contains.

AS

Figure 4-2: Accessing suction blister fluid. (A) Suction chamber during the development of
blisters; (B) puncture of blisters and collection of suction blister fluid. Adapted from 40

However, accessing ISF has always been a challenge. Because the skin is the largest organ

and presents maximum surface area for access, dermal ISF is the most acessible form. Methods

such as the wick method1 55"165, reverse iontophoresis' 9,166,167 clinical microdialysis'6 0 , and

Lorentz force actuated injectors1 68 are invasive, painful, cumbersome to use with bulky apparati,

and/or often require the use of trained personnel to extract samples. The suction blister method40"169

(Figure 4-2), which enlists the use of vacuum pump to create a suction chamber for the creation
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of blisters, from which ISF is extracted via a syringe, is one of a few minimally invasive methods,

and is currently the most prevalent method of extracting ISF. 4 0,161,169-17 3

MNs, since their invention, have predominantly been used to bypass the challenges

associated with oral delivery routes and deliver drugs, vaccines, and other bioactive molecules

transdermally. 57,107,109 In recent years, MNs have also been used for the purpose of sampling ISF

and enumerating its consituents. Swellable hydrogel MNs 64"17 4 and hollow MNs 76"1751 7 6 have been

used to measure analytes such as glucose62 63 ,72,166,177181 and lactate80'18 2 , to monitor

neurochemicals such as choline,1 80 acetylcholine18 3, glutamate 184 , nitric oxide,1 85 and biological

analytes like antibodies for dengue fever virus NS 1.65-7 While some of these applications leverage

polymer based MNs that are designed for sample extraction, others are a product of innovations in

the bioMEMS18 1,18 4,186-1 8 8 field, in which MVNs are fashioned into micro-electrodes which are used

to detect analytes based on fluorescence, polarimetry, spectroscopy methods, ultrasound,

electromagnetic sensing or reflectance methods.' 89

The sampling MNs used in this work, described in Chapters 2 and 3, are primarlily

designed to sample for immune cells, found in the viable dermis of the skin. By virtue of reaching

these immune cells, sampling MiNs also access dermal ISF, when applied to skin. In this chapter

we explore the possibility of sampling for ISF, and hence the biomarkers present in ISF, via

application of these sampling MNs to skin. We also show that with a single application, these

sampling MNs can monitor both the cellular and humoral components of the immune response.

4.2 Materials and Methods

4.2.1 Materials

PDMS molds (Sylgard 184, Dow Corning) were fabricated by laser ablation using a Clark-

MXR, CPA-201 0 micromachining system. Poly-L-lactide (Resomer L207S) was purchased from

Evonik Industries AG (Essen, Germany). SLM20 (MW 75-150 kDa, > 50% manuronic acid

content, apparent viscosity 20-99 mPa-s, < 100 EU/g endotoxin, pH 5.5-8.5) and SLGlO0 (MW

200-300 kDa, > 60% manuronic acid content, apparent viscosity 100-300 mPa-s, < 100 EU/g

endotoxin, pH 5.5-8.5) sterile ultrapure alginates were purchased from Pronova (FMC

Biopolymer/Novamatrix, Sandvika, Norway). Calcium chloride dehydrate and sucrose were

purchased from Sigma-Aldrich. Chromatographically purified OVA, purchased from Worthington
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(Lakewood, NJ), was processed through Detoxi-Gels (Pierce, Rockford, IL) to remove any residual

endotoxin. Lipo-CpG was synthesized as described previously.1" 4'

For ELISAs, the following regents were used: 96-well flat bottomed assay plates, NUNC

maxisorp (Thermo Fisher), goat a-mouse IgK (Southern Biotech, #1050-01) unlabeled (UNLB),

goat a-mouse Igk (Southern Biotech, #1060-01) unlabeled (UNLB), goat a-mouse IgG-HRP

(Southern Biotech, #1030-05) TMB peroxidase EIA substrate kit (Bio-Rad). Tween 20, bovine

serum albumin and 2N H2SO4 were purchased from Sigma Alrich.

4.2.2 Animals and Immunizations

All animal experiments were conducted under an IUCAC-approved protocol in accordance

with local, state, and NIH animal care and use guidelines. C57BL/6 mice and balb/c mice were

purchased from Jackson Labs. Groups of 8-12 week old C57BL6 female mice were immunized

using a prime-boost regimen: animals were primed on day 0 and boosted on day 14 with 10 pg

OVA and 1.24 nmol lipo-CpG suspended in PBS, via injections administered subcutaneously at

the base of the tail.

4.2.3 ISF Sample Collection from Sampling MNs

Sampling MNs were prepared as described in Chapter 3, Briefly, poly-L-lactide was melt

molded into PDMS molds. MN surface was coated with poly-L-lysine and with solution containing

alginate and sucrose, dried under vacuum at room temperature. Calcium chloride solution was

pipetted onto these MNs and MNs dried under vacuum. MNs were stored under vacuum until

further use. No additional chemoattractants and adjuvants were included in the coating of the MNs

for the purpose of sampling ISF.

Sampling MNs were applied to the dorsal surface of the C57BL6 mouse ears for times

ranging from 5 minutes to 24 hours, as indicated in text, and secured using a combination of

waterproof tapes. MNs were retrieved from anesthetized mice and a cell suspension was retrieved

via immersion in 200pL of PBS containing 1% BSA and 100mM EDTA for 30 minutes at 37'C

while shaking at 150rpm and pelleting via centrifugation. Supernatant was stored for -20'C until

further quantification. .

4.2.4 ISF Volume Determination

Ears of 8-12 week old balb/c mice were resected from euthanized mice, weighed and placed

on double-sided adhesive tape, affixed onto glass slides. Pre-weighed blank or alginate coated
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MNs were immediately applied to these dissected ears and secured with paper-based lab tape.

These were placed in a covered petri-dish containing a reservoir of water (to create an environment

saturated with water vapor) for 5-30 minutes. After removal of the MN arrays, the weight of the

MNs and the ears were noted, to calculate the change in weight pre- and post- MN application.

4.2.5 Total IgG and OVA-specific IgG Titer ELISA

Serum total IgG titers were measured using ELISA. Capture antibody was adsorbed on to flat-

bottom transparent 96-well Nunc Maxisorp plates (ThermoFisher) by adding anti-mouse IgK and anti-

mouse IgX, diluted in PBS to each well at room temperature overnight. Plates were washed with 0.05%

Tween 20 in PBS, incubated for 1 hour with PBS containing 1% w/v bovine serum albumin for

blocking and washed again. Serially diluted serum and ISF samples (starting from a minimum dilution

of 300x and 200x, respectively) were then added and incubated at room temperature for an hour.

Following another washing step, the plates were incubated for one hour with anti-mouse IgG-HRP,

washed, developed with TMB substrate, and read on a Tecan Infinite M200 Pro (Mannedorf,

Switzerland) optical absorbance plate reader at 450 nm. Antibody titer is reported as reciprocal serum

dilution at an absorbance of 0.3.

Serum ova-specific IgG titers were determined as previously described.1 36 Briefly, 96-well

plates were coated with OVA and blocked with bovine serum albumin, then incubated with serially

diluted serum and ISF samples and detected with HRP-labeled anti-mouse IgG, followed by

development and measurement of optical absorbance.

Detailed protocols are provided in the Appendix.

4.3 Results and Discussion

4.3.1 ISF Collection via Sampling MNs

Upon application of sampling MNs to skin, in addition to the cells that are recruited into

the alginate matrix of the MNs, ISF from surrounding tissue also infiltrates the alginate matrix,

carrying with it biomarkers, cytokines and other cell products. We first quantified the amount of

ISF collected in the sampling MNs and then, as a preliminary test of sampling ISF from our gel-

coated MNs, an ELISA was used to detect IgG antibodies present in collected ISF and compared

with serum antibody titers.
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MNs with and without alginate coatings were applied to dissected mouse ears from balb/c

mice kept in humid conditions. Control mouse ears, which were not penetrated with MNs, and the

MNs themselves, did not show any change in weight (data not shown). Change in weight of mouse

ears on which 'blank MNs' (MNs without alginate coating) was about 0.4mg (white, Figure 4-3A),

promoted by the loss of water from the epidermis.'0 2,90,191 Ears that were applied with alginate-

coated MNs for 5 minutes and 30 minutes lost 1 mg and 2 mg in weight, respectively (blue, Figure

4-3A). Notably, this was more than the weight lost from the ears penetrated with uncoated MNs.

We hypothesized that this was due to the uptake of ISF by the alginate coating of the MNs. When

we measured the weight these MNs, they showed an average increase (orange, Figure 4-3A) of 1

mg in weight. Considering the density of to be the same as water (1 g/mL), we concluded that

about 1 pL of ISF could be collected from mouse ears upon application of these sampling MNs

(comprised of 77 individual MNs arrayed in a 1 cm2 area).
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Figure 4-3: Quantification of ISF. (A) Quantification of collection of ISF by comparison of
weights of dissected ears (blank and blue bars) and alginate layer weight (orange bar). NNs were
applied to the ear tissues for 5 mins or 30 mins (solid and diagonally hatched bars respectively).
(B) Quantification of total IgG titer measured by ELISA obtained from digested sampling MNs
used to collect ISF from mouse ears and flanks. (C) Concentration of total IgG protein in ISF
obtained from mouse flanks and from serum. *p < 0.05, analyzed by one-way ANOVA, followed
by Tukey's HSD for multiple comparisons.

The next step was to quantify a possible biomarker from ISF and compare results to

serum-the standard fluid for analysis. We chose immunoglobulin G (IgG) which is one of the

most abundant proteins in serum.' 92 It represents approximately 75% of serum antibodies in

humans and is the most common antibody in circulation.' 93 Alginate-coated MN arrays were

applied to the flank skin of naive balb/c mice for varying amounts of time, then the MN patches

were removed, the alginate layer was digested using EDTA, and the supernatant was analyzed by

ELISA for total serum IgG. Sampling MNs applied for less than 30 minutes gave variable results

so for future studies, for ISF collection, we applied sampling MNs for at least 30 minutes (Figure

4-3B). After 30 minutes, the total IgG titer from ISF obtained from the ear was observed to be

about one order of magnitude higher than that obtained from flanks. This can be attributed to the

high density of capillaries and perfusion in the ear, as compared to other areas of skin on the body

of the mouse, such as the flank. We also observed that, overall, as we increased the time of

application of the MNs, the amount of IgG collected via ISF increased with time (Figure 4-3C).

Based on these results, we concluded that sampling MNs could sample approximately 1

ptL of ISF, per MN array and that sampling MNs applied for at least 30 minutes provided reliable

samples for quantification.

4.3.2 Quantification of Antigen-Specific IgG

To explore the applicability of MNs to quantify not just the cellular immune response, but

also humoral immunity, we compared OVA-specific IgG titers measured by ELISA for fluid

recovered from MN patches, and compared to the same analysis on a traditional serum sample.

Sampling MNs were applied to the ears of mice immunized with OVA and lipo-CpG for

24 hours. Upon retrieval, MNs were immersed in a solution containing EDTA to chelate out the

calcium from the alginate layer, freeing entrapped cells for downstream analysis. This solution

was centrifuged to collect the cell pellet and the resulting supernatant was analysed via ELISA for

OVA-specific IgG titers. Titers from ISF were 1 0-fold lower than measured in serum, consistent
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with estimates of the dilution of serum antibodies from blood to tissues' 94. However, the

measurement from ISF, like serum, has a very high signal-to-noise ratio (comparing to the controls

of serum and ISF obtained via sampling MNs, from naYve mice).

8-

0

0-

0)
0

0)\ 4

Figure 4-4: Quantification of OVA-specific IgG obtained from ISF via sampling MNs. Ova-

specific IgG can be quantified from ISF collected from sampling NMs, applied for 24 hours on ear
skin of C57BL6 mice immunized with ovalbumin. * *p < 0.0 1, * * **, p < 0.000 1, analyzed by one-
way ANOVA, followed by Tukey's HSD for multiple comparisons.

These experiments suggested that, going forward, ISF is a promising body-fluid

compartment that, since it can be accessed painlessly with minimally invasive MN application,

can be used for long-term monitoring of diseases, especially incurable chronic auto-immune

diseases like lupus, ulcerative colitis, etc.

4.4 Conclusions

In this chapter, we explored the ability of using sampling MINs to quantify meaningful

biomarkers from dermal ISF. We quantified that the amount of ISF that could be collected on

sampling MNs, per NM array was about I ptL, in between 5-30 minutes of application, based on

the swelling of the dried alginate layer on the MN surface. We showed that it was possible to

quantify proteins and biomarkers from dermal ISF collected via sampling M4Ns by assaying for

total IgG in naive mice and OVA-specific IgG in OVA-immunized mice. The lack of false
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positives and false negatives encourages the exploration of this body fluid compartment for

quantification and detection of other proteins. Though these proteins may be present in differing

or lower concentrations than blood, they can be quantified based on a standard curve made

specifically for dermal ISF samples.

Sampling MNs also provide a way to quantify both the cellular and the humoral response,

since the cell suspension obtained can be analyzed via flow cytometry or other phenotyping

methods for the cellular response and the supernatant can be analyzed for biomarkers. This proves

the universality of the sampling MNs as a sampling device to access cell and biomarker

populations, in a minimally invasive and painless manner.
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Chapter Five

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Summary of Key Results in this Thesis

This thesis has focused on the development of a novel sampling and diagnostic platform to

enable the collection of skin-resident, non-recirculating cell populations and dermal ISF, in a

minimally invasive and painless manner. These compartments are currently either accessible only

via invasive methods such as biopsies in human or larger animal models and necropsies in smaller

animal models, or via DTH tests which are qualitative and do not provide a phenotypic,

quantitative, or functional readout. To address these issues, we developed a NN-based device,

containing a matrix capable of retaining sampled cells and ISF, upon the application of the device

to the skin. This goal was accomplished by coating a dried hydrogel (containing

immunostimulatory agents to signal for the recruitment of cells from the vicinity of the region of

device application) on the surface of MNs that swells to retain dermal ISF. The primary findings

of each chapter are summarized below.

In Chapter 2, we first explored the possibility of fabricating porous MNs, which was

unsuccessful because of their compromised mechanical integrity and inconsistent penetration of

murine ear skin. We then discussed the specifics of the hydrogel-coated sampling MN platform.

Based on atomic force microscopy and subcutaneously injected alginate gel-based studies, we

optimized for the molecular weight, density and composition of the alginate and sucrose based

hydrogel coating. We explored the use of two pro-inflammatory chemoattractants - CCL21 and

CXCL 10 - in the subcutaneously injected gels, as well as inside the gels on the MN surface, while

studying the effect of dosing of the chemoattractants and duration of sampling on the number and

phenotype of cells recruited into the gels or in the MN coatings. We ensured that the hydrogel-

coated MNs satisfied our intended design goals of: (i) mechanical integrity and robustness, (ii)

reproducible fabrication, (iii) effective skin penetration, (iv) a compartment within platform to

contain cell-recruiting signals, (v) a fabrication process amenable to the inclusion of bio-active

93



molecules, and, (vi) a compartment within the sampling platform for cells and ISF to be collected,

and retained upon collection.

In Chapter 3, we demonstrated the ability of sampling MNs to not only sample for cells

and effectively perform a 'micro-biopsy' when applied to skin, but also provide access to resident

memory T cells (TRM S). We established that alginate coated MNs, without any attractants, when

applied for 12 hours in a DTH test scenario, in an OVA-immunized mouse model, were able to

sample for antigen specific cells at comparable frequencies to those found in blood. Since

chemoattractants (CXCL 10 and CCL2 1) were observed to cause irritation, inflammation and scar-

tissue formation at the local area of MN application, we included TLR agonists as adjuvants,

encapsulated within ICMVs as cell-recruiting factors, embedded in the alginate coating of the

sampling MNs. We showed that these ICMV encapsulated adjuvants were more effective at

recruiting cells of interest into the sampling MiNs, as compared to the soluble form of the adjuvant.

We utilized two mouse models: (i) a model in which mice were immunized via subcutaneous

injections of OVA and (ii) a model in which mice were infected via tail-skin scarification with

vaccinia virus expressing SIVgag. We showed that sampling MNs, when applied for 24 hours,

were capable of sampling for antigen-specific TRM s, and that over many weeks and months post

immunization/infection, sampling MNs consistently recruited for higher proportions of antigen-

specific cells than those present in blood, in both mouse models. We also showed that the presence

of antigen in the sampling device is necessary for the collection of antigen-specific cells and the

process of sampling with sampling MNs does not alter the immune status of the animal.

In Chapter 4, we considered the possibility of quantifying biomarkers sampled from the

dermal ISF collected in the sampling MNs. We calculated that each MN array, when applied to

murine ear for 5-30 minutes, retained about 1 pL of dermal ISF. We were able to reliably detect

and quantify immunoglobulin G (IgG), one of the most abundant proteins in serum and ISF, from

ISF sampled from MNs. We also demonstrated the ability to detect OVA-specific IgG in mice

immunized with OVA, with a good signal to noise ratio and a lack of false positives and false

negatives.

In summary, sampling MNs are a universal sample collection platform capable of

performing a 'micro-biopsy' in a minimially-invasive and painless manner. Furthermore, they can

collect skin-resident, non-recirculating cells as well as biomarkers present in dermal ISF.

Consequently, these sampling MNs provide a way to quantify both the cellular and humoral
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components of the immune response, especially in a long-term immune monitoring context,

without the need for invasive biopsies (in humans and larger animal models) or end-point based

studies (in smaller animal models).

5.2 Future Directions

The sampling MNs platform developed in this thesis constitute a generic platform for

accessing tissue and fluid compartments that have been previously been accessible only in an

invasive fashion. In this Section we discuss possible future directions for this work in both the

diagnostic capacity of these MNs as well as their sample collection capacity.

In this thesis, sampling MNs were considered only as a sample collection device, with

collected tissue and fluid compartments analyzed downstream via various phenotyping and

quantification methods. However, it is also possible to adapt these sampling MNs into a diagnostic

platform - including a coupled colorimetric test (similar to a pH indicator) to indicate the presence

or absence of an analyte of interest. MNs in a similar vein have been developed by Kendall and

co-workers 65-67,1 95 to facilitate circulating biomarker detection via an on-MN-array ELISA-based

assay. Coupling a colorimetric agent, either on the surface of the sampling MNs themselves, or as

a solution into which the MN array can be immersed after removal from skin, can have potential

utility as quick diagnostic assays for use in the field, where expensive equipment and expertise

may not be available. Such analyte-detection based diagnostic tests, predominantly in the form of

lateral flow assays 196, are typically immunoassays that require short incubation times after sample

is added to the test strip. The sample is generally blood, urine or saliva.32,197 However, as we

discussed in Chapter 4, there are many proteins present in the ISF milieu, which are unique and

not detectable in blood40"1 98. For such biomarkers, specifically in diseases that present with

dermatological complications, being able to access dermal ISF, especially for biomarkers that

enable the monitoring of the disease, would be potentially very valuable to the management of the

disease itself.

For example, in the case of systemic lupus erythematosus (known as SLE, or lupus),

patients experience sudden onsets of heightened states of the disease, known as flares, which are

managed by the regulation of their drug regimens. Being able to prophylactically predict the onset

of these flares can enable these patients to have a better quality of life, by possibly delaying,
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suppressing, or even avoiding the onset of the flare. While there has been preliminary work5 1 to

find biomarkers that predict the onset of these flares, all of these works have been confined to the

analysis of blood. Phlebotomy is not only painful and invasive, it requires trained personnel to

perform blood draws and it is resource and time intensive, both from the hospital side as well as

the patient side. It would be beneficial to evaluate the utility of sampling MNs for the detection of

flare-prediction related biomarkers via dermal ISF. However, it should be noted, that since the ISF

extracted is about 1 pL per MN array, (~l cm2 surface area, containing 77 MNs), using

conventional assays may pose limit-of-detection related challenges. Note, that for humans,

increasing the size of the MN array can also enable the collection of higher volumes of ISF and

larger numbers of cells. However, this will probably be limited to an increase of one, or at most,

two orders of magnitude. This is because while going up to 10 cm 2 in surface area for the sampling

patch may be feasible, 100 cm2 of skin area, for humans, would be difficult to sample for in an

efficient manner (due to issues with tight adherence of the MNs to the skin surface due to curvature

of the skin around limbs, etc.)

It may also be possible to study the microenvironment of tumors1 63 164 or dermatological

diseases, particularly those that present with findings near the skin or dermis. Examples include

atopic and contact dermatitis, cutaneous T cell lymphoma, psoriasis etc.

For the specific process of vaccine design,1 99,200 currently the assessment of vaccine

candidates in small animal models is done on the basis of either antibody based titers from

peripheral blood (as a continuing measurement) or from whole organ digestion studies (as an end-

point measurement). Since the formation of antigen-specific TRM s, resident in tissues that form

the first line of defense, constitutes the final check point for a vaccination regimen, the ability to

sample for these cells and monitor the immune status in peripheral tissues in situ could provide a

way to perform long-term studies to assess the efficacy of a vaccine candidate without the need to

sacrifice animals at different time points.

In this thesis, we have not characterized the phenotypical change in MN infiltrate

composition when MNs are applied for varying amounts of time on the skin surface. We expect

that, similar to an immune response during a DTH test, APCs should be the first and the most

abundant cell type on site, followed by T cells, which should peak around the 48-hour mark. The

composition of the infiltrate will also differ depending on the immune status of the animal or

human. For example, sampling MNs applied to lupus-inflicted mice might have differing
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composition of cell infiltrate collected via sampling MNs depending on whether the mice are

undergoing a state of flare or not. Pre-, during- and post- flare scenarios may indicate different

states of disease specific cell populations - upregulation, activation, proliferation, homing, etc.

These insights may potentially inform the treatment and management of these disease conditions.

Finally, in this thesis, we have worked with applying sampling MNs to murine ears and

dorsal flank tissue. In theory, as long as the MN surface can remain in close contact with the tissue

being sampled, the sampling mechanism should work. Thus, the smaller the surface area, the easier

it is maintain the close contact. Since MNs offer a unique ability to access tissue compartments

that are difficult to biopsy, in addition to skin, sampling MNs may also find use in sampling other

peripheral tissue, such as mucosal linings.
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APPENDIX

6.1 Protocol for Fabrication of Sampling Microneedles

(a) (b) (c)Dr
Add PLLy solution Dry

PDMS Mold

(g) (f) (e) Add calcium (d)
Apply to skin Sampling MNs (crosslinking) solution Add sucrose-alginate solution.

Dry under vacuum Dry under vacuum

VVV A A A-mw Wv
Figure 6-1: Schematic of method of fabrication of sampling (alginate coated) MNs. (a) MNs
are fabricated by melt-molding poly-L-Lactide into PDMS molds (b) PLLy is added for 30
minutes, removed and (c) dried. (d) Sucrose-alginate solution is added and dri ried under vacuum.
(f) Resulting sampling MNs are stored under vacuum before (g) aplication to skin.

Poly-L-lactide (PLLA) MNs were melt-molded into PDMS #4 molds (square cross section,
pyramidal, ~600ptm height and 250pm base) by adding 150mg of PLLA (Resomer L-207S) to the
PDMS molds, incubating at 150'C for 30 minutes under vacuum (-25mm Hg) and then melting at
200'C for one hour until melted and free of internal bubbles. Molds were kept at -20'C for at least
30 minutes, prior to careful demolding.

To coat the MNs with alginate:
(i) MNs were exposed to poly-L-lysine (PLLy, Sigma P4832) by pipetting 1 OjgL of PLLy

solution on each MN array and incubating at room temperature for 30 minutes. PLLy
solution was removed and MNs were allowed to dry at room temperature for 2 hours.

(ii) The 'Alginate Layer' was fabricated by pipetting 60gL of sucrose-alginate solution
(35p.L SLG100 from Pronova 0.Olg/L dissolved in milliQ water + 25gL of 5.625%
sucrose from Sigma dissolved in milliQ water) onto each MN array and drying the
array under vacuum (-25mm Hg) for >2 hours at room temperature. To include 'cargo'
in the alginate layer, co-dissolve the cargo with sucrose-alginate mix and make sure
volume does not exceed 75pL.

(iii) The 'Crosslinking Layer' was fabricated by adding 20pL of 0.5 wt% CaC12 in milliQ
water, made up to 50pL (for ease of pipetting and covering entire MN array with
solution) with milliQ water on top of MN array with dried alginate. To include 'cargo'
in the crosslinking layer, co-dissolve the cargo with 20gL of 0.5 wt% calcium and dilute
with milliQ water up to 50pL.
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6.2 Protocol for ICMV Synthesis

Description: Synthesis of INT-ICMVs multilamellar ("stapled") liposomes containing antigen
(OVA or AL11)
Materials: DOPC (Avantilipids #850375), MPB (Avantilipids #870012), PEG-thiol lipid
(http://laysanbio.com/ Item# MPEG-SH-2000), OVA protein, PAM3CSK4 (tlrl-pms, Invitrogen),
AL 1I peptide (AAVKNWMTQTL, GenScript), DTT (Sigma), CaCl2 (Sigma), bis-tris-propane
(Sigma), Ultrasonicator (Misonix)
Typical dose: Each batch yields 10 doses, to be encapsulated into the crosslinking layer of
sampling MNs

PROCEDURE

Preparation

1. Add appropriate volumes DOPC, MPB, to glass scintillation vial
a. Keep moles fixed at 1.26 pmoles of lipid when varying composition (1.26 umoles

with this recipe)
2. Basic composition: 50% DOPC (95 uL of 5.29 mg/ml) and 50% MPB (65uL of 10 mg/ml)
3. When storing the lipids, purge lipids required for formulation under nitrogen stream for

30 seconds
4. Dry lipids overnight (2 hour minimum) in 7 ml glass scintillation vial.

Liposome preparation

5. Prepare iOX bis-tris-propane (200 mM in H20, adjust pH to 7.0 w/ HCl). Sterilize filter.
6. For each sample, prepare 200 uL of solution.

a. For blank ICMVs, use 200uL BTP solution at WC.
b. For pam ICMVs, use 50uL of pam solution at lmg/mL and 150uL of BTP solution

at WC.
c. For pam-ova ICMVs, use 4ul of ova stock solution at 5mg/mL, 50uL of pam

solution at lmg/mL and 146uL of BTP solution at WC
d. For AL 1I ICMVs, use 6.2uL of AL 1I peptide stock solution at 3.25mg/mL, 50uL

of pam solution at Img/mL and 143.8uL of BTP solution at WC.
7. Add 200 pL of the above solutions to the dried lipid film (containing 1.26 pmoles of lipid)

and vortex for 1 minute, stopping every 10 seconds, every 10 minutes for 1 hour (solution
will be cloudy).

8. Sonicate each sample in an eppendorf tube on ice for 5 minutes, alternating between a
duty setting of "4" and "1" every 30 seconds to prevent excessive sample heating (solution
will be clear)

Fusing and cross-linking of liposomes (i.e., "stapling")

9. Prepare stock solutions of 200 mM CaCl2 and 150 mM DTT (freeze aliquots in H20,
make fresh is ideal). Final [working] are 40 mM CaCl2 and 3 mM DTT
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10. To each sample (200 pL) add 40 [tL CaCl2 and mix). Solution should become
immediately cloudy upon addition of CaCl2.

11. Add 4 ptL DTT and mix. These amounts yield a 1:1 ratio of maleimide to DTT (i.e., with
maleimide:thiol = 1:2).

12. Incubate 1 hr at 37 'C (max 2-3 hrs).
13. Centrifuge and wash at 18000g for 4 minutes.
14. Resuspend in 200pL H20, and perform one additional wash (pellet will completely

resuspend by end of wash steps).
15. Add 100 uL 20 mg/ml PEG-thiol in H20 (2 mgs) (make fresh).
16. Incubate for 30 minutes at 37 'C.
17. Wash twice with H20 as in steps 6 and 7.
18. Resuspend in 100uL MQ water. (10 doses of IOuL each).

For quantification

1. Dilute 10 uL of solution from step 18 to 100 uL using H20 (1 Ox dilution) into a 96 well
flat-bottom plate.

2. Read the encapsulated protein amount using an ELISA for ova.

Alternatively, make ICMVs with fluorescent ova (OVA, Alexa-Fluor 555 Conjugate from
Thermo Fisher Scientific) and quantify by making a calibration curve.

6.3 Protocol for Sampling Microneedle Application and Processing

6.3.1 MN Application onto Ear

19. Sampling MNs, after fabrication, are stored under vacuum until application to mouse ear
(or dorsal flank).

20. For MN application to ear, anesthetize C57BL/6 mice using insofluorane (~ 3% for 5
mins and 1.5-2% for up to 10 minutes after) in the cage. Move the mice to nose-cone for
MN application purposes.

21. Cut out ~1 inch x '/2 inch pieces of 3M8 Nexcare Absolute Waterproof tape and ~ 1.5
inch x % inch pieces of standard electrical tape. The Nexcare tape, designed for sensitive
skin, is the only tape that will be in contact with the mouse skin. The electrical tape has
two purposes:

a. Strong adhesive that cannot be easily interfered with by the mice,
b. Waterproofing nature that prevents any water from getting into the MN array

applied region.
22. Spread the ear of the mouse flat onto the Nexcare tape which is laid, sticky side up, on a

'slide stack' (10-12 microscope slides taped together, to allow the ear to rest on the stack).
Using tweezers, ensure that the ear is flat (no folds of skin should be present as this causes
non-uniform application of the MN array).

23. Brush away any hair from the base of the ear/base of the head of the mouse away from
the ear.
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24. Place the MN array (needles pointing down) onto the ear skin. Press down with thumb of
one hand, applying only vertically downward pressure (else MNs can break) while using
tweezers with other hand to tightly secure Nexcare tape around applied MN array. Press
MN array again to secure application.

25. Using tweezers, lift Nexcare and MN array bound mouse ear and now place inside piece
of electrical tape. Proceed to envelope and tightly press and seal joints and corners (use
tweezers to create a tighter seal) so that Nexcare tape and MN array is completely covered
by electrical tape.

26. Make sure no whiskers of the mouse are caught inside the tape while taping as this causes
discomfort to the mouse upon awakening.

27. Press the MN array onto the ear again from the outside to ensure a tight application.
28. Leave MN on mice for up to 24 hours.

6.3.2 MN application onto Dorsal Flank

1. At least 12-18 hours before application, shave the region using clippers and remove hair
by using hair removal product like Nair. Anesthetize the mice as above in cage. Shave
dorsal flank area with clippers (MNs will be applied roughly directly opposite to the 3rd

and 4 ' nipples on the ventral side) from base of neck to tail base, and till base of each limb.
2. Cut out ~1 inch x 2 inch pieces of 3M® Absolute Waterproof Nexcare tape, ~ 4 inch x /4

inch pieces of electrical tape and /2 inch x 1 inch pieces of Scotch® Permanent Heavy
Duty Mounting Tape (double sided foam tape).

3. Transfer mouse onto nose cone and lay on side. Stick the Scotch® double sided foam tape
onto the slide stack and line the slide stack the body of the mouse. Pinch skin on the back
of the mouse and stick the shaved dorsal skin onto the double sided tape.

4. Place MNs face/needles down as above. Holding Necxcare tape, press MNs onto the dorsal
skin, roll off the double sided tape and press the Nexcare onto the body of the mouse to
firmly adhere to shaved skin.

5. Apply electrical tape, around the abdomen of the mouse to keep MNs in place and ensure
no water can get into the MN applied region.

a. Make cuts on the electrical tape for the limbs of the mice, especially legs, to ensure
the movement of the mouse is not restricted.

b. Do not bandage electrical tape too tightly, but just tight enough to ensure
waterproofing.

c. Ensure no Nexcare tape is visible from the outside.
6. Leave MN on mice for up to 24 hours.

6.3.3 MN Retrieval and Extraction of Cell & ISF Sample

1. To remove the MN array, anesthetize mice as above. Transfer to nose cone.
2. Use tweezers to remove electrical tape and Nexcare tape.
3. Ensure MNs do not break in the process of removal.
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4. Immerse in 200 ptL of PBS containing 1% BSA with 100mM of K2EDTA, on ice, in 48
well plate.

5. Shake at 150 rpm on bench top mini incubating shaker at 37'C for 30 minutes.
6. Retrieve MN array from wells and keep aside. Transfer cell suspension to 96 well plate.

Using 50 pL of 1% BSA in PBS, pipette up and down on the MN array surface to retrieve
loosely adhered cells and add to relevant well in 96 well plate.

7. Spin down in centrifuge (1500rpm or 700g, 5 mins) and collect cell pellet.
8. Store supernatant at < -20'C to quantify biomarkers using other assays.

6.4 Tail-skin Scarification using Vaccinia-SIVgag virus
1. In a biosafety cabinet, disinfect area and all relevant instruments (pipette, tweezers, etc) with bleach

wipes and 70% ethanol before starting
2. Anesthetize mouse and transfer to nose cone
3. Clean area to be scarified, tail skin area about 1cm from the base of the tail, with 70%

ethanol in water.
4. Take 5pL of diluted virus with pipette and apply to cleaned tail skin area. Scratch 25 times

with 27 1/2 G needle. Discard pipette tip in a beaker filled with bleach.
5. Leave mouse on nose cone for five minutes, making sure scarified area does not touch

other surfaces.
6. Take Kimwipe and dab scarified surface to clean excess viral solution to avoid

contamination on cage and other surfaces.
7. After scarifying all animals, clean and disinfect area with bleach wipes and discard all bio-

waste in biohazard bin. After letting beaker with bleach with discarded pipette tips stand
for 10-15 minutes, discard solution in the sink.

6.5 Staining for Flow Cytometry

1. After obtaining cell pellet as above, re-suspend in 50 piL of FACS buffer containing
FcBlock (Purified anti-mouse CD 16/32 Antibody, from eBioscience, 14-0161-86) at 1:100
dilution.

a. For tetramer staining include either ova tetramer (iTAg Tetramer/PE - H-2 Kb OVA
(SIINFEKL), from MBL) at 1:100 dilution or SIVgag tetramer (iTAg Tetramer/PE
- H-2 Db SIV GAG (AAVKNWMTQTL)) at 1 jtg per sample). Incubate for 15
minutes in the dark, at room temperature.

b. For tetramer staining, use tetramer stain FACS buffer (50nM dasatinib, 1mM
EDTA in 1%BSA in PBS).

2. Add rest of the antibodies and incubate at 4'C for 1 hour.
a. Anti-mouse antibodies were obtained from BioLegend or eBioscience. The

following is a list of antibodies that were used for experiments:
i. Anti-mouse CD3e PerCP, BioLegend, cat#100326

ii. Anti-mouse CD8a APCCy7, BioLegend, cat#100714
iii. Anti-mouse CD103 BV421, BioLegend, cat#121421
iv. Anti-mouse CD1 lb BV650, BioLegend, cat#10 1239
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v. Anti-mouse CD69 PECy5, eBioscience, 15-0691-82
b. This is especially required for ear tissue samples - whether they are from digested

ear tissue or from sampling MNs.
c. For blood or spleen samples, staining for 15-20 minutes at room temperature or at

37'C will suffice.
3. For CFSE staining:

a. Add 50piL DMSO to each vial of Cell Trace CFSE to create 1.8mM of stock
solution. Store stock solution at -200 C.

b. For each staining, use 5mL of PBS and add 1pL of CFSE stock solution in a
reservoir.

c. Add 100pL of this diluted CFSE solution in PBS to each cell pellet. Stain for 5
minutes at room temperature, in the dark.

d. Add 150ptL of RPMI + 10% FBS to each well and incubate for 15 minutes at room
temperature, in the dark.

e. Pellet using centrifuge (1500rpm or 700g, 5 minutes).
4. For fixing with PFA (for samples from vaccinia-SIVgag virus infected mice):

a. Add 100ptL of 1% PFA in PBS and incubate in ice for 15 minutes, in the dark.
b. Pellet using centrifuge (1500rpm or 700g, 5 minutes).

5. Wash Ix with- PBS containing 1% BSA and pellet.
6. Re-suspend in 90pL of FACS buffer and add 1OpL of counting beads (note beads/gL for

the counting beads for analysis) and keep on ice until running on flow cytometry machine.

6.6 Protocol for Total IgG Measurement via ELISA

Materials:

96-well flat bottomed assay plates, NUNC maxisorp (Thermo Fisher)
Capture Antibody (for measurement of total IgG or IgM - use both):

Goat a-mouse IgK (Southern Biotech, #1050-01) unlabeled (UNLB)
Goat a-mouse Igk (Southern Biotech, #1060-01) unlabeled (UNLB)

Detection Antibody:
Goat a-mouse IgG-HRP (Southern Biotech, #1030-05)
Goat a-mouse IgM-HRP (Southern Biotech, #1020-05)

Developing Reagent: TMB peroxidase EIA substrate kit (Bio-Rad)
Wash Buffer (WB): PBS/0.05% Tween 20
Blocking Buffer (BB): PBS/1% BSA
Stop Solution: 2N H2SO4
Serum samples
ISF samples
For dilution plate - 96-well V-bottomed plate
Tecan plate reader (M200 Pro, Mannedorf, Switzerland)

Protocol:

* Bring All Reagents to Room Temperature
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* During wash steps, incubate for 30s between washes

1. Coat 96-well assay plates with capture antibody: add 50 uL of solution containing 2ug/mL
of a-mouse IgK and a-mouse IgX each, diluted in PBS. Make 5mL per plate.

2. Seal and incubate overnight at 4'C.
3. In the morning wash 2x and fill wells with 200 uL of blocking buffer. Cover and incubate

at room temperature for 1 hour.
4. For Dilution Plate:

a. In the 96-well V-bottomed plates, mark out which wells correspond to serum dilutions
and which correspond to ISF dilutions
b. For serum columns, start with 1:300 dilution in blocking buffer and carry out a 4x serial
dilution ahead. Add 90 uL of BB to wells below and from top sample row, transfer down
30uL, mixing well by pipetting up and down, leaving 120 uL in the final row.
c. For ISF, add original sample to top row (original sample is at 200x). And carry out a 2x
serial dilution: add 55uL of blocking buffer to wells below and transfer down 55uL, mixing
well by pipetting up and down, leaving 110 uL in the final row.

5. Wash assay plate 4x and transfer 50uL/well of prepped solutions. Cover and incubate for
1 hour at room temperature.

6. Wash assay plate 4x, add 50uL of goat a-mouse IgG-HRP (when assaying for IgG) or goat
a-mouse IgM-HRP (when assaying for IgM) diluted to 1:5000 in BB to each well. Cover
and incubate for 1 hour at room temperature.

7. Wash 4x and 50 uL of TMB substrate to each well (protecting from light). Incubate for 20
mins.

8. Stop reaction by adding 50 uL of 2N H2SO4. Immediately cover plates with aluminum
foil. Longer light exposure may increase background or reduce OD (compressing the OD
value range).

9. Read OD450 on plate reader.

6.7 Protocol for Ova-Specific IgG Measurement via ELISA

Materials:

96-well flat bottomed assay plates, NUNC Maxisorp (Thermo Fisher)
Capture Antibody: OVA Egg White (Worthington 3048 POK12101)
Detection Antibody: Goat a-mouse IgG-HRP (Southern Biotech, #1030-05)
Developing Reagent: TMB peroxidase EIA substrate kit (Bio-Rad)
Wash Buffer (WB): PBS/0.05% Tween 20
Blocking Buffer (BB): PBS + 5% milk + 1% FBS + 0.2% Tween20
Dilution Buffer (DB): PBS + 1% FBS + 0.2% Tween20
Stop Solution: 2N H2SO4
Serum samples
ISF samples
For dilution plate - 96-well V-bottomed plate
Tecan plate reader (M200 Pro, Mannedorf, Switzerland)
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Protocol:

* Bring All Reagents to Room Temperature

1. Coat 96-well assay plates with capture antibody with 100 pL/well of OVA at 1mg/ml in PBS.
Rotate for 4 hrs at RT.

2. Empty plates, add 200pl/well of Blocking Buffer. Incubate overnight @ 4'C. Now these
plates can be stored. Wrap until use.

3. Meanwhile set up serum dilutions in 96-well V bottom plates.. The base volume needs to
be enough for 1 00pL*number of plates + 20pL for extra volume. Use dilution buffer for
doing these. Start at 1:50 dilution of the collected serum and 4x serial dilutions.

4. Wash assay plate 4x and transfer 100 L/well of serum dilutions to each plate. Incubate 1.5
hrs @ RT. Don't rotate.

5. Wash assay plate 4x, add 1 OOpL/well of goat a-mouse IgG-HRP (when assaying for IgG)
diluted to 1:5000 in DB. Cover and incubate for 1 hour at room temperature.

6. Wash 4x and 100 pL of TMB substrate to each well (protecting from light). Incubate for
20 mins.

7. Stop reaction by adding 50gL/well of 2N H 2S04. Immediately cover plates with aluminum
foil. Longer light exposure may increase background or reduce OD (compressing the OD
value range).

8. Read OD450 on plate reader. Use OD54o as reference.

6.8 Protocol for Fluorescent Labeling of Alginate

Materials:
SLG 100 - Pronova FMC Biopolymers, Norway
EDC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) - Sigma E1769
Sulfo-NHS (N-hydroxysulfo succinimide) - Sigma 56485
PBS - KI Core

Alexa Fluor@ 647 Cadaverine (Thermo Fisher Scientific)

Based on protocol from Strand, B. L., Morch, Y. A., Espevik, T. & Skjak-Braek, G. (2003)
Biotechnol Bioeng 82, 386-94 (and modified from Yuki Hori's thesis)

Protocol:

For in vivo use, keep the whole process sterile. Use sterile PBSfor dissolving reagents and
for dialysis. Perform as much of the procedure as possible in the TC hood. Protect from light after
all steps involving fluorophore.

1. Prepare 1.6 w/v % alginate solution dissolved in PBS and let it dissolve overnight at 4'C.
2. Take 4mL of this 1.6% solution in a 20mL glass vial. Add 172.5mg of EDC and 195mg of

sulfo-NHS to the alginate and react via stirring with magnetic stir bar, at room temperature,
for two hours.

3. Add the sulfo-NHS solution to alginate solution containing EDC. Vortex.
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4. *Steps 3 and 4 can be done consecutively, i.e. without incubating with EDC for a while.
5. Shake for 2 hrs at room temperature.
6. Add 2 pL of p-mercaptoethanol to quench the reaction.
7. Add 60ptL of 10mg/mL AF647 cadaverine into this mix.
8. Incubate and let the dye and alginate react at room temperature for 18 hrs while stirring.

Protect from light.
9. Dialyze the alginate/dye solution with (using 7 kDa MWCO dialysis cassette from Pierce)

against large volumes of MQ water (-3.5 L) at RT. Change water at 2hr, 4hr, 6hr and 8hr
and change roughly every 12 hours after. Choose the size of cassette such that not much
PBS can diffuse into it to dilute out the final alginate concentration.

10. Run a TLC to confirm that there is no free dye.
i. To run TLC, cut TLC plate - 1.5 inches x 3 inches.

ii. Make TLC mobile phase (2 mL ethyl acetate, 2 mL methanol, lmL MQ water, 1-2
drops of acetic acid).

iii. Add mobile phase to small glass jar, with filter paper running up to the top, so that
it forms a liquid layer ~1cm high.

iv. On the TLC plate, mark a base-line in pencil -1.5 cm above the bottom surface of
the plate. Take 0.5 pL - 1 pL of each solution and spot on baseline. Compare against
pure polymer (alginate) and pure dye.

v. Dry either by air (5 minutes) or with vacuum. View under UV lamp.
vi. Place spotted TLC plate in jar and cover the top. Protect from light.

vii. Run for ~ 15 minutes.
viii. Dry for ~ 5 minutes in air in the dark.

ix. View under UV lamp. For dye conjugated with polymer, fluorescent polymer
should stay at baseline while free dye separates and runs up the plate.

x. Optional: Dip TLC plate into KMnO4 stain solution and dry using blow gun. Pure
polymer will oxidize and leave behind yellow spot at the baseline where it was
initially. Labeled polymer should also show the same property, in addition to being
fluorescent when viewed under UV lamp prior to exposing to oxidizing stain. (To
prepare this stain, dissolve 1.5 g KMnO4, 10 g K2CO3, and 1.25 mL 10% NaOH
in 200 mL water).

11. If no free dye is visible, proceed to lyophilization.
12. Transfer the dialyzed to pre-weighed 15 mL conical tubes. Freeze in liquid nitrogen for >

30 minutes. Check every ten minutes and re-fill the canister if needed.
13. Lyophilize for > 2 days.
14. Adjust the final volume of the alginate so the alginate concentration will be 0.01 g/mL (1

% alginate in MQ water).
15. Sterile-filter the alginate solution with Sterile Acrodisc Syringe Filters (Pall Corporation)

with 0.45 ptrm pore size.
16. Store at 4 *C in dark, covered with foil, till use.

Notes: This protocol uses a 25x equivalents for EDC and sulfo-NHS, based on the
number of equivalents of COOH groups in the original polymer (alginate). Based on different
stoichiometries we tried, we suspect it will be even better to use up to 1 00x equivalents of EDC
and sulfo-NHS, increase the EDC-sulfo-NHS reaction time to greater than 2 hours and using
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higher equivalents of the dye than currently used. Sulfo-NHS is used here since it is more
stable and reaction does not occur if NHS is used.

6.9 Gating Strategy for Flow Cytometric Analyses

Shown below are sample flow cytometry gates for blood and sampling MN samples from
C57BL/6 mice infected via tail-skin scarification with Vaccinia-SIVgag virus. This specific
(sample) experiment and analysis was done 11 weeks post infection. Similar gates are used for
other time points as well as, for the ova-immunized mouse model.
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