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SUMMARY

Needle and syringe injection has been used foadiscto successfully deliver
vaccines and other biologics. Despite the widespestoption of this delivery method it
presents a number of difficulties for mass vacoaomatcampaigns in the developing
world. Vaccine delivery using a needle and syrimggeases the complexity and skill
required to deliver vaccines, increases waste dalpcosts due to sharps hazards and
contributes to the high cost associated with coltdhirt storage and transport. A
technology which could alleviate these issues caudtease the reach and lower the cost
of mass vaccination campaigns in the third worldm#croneedle patch is a delivery
vehicle that could meet this goal. Microneedles @mieron-scale projections that can
penetrate the skin and deliver proteins and otledodics in a targeted manner. They are
simple to use, have the potential to reduce orieéite the risk posed by contaminated
sharps and could allow for the removal of somedgjmis from the cold chain. The goal
of this project was to adapt exiting microneediehtelogies to the currently approved
live-attenuated measles and inactivated polio veesci This included stabilizing the
vaccine components on both metal and dissolvingraneedle patches. Following
stabilization, the patches were usedvivo to compare the immune response to
traditional needle and syringe delivery.

The goal of the first project was to make thetfassessment of the feasibility of
using the live-attenuated measles vaccine with Inmeitzroneedle patches. Since coating
these patches requires the vaccine to be driddlisiudies focused on maintaining viral
infectivity in this state. Stock vaccine rapidlystactivity after drying. This loss could be
mitigated with the addition of excipients. The sug@ehalose proved to have potent
stabilizing activity after both drying and storagfea range of temperatures. Vaccine dried

and stored at® and 28C lost less than 1 log unit of activity after 30yslaf drying.
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Storage at higher temperatures resulted in a migitehlevel of infectivity loss. Using
this formulation, metal microneedles were coatethva full human dose of measles
vaccine using a dip-coating system. These patclegs imserted into the skin of cotton
rats and the immune response was compared to e dase delivered intramuscularly.
Neutralizing antibody titers between the two delweoutes were not statistically
different. This showed that microneedle can be mabeh maintain measles vaccine
activity, the antigen successfully reconstitutedhia skin after insertion and induces a
potent antibody response.

The second study focused on enhancing the stabflithe measles vaccine after
drying and storage. This was done using a screeexapients. The traditional assay
typically used to measure measles virus activitynas well-suited to this task so an
alternative assay was developed. Utilizing a gea#y+modified measles vaccine virus
which has been altered to express green fluoregretdin, a simple, quick and scalable
test was designed which could rapidly measureitee df measles virugn-viro. Using
this assay, more than 40 different excipients wthelie previously shown stabilizing
activity in the literature were examined for thebility to minimize viral infectivity loss
after drying and storage. It was discovered thatatthdition of a sugar and an amino acid
resulted in a synergistic response. The combinabbrthese two excipient types
performed much better than either type individuallging short-term screening studies
at elevated temperatures it was found that a caamibm of threonine and sucrose
performed the best. This combination was testetbriger times to investigate its full
stabilizing potential. After 6 months in storaged4&t and 25C, more than 90% of the
original activity was maintained. Although storage higher temperatures resulted in
faster degradation, this formulation did show aksianprovement over the trehalose
formulation used in the initial experiment. A fildig unit of infectivity was not lost until

more than 8 weeks of storage at@@sing the stabilizers chosen in this screenindyst
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The third study used the advances made to deweldssolving microneedle
patch which could deliver a full dose of measlescuze into the skin. Dissolving needles
had previously been used to deliver a variety afirges, but never a live-attenuated viral
one. Initial experiments focused on optimizing Yaeious steps required to successfully
cast dissolving needle patches reliably and repibtiu It was found that the stabilizing
solution developed in the previous experiment wpglieable to the needle casting
process. After successful creation, dissolving arieedle patches encapsulating measles
vaccine were inserted in the skin of rhesus macagdée immune response to
vaccination was compared to the same full humae de$ivered subcutaneously using a
syringe injection. The neutralizing antibody titdsstween the two groups were not
statistically different. Furthermore, after a sulatieous boost of monovalent measles
vaccine all animals demonstrated an increase én. tidissolving microneedle patches
were also stored at a range of temperatures teiigate their stability. Patches stored at
4°C and 258C showed no activity loss after 2 months of stor&pches stored at 4D
did show up to 1 log unit of activity loss at then®dnth time point.

Finally, the knowledge gained from the measlesearments was adapted to
creating dissolving microneedle patches which calddver a full human dose of the
inactivated polio vaccine. It was found that thensabasic patch creation process could
be used for IPV. Patches were created and assay&ustre they contained the correct
dose. These patches were inserted into the skimedfus macaques and the immune
response was compared to a full dose deliverechtsgmuscular injection. Following
low neutralizing titers among both groups afteriragle dose of IPV, a full dose boost
was delivered using the same route. For polio gpest 1 and 2 the neutralizing response
was statistically the same. The response to sexodypvas inferior in the microneedle
patch group. It was determined that the assay wssdnot specific for the immunogenic

region of IPV type 3. After testing with a refinadsay it was found that the microneedle
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patches only contained about 30% of a full dosas Ta possible explanation for the
poor response seen to serotype 3.

These studies show that microneedles were saf@jesito use and can produce a
potent immune response in multiple well-studiednaili models. We believe that
microneedles have the potential to overcome mangiéaithat currently exist on the way

to polio eradication and measles elimination.
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CHAPTER 1 INTRODUCTION

The morbidity and mortality of measles and poliefitis has been greatly
lessened due to the introduction of cheap and teféeec/accines for each disease.
Poliomyelitis is approaching complete global eratan and endemic measles
elimination is a standing goal for 4 of the 5 WH&Yions [4, 5]. Both the live-attenuated
measles vaccine and the inactivated polio vacciee safe and effective. They are,
however, both delivered using a traditional neeatie syringe. While this method of
delivery is by far the most prevalent way to delivaccines, it does bring with it a
number of drawbacks.

Syringe injection is a medical procedure which essarily requires trained
medical personnel. While this is not a massive euiid first world countries such as the
United States, this can greatly diminish the reathlarge-scale mass vaccination
campaigns in the third world. Trained professioraaks scarce in this region of the world
and the requirement that they give each dose afinadncreases the cost and decreases
the throughput of these campaigns. Needles als@sept a hazard following even a
successful delivery. They must be properly dispasietb prevent both malicious and
therapeutic reuse. If proper precautions are nkgéntaused needles can result in the
spread of blood-borne diseases such as HIV anditieg€]. Finally, syringe injection
requires the transport and storage of both theira@nd the delivery vehicle increasing
bulk and taking up valuable storage space in theldping world. Both the measles and
inactivated polio vaccines are sensitive to temjpeeafluctuations and therefore must be
kept refrigerated during the entire transport psscg, 8]. This system of temperature-
controlled transport is known as the cold chainldG@hain requirements vastly increase
the financial and logistical challenges of largatsc vaccination campaigns. An

integrated system which could maintain vaccinevdgtieven after exposure to higher



temperatures could allow for house to house dsfivEnis technique has been used with
the oral polio vaccine and has proven to be anceffe way of maximizing vaccine
coverage.

We believe that a new delivery system could salvany of the challenges
presented by syringe injection of vaccines. A psing new development in this field
has been the creation of microneedles. Microneediessmall, sub-millimeter sized
needles which pierce the top layer of the skinlzake the ability to deliver biologicals in
a targeted manner [9-13]. This system is desigonedeposit its payload in the upper
dermal layers of the skin, rather than into the cteu®r subcutaneous tissue. Previous
work has shown that this method of antigen deliverypoth safe and effective for a
number of different vaccines. Different types o¥ides within the field of microneedles
have also been developed. Solid needles made wiltooin were the first to be designed
[14]. A second generation made out of stainlessl stere created next. These metal
patches were coated with the target vaccine whieh tre-dissolved into the skin after
application. Many different biologics have beenindgled to the skin using this
microneedle design [1, 15-23]. While effective stdevice did possess a slight biohazard
sharps risk due to the fact that the needles, thaungall, remained on the patch after
insertion.

Other microneedle systems have been created ichwhe entire needle is made
of a bio-absorbable polymer [2, 24-26]. These pegadncapsulate the vaccine within the
needle matrix which then dissolves after introduttinto the skin. After removal, the
needles are no longer present on the patch whichinates the risk of reuse and
decreases the danger to both the patient and thmiattator. Both types of microneedle
patch were used during the course of this stude. firtal patch design was based on the
dissolving needle concept primarily due to the@ased safety profile following insertion

and removal.



To study microneedle delivery of both the livesatiated measles and inactivated
polio vaccines, this project covered four majoraare

1. To design a microneedle system which can delivernieasles vaccine into the
skin and then determine the immune response toinatoan in a small animal
model.

2. To perform an excipient screen to create a temperatable formulation of
measles vaccine using a novel, high-throughpuescre

3. To develop a dissolving microneedle patch which eeintain measles vaccine
activity and then examine the immune response ito-ddivery in a non-human
primate model.

4. To develop a dissolving microneedle patch whichaaliver the inactivated polio
vaccine into the skin and then examine the resptmseaccination in a non-
human primate model.

This represents the first set of studies which eramaccination against measles and
polio using microneedles. It also examines thearse of microneedle vaccination in

non-human primates for the first time.



CHAPTER 2 LITERATURE REVIEW

2.1 Measles

=
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Figure 1: Measles virus structure [3].

2.1.1 Virus and vaccine

Despite the widespread availability of a cheap effiective vaccine, the measles
virus remains one of the leading causes of vageiegentable morbidity and mortality in
the world [27]. The measles virus is an envelogptherical, single-stranded RNA virus

(Figure 1). It binds to cells using a hemmaglutimgceptor, which also mediates
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membrane fusion and viral entry into the target. dahtibodies to this protein provide
the strongest neutralizing response and can cdifdéme protection against the virus
[28]. The measles virus is spread primarily throtigh air. It was originally thought that
upon inhalation, the virus began to infect tisslug@gag the respiratory tract in the throat
and lungs [29]. Recent work has shown this mayoedahe case. The discovery of nectin-
4 as a measles virus receptor, along with prewoestablished receptors SLAM (CD-
150) and CD-46 suggests an alternate pathway [Bi3].now thought that the virus first
infects the myeloid and lymphatic tissues and ttr@sses into the respiratory epithelium
in the later stages of infection [31]. This occtlreugh viral transmission from CD-150
positive lymphocytes into respiratory epithelialle@ising the nectin-4 receptor. This late
stage infection is what ultimately results in aiguatt becoming contagious. Symptoms of
a measles infection begin to show roughly 10 ddies aontact, presenting first with a
fever and progressing 4 days later to a charatiterash. Doctors who work in areas of
high measles incidence can quickly diagnose theadis once the rash presents. In areas
where measles transmission has been interruptedlisbase is sometimes misdiagnosed
because of the relative ambiguity of the initialngptoms [32]. Treatment for a measles
infection is mostly palliative, though some an@icompounds such as ribavirin and
interferon alpha have been used in cases of seneasles [33]. The sole preventative
measure is vaccination, which is over 90% effectieen the recommended dose is
delivered [34]. As with many vaccine-preventablgedises, high levels of herd immunity
are important for interruption of transmission. Trheasles virus is extremely infectious
and can successfully spread in a population whierd immunity of more than 95% [35].

As a result, near universal vaccination coveragedsired to combat the disease.



2.1.2 Measles elimination efforts

The World Health Organization (WHO) has a standgaal of eliminating
endemic measles through the use of mass vaccinatiarpaigns [36]. In 2003, the
organization set a goal of reducing measles mortaly 50% from 1999 levels. In that
year, more than 850,000 people worldwide died o thsease [37]. Following a
concerted effort to increase vaccination coveraggeveloping countries, measles deaths
fell to approximately 164,000 worldwide by 2008 [3Burther reductions in morbidity
and mortality have been less successful. Despijeah of complete endemic measles
elimination in Europe by 2010, infections have alifjubeen on the rise in the region.
This is thought to be a result of decreased vatiomacoverage among school-age
children [39]. Fears about the measles, mumpsyanella (MMR) combination vaccine
have circulated in the press and in a small nundbgreer reviewed journals [40]. A
proposed link to autism has since been widely ddited and the original article making
this claim has since been retracted by the joU#tdl Nevertheless, vaccination rates in
developed countries such as the United State ledlam fto the point that during the first
19 weeks of 2011, there have already been morel@seeases than any year since 1996
[42]. Besides negative publicity, there are a numifefactors associated with mass
vaccination against measles which need to be askebfe§oremost is the requirement of
the cold chain for proper vaccine storage. The-ditenuated measles vaccine rapidly
loses activity after reconstitution from a lyophdd cake. Multi-dose vials must be fully
used within 2 hours or they have to be discard&(l [Bhis time can be even shorter in
regions where ambient temperatures can routin@y@C. A key link in the cold chain
is the final trip away from major population cemsténto surrounding town and villages
[44]. If the vaccine could be made stable for gesiod of time, a significant amount of

vaccine which would otherwise be disposed of cda@gbroperly utilized.



2.1.3 Alternative delivery strategies for measles vaccine

Due to the issues presented by syringe injectidrer avenues for delivery of the
live-attenuated measles vaccine have been attemjietivery into the skin was
attempted using a variety of methods. The firserafit utilized a jet injector and
attempted to deliver the same dose (1000 Eg}Iboth intradermally and subcutaneously
[45]. This experiment found that both delivery nmogth produced similar results. No dose
sparing was seen but all vaccinated children predymtent antibody titers following
measles vaccine administration. Other studieszirdi jet injection produced different
results. A study in Zaire which attempted to delige1/5 human dose intradermally
found lower levels of both antibody production a®foconversion when compared to a
full dose delivered subcutaneously using a needllesgringe [46]. The inferior response
to low-dose measles vaccine delivered intradermadiyg a jet injector has been shown
in other studies as well [47]. Other investigatbese attempted to induce an immune
response with even lower doses of measles vacdirmscutaneous delivery was
attempted with negative results [48]. Here, skintlo® arm was tape stripped and a 1/5
dose was applied to the skin surface. The areaowsesided with sterile gauze for 24
hours. The exact dose that entered the skin wasletetmined. Following vaccination,
the transcutaneous group did not produce neutngliantibodies to measles. Further
studies utilizing an extremely low-dose of meastascine delivered using a needle roller
or bifurcated needle also showed insufficient rediding titers after delivery [49].
Finally, aerosol delivery of measles vaccine hasnbeecently attempted in the rhesus
macaque animal model. The investigators showed dalery to the lungs was well
tolerated and produced a potent humoral and celkdsponse [50]. This study did
however utilize a dose 5x greater than the standaman dose. Studies have not been

done comparing similar doses delivered by aerosolicé versus a subcutaneous



injection. To date, no previous work has been dotanining measles vaccine delivered

using a microneedle patch.



2.2 Poliomyelitis

2.2.1 Virus and vaccine

Unlike the measles virus, poliovirus was not a snaskiller throughout human
history. The fear of polio resided not in a feadehth, but in the images of children who
had been crippled as a direct effect of infectibhe vast majority of sufferers of polio
recover completely, but in a small percentage sésdhe virus enters the nervous system
[51]. This can lead to permanent paralysis of lingdgl in extreme cases, paralysis of the
respiratory system as well. Poliovirus is a smahmber of the enterovirus family which
is known to follow the fecal-oral route of transsi@ [52]. The initial susceptible cells
in a poliovirus infection are not currently knowmt virus has been recovered in the gut-
associated lymph tissues including the tonsilsePgypatch and feces prior to the onset
of symptoms [52]. This indicates a latency peridaew the individual is infectious but
displays none of the common outward symptoms ofdikease. In the vast majority of
infected individuals (95%) the disease progressgsnptomatically [53]. This makes
diagnosis virtually impossible until a more serimase develops. The remaining 5% of
infections proceed in a similar manner to many rgagestinal illnesses. Common
symptoms include sore throat, fever, diarrhea, &elael and a general lack of energy.
Diagnosis of polio infection can be confirmed v&lrtime PCR of an individual’s stool.
In a minute portion of infected individuals, theus invades the central nervous system
[54]. This can lead to the disease’s most well-knowomplication, paralytic
poliomyelitis. This results in flaccid paralysis tfe infected region, which can be fatal
depending on the location and degree of paralysis.

Two different but similarly effective vaccines oemtly exist for the prevention of
polio infection. A live-attenuated vaccine develdpm the 1960’s by Albert Sabin

rapidly became the predominant vaccine worldwidg.[Fhis was because of its simple
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administration and inexpensive cost to produce. Jdexine is given orally where the
attenuated virus can infect the lymph tissues efght. This mimics the natural route of
infection and creates potent intestinal immunitysttiosequent infection [56]. Following
vaccination, individuals excrete the attenuateccwecstrain for a number of days. This
provides for secondary vaccination opportunitiemrira single immunized individual
[55]. These reasons led to the selection of thé moho vaccine (OPV) as the leading
candidate for use in mass vaccination campaignsedond vaccine based on formalin
inactivation of wild-type polio vaccine was devedobby Jonas Salk during the same
time period. This vaccine is given using an intraoular injection and current
formulations require multiple doses to achieve poseroconversion [57]. Even though it
was the first polio vaccine created, it was notduselarge quantities until large areas of
the world were certified polio-free. Along with tldrawbacks associated with syringe

injection, this vaccine also costs much more tapoe than OPV [58].

2.2.2 Polio eradication efforts

The Global Polio Eradication Initiative was estsitbd by the World Health
Organization in 1989 [5]. It initially called forero incidence of worldwide polio cases
by the year 2000. Progress towards this goal pdszkeapidly during the initial ramp up
in global mass vaccinations. Following the delivefymillions of oral polio vaccine
administrations, polio transmission was interrupgtethe Americas with the last endemic
case occurring in Peru in 1991 [59]. Despite sogtbaxcks, numerous milestones have
been achieved on the road to eradication of pélay.the first time in recorded human
history, India has seen no new cases of polio av&f month period. Additionally, wild

polio serotype 2 is thought to have been completadicated with no new cases detected
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in over 2 years. As global eradication draws clpaeshift must occur in the polio vaccine
used worldwide.

In a very small portion of individuals who recei@PV, viral recombination
occurs, which can result in the attenuated steanenting to the wild type virus [60]. This
disease is known as vaccine-derived poliomyelifise risk of reintroducing endemic
polio to the Americas via OPV led to a phase-outcvitulminated in 2000 with the
elimination of the oral polio vaccine from the dtibod immunization schedule [61].
Replacing it was a vaccine developed by JonasiSdhe 1950’s which consists of wild-
type poliovirus that has been inactivated usingndin. This vaccine is given via a
traditional syringe injection and does not confex intestinal immunity provided by the
oral vaccine. Because no live virus existed invhecine it also does not carry with it the
risk of vaccine-derived poliomyelitis. The switahthe inactivated polio vaccine (IPV) is
planned to occur worldwide following the completgerruption of endemic polio [61].
This brings with it a host of new complications.

Unlike OPV, IPV is delivered using a traditionaetle and syringe [62]. This
presents many problems for a mass vaccinationngettinjections require trained
personnel to deliver the dose to prevent impromimiaistration. This could vastly
increase the cost of delivering IPV on a large es¢sl increasing the cost of campaign
personnel. It could also slow throughput and reatla vaccination campaign. While
administration of OPV can be done on a door to dasis, IPV requires trained medical
personnel to ensure proper storage of the vaccideshmination of the medical sharps
waste created after delivery. Medical waste andstife disposal of sharps presents a
problem for large-scale vaccination campaigns [@3lis burden is in addition to the
increased risk of needle reuse or misuse createtelyery using syringe injection. An
alternative delivery system for IPV which could iggte many of these issues be

beneficial to the continued campaign to eradicatepvorldwide.
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2.2.3 Alternative IPV delivery methods

Due to the rapid rise in use of OPV, alternativethmods of delivering IPV have
not been well studied until more recently. The imadj examination of IPV intradermal
delivery was performed by Jonas Salk using a jection system [64]. He found that a
fractional (1/6, 1/10) dose delivered using thistmod produced an inferior immune
response when compared to a full dose deliveredhnmiscularly. Jet injection of
fractional IPV was not examined again until moreergly. A study in Oman found that a
fractional (1/5) dose of IPV induced similar senogersion rates to IPV type 1 and type 3
when compared to traditional subcutaneous injedédh The study did, however, show
significantly lower antibody titers following ID adinistration. This phenomena was also
seen in a study performed in Cuba. The investigatound that a fractional (1/5) dose
delivered using a jet injector produced both imeriantibody titers and lower
seroconversion rates [66]. These results showtligae still exists a need for a cheap,
effective, and simple method of delivering IPV whican induce a comparable immune

response to syringe injection.
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2.3 Vaccine delivery

2.3.1 Intradermal delivery

The vast majority of vaccines are currently defketo muscle or subcutaneous
regions of the skin. This is due primarily to eadeaccess to the location and the
simplicity required administering injections to fieeregions [67]. In recent years, more
and more research has concentrated on evaluatirey ateas of the skin as possible
candidates for a more effective vaccine delivepatmn. The skin has become an active
area of interest because of its immunological mpk€&wing to its barrier function for
the body, the dermal and epidermal layers of thhe gbntain numerous resident dendritic
cells [68]. These cells function as an immune Slaree system, sampling the
extracellular environment and trafficking foreigmbstances to the draining lymph nodes.
Here portions of the offending proteins are presgértb immune effector cells which
begin the process of the adaptive immune respdnsaddition, these cells secrete
cytokines which can help ramp up the innate immsystem, which is the body’s first
defense against foreign pathogens. These cellggaldth macrophages, invade the
muscle tissue after an injury such as a syringectign. However, in the skin, they
already exist, waiting for an activating interaatidt is thought that delivering vaccine
antigens directly into the intradermal layer of #ien may result in a more rapid and
more potent immune response [69]. This could stovarovide dose-sparing activity or
might be beneficial in overcoming the maternal laodies which can prevent
seroconversion in young infants [70]. Both of thésmefits would be useful in a third
world setting.

Historically the most well-known example of anradermal vaccine was the
smallpox vaccine. This was traditionally delivettedthe skin via a small, two-pronged

device known as a bifurcated needle. A very snmabbant of liquid vaccine was trapped
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between the prongs using simple surface tensioa.deEvice was then repeatedly inserted
into the skin, delivering the payload [71]. Thiooped to be a relatively inefficient and
unreliable method of delivery. This problem wasigated to some extent with the
creation of jet injectors. A jet injector is a dewiwhich aerosolizes a liquid vaccine and
then rapidly propels that mist across the baragets of the skin [72]. By altering the
nozzle dimensions, these devices can direct tlasilopd to the intradermal region. The
velocity required to reliably penetrate the outayelr of the skin did create some
drawbacks. It was found that a small quantity afldgical material could be propelled
back into the jet injector, creating an avenuedass contamination between patients
[73-75]. This led to a sharp drop in their use iass) vaccination campaigns in the
1990’s. Another popular method for administeringstances to the intradermal layer of
the skin is known as the Mantoux method [76]. Thiwidely used in the tuberculin (TB)
skin test. In this procedure a high-gage needieserted into the skin at a very small
angle. The contents are then deposited into the fekining a distinctive “bleb”. This
procedure requires substantial training to confqredise [11]. In addition, the dose is
delivered across many layers of skin because ofldhge size of the needle bore
compared to the relative thickness of the skinré@npsing technology which overcomes

many of these limitations is known as a microneedle

2.3.2 Microneedles

Microneedles are micron-sized needles made ohlets steel or a variety of
polymers which have the ability to penetrate theiealayers of the skin [13]. The basic
premise of microneedle-mediated drug delivery isebleon the fact that the barrier layer
of the skin only comprises the upper most layerthefskin. This region is roughly 20

microns thick [77]. Studies have shown that onds tayer has been breached, drug
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delivery into the skin increases by orders of magla [10]. This makes it unnecessary to
penetrate deeply into the skin to efficiently defiva payload. A depth of between 100
pm and 1 mm is the ideal location for the distridwiof drugs targeted to the intradermal
layer of the skin. Microneedles patches have bemated out of both metal and

dissolvable polymer.

Figure 2: Metal microneedles at high magnificatior{1].A: Metal microneedle patch
compared to a traditional hypodermic needle. B-i: $igle metal microneedle coated
with a vaccine solution. E-ii: Single metal microneedle after successful insgon into
the skin.

2.3.2.1Solid, metal microneedles

A number of different drugs and antigens have kbmercessfully delivered via
microneedle systems. An early system composed laf, ssilicon needles created by
adapting common microelectronics processes shohetdaffter insertion of the needle

array the permeability of the skin increased byrforders of magnitude to the small
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molecule calcein [10]. Subsequent research conéirthes result with larger molecules
such as human growth hormone and bovine serum at2®, 78, 79]. This work led to
the idea of skin vaccination using the microneegtem.

Vaccines typically consist of either whole viruarficles or selective antigenic
proteins. These molecules or supramolecular assesrdnle much too large to passively
diffuse through the skin, so the microneedle syssemmed like a logical vector for
delivery. It was shown that after coating the inated influenza vaccine on the surface
of a metal needle array, mice could be immunizedilyply inserting the needles into
bare skin [80]. After vaccination it was shown thta groups receiving the microneedle
patch had superior protection against a subseqtiaitenge with live influenza virus.
Following challenge, microneedle group mice haddovevels of lung viral titer when
compared with mice receiving the same dose viaditional intramuscular injection [1].
It is theorized that this improved response is mlupart to increased levels of immune
system cells secreted IFN-y and IL-4, two key minigaof both the innate and adaptive
immune responses [1]. This supports the theory tiatskin is a potent reservoir of
primed immune surveillance cells and a superiogetafor vaccine delivery. Further
studies examined the ability of microneedles tofeodose-sparing.

Microneedle delivery of an influenza virus-likerpele vaccine showed superior
protective ability at lower antigen doses compat@dhe same vaccine delivered via
intramuscular injection. At 1/3 of the full antigelose, the microneedle groups had full
protection against a lethal challenge while theamuscular group had only 40% of the
animal survive the challenge [21]. Other vaccinagehalso been successfully delivered
using solid, metal microneedles such as hepatiten@ Bacillus anthracis [17, 81-83].

Further development of the microneedle technoltgglfihas been undertaken.
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2.3.2.2Dissolving microneedles

0.min

200pm

1min

Figure 3: Dissolving microneedle patches before arafter insertion [2].

A: Dissolving microneedle patch at high magnificationB: Pig skin after insertion
and dissolution of a microneedle patch containing dye. C: Dissolving microneedl|
patch compared to a US nickel coin. DDissolving microneedle patch before ar
after insertion.

Polymer needles have been created which havebitiy #0 encapsulate various
antigens and disperse them once they have enteeedkin. These needles have been
made with a variety of polymers such as polylacteglycolic acid (PLGA),
polyvinylpyrrolidone (PVP) and maltose [2, 26, 8Each of these polymers has unique
characteristics including dissolution time, strédnghd the ability to impact the stability
of the encapsulated antigen. Polymer needles hawve $eatures which make them an
ideal candidate for vaccination campaigns in thedtivorld. Following delivery of the
payload into the skin, the needle patch is rendé@@unless by the dissolution of the
polymer needles. Unlike stainless steel needlést age a polymer-based needle system
has none of the dangers commonly associated watpshThe patches are water soluble
and can be easily and cheaply disposed.

Dissolving microneedles have also been previousbd to successfully deliver
vaccines [22, 85-87]. In one study influenza vaeciwas encapsulated in a PVP

microneedle patch and subsequently deposited h@akin [2]. This produced a robust
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immune response that fully protected mice againsttal challenge. It was found that
the microneedle patch induced a more potent cellolnune response that resulted in
decreased lung viral titers following challenge.ridas geometries and needle designs
have also been investigated. A dissolving needlk an arrowhead designed was created
to facility rapid delivery of the microneedle intbe skin [84]. This unique geometry
allowed for nearly complete microneedle deliverysétonds. Rapid needle deposition in
the skin combined with a slow-dissolving polymemigedle has the potential to achieve

controlled release-style kinetics.
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2.4 Vaccine Stability

2.4.1 Vaccine wastage

Product wastage presents a major problem durirgg+waccination campaigns. It
is estimated that up to 44% of the deliverable wecdoes not make it to a patient due to
spoilage caused by temperature fluctuations oropgr handling [88]. This loss adds to
the cost of the campaign and lowers the eventualben of doses delivered. The current
attempts to prevent vaccine spoilage revolve pilgnaround maintenance of the cold
chain and increasing stability during storage. W&ty all currently licensed vaccines
have a recommended storage temperature of uf@ef88]. This becomes increasingly
expensive as the vaccine is moved from first tadthiorld countries. Transport, shipping
and storage at the site of vaccination constitat@sajor portion of the cost to deliver
vaccines on a mass-scale [44]. Minimizing the niedow-temperature storage could
greatly reduce this cost. However, simply incregsthe stability at an elevated
temperature for a transient period of time couksén vaccine spoilage during the crucial

period when the vaccine moves from the city ceotgiinto the community for delivery.

2.4.2 Measles vaccine stability

Since the product consists of an intact, infediouus, the stabilization of the
measles vaccine has challenges not present witbttivated or subunit vaccines.
Maintaining both the stability of the viral unit a&ll as the encapsulated RNA is crucial
to retaining infectivity [90]. Significant work haseen done in an attempt to solve this
complex problem. Technology such as lyophilizatma the addition of excipients to the

final vaccine solution prior to packaging have beaurcial in getting the stability of the
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vaccine to its current state [91]. Further workused independently on the two crucial
times when vaccine wastage can occur.

First, measles infectivity during storage has besamined by a number of
groups. The method by which the vaccine is driddreestorage has been a crucial area
of research. Spray drying has been shown to ceedliy cake which retains significant
infectivity after storage at elevated temperat(i®23. The researchers showed that while
standard lyophilized measles vaccine lost 1 logQ=g)l after only a week at 37°C, their
spray dried formulation did not lose this amountiluB weeks of storage. It was
hypothesized by the authors that spray-drying teduin a lower final water content
resulting in a more stable dry preparation. Thisknalso identified a number of possible
stabilizing excipients such as human serum albuwanious amino acids and cations.
Other groups have examined drying using a novedge® called CAN-BD which utilizes
super-critical CQ to remove water content [93]. When this process \applied to
measles vaccine it was shown to maintain signifistability after 1 week at 3C [94].

It was also found the type of sugar added to tloeina solution prior to processing had
the potential to alter both the final water cont@mdl eventual stability after storage.

Work has also been done to enhance the stabilitheo measles vaccine after
reconstitution. The WHO currently recommends thaashes vaccine must be delivered
within 2 hours of reconstitution to ensure the @ropose is delivered [43]. This can
result in vaccine wastage since the 10-dose viawidely used during measles
vaccination campaigns [95]. A major advance in &hdity to rapidly screen measles
formulation was the development of a measles vacairus which contained the genetic
material for green fluorescent protein (eGFP-Me9$,[97]. Using this novel virus,
investigators were able to rapidly screen a largmber (>11,000) of compounds to
assess their ability to minimize the loss in retibuted measles vaccine [98]. They, like
other researchers, found that a combination of rsygamino acids and buffering

components could greatly decrease infectivity lasglevated temperatures. Their best
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liquid formulation was able to withstand 8 hours4®C with less than 1 log(TCIHg)
loss in infectivity.

While promising, all of these efforts fall shoit @eveloping a measles vaccine
preparation that completely mitigates infectivins$ at elevated temperatures. Further
work is required to both increase the stabilitytiod measles vaccine and to optimize
transport and storage to the point where producitage is no longer a pervasive

problem.

25 Motivations for Research

Despite efforts to simplify delivery of the measknd polio vaccines, hurdles still
exist. The injectable delivery systems currentlgdito administer both of these vaccines
increase the cost of campaigns through a numberagé. The requirement for trained
medical personnel limits the reach of large-scampmaigns while also lowering the
speed at which doses can be delivered. The shagte wreated by the used needles is a
significant burden that increases the cost andtimgil complexity of vaccine campaigns.
Finally, errors in reconstitution, delivery and vae storage result in the loss of a
significant quantity of vaccine stock. Microneedbee a new delivery platform that has
the potential to alleviate many of these conceAuapting the measles and inactivated
polio vaccine for skin delivery using microneediesuld represent a significant advance,

removing many of the hurdles remaining in the eratiton of both of these diseases.
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CHAPTER 3 SPECIFIC AIMS AND HYPOTHESES

Aim 1: Determine the immune response to skin-vaccation of measles in a small
animal model. The live-attenuated measles vaccine can be adapted to existing
microneedle patch systems and delivered to the skin of a cotton rat. We hypothesize that
vaccination will result in a potent immune response comparable to a traditional
injection. The goal of this aim was to create a microneedtehpthat had the ability to
deliver a full human dose of the measles vaccinthéoskin of a small animal. These

patches were then used to vaccinate cotton rats.

Aim 2: Enhance stability of dried live-attenuatedmeasles vaccine using an excipient
screen.We hypothesize that using a high-throughput infectivity screen, the stability of
measles virus after drying can be significantly enhanced by the addition of excipients.
This aim focused on the creation of a simple, higioughput assay to quickly asses the
stabilizing potential of a number of pharmaceutieatipients. This assay resulted in the
discovery that the amino acid threonine and theassgcrose, in combination, could

mitigate loss after drying and storage for 6 momthoom temperature.

Aim 3: Determine the immune response in the rhesusnacaque to measles
vaccination using a microneedle patchWe hypothesize that delivery of measles vaccine

to the skin using a dissolving microneedle patch will produce a potent immune response

in the rhesus macaque. The rhesus macaque is a commonly used model $tingeof
measles vaccines. It is often used as a key poedwmt the immune response to
vaccination in humans. Here, dissolving microneg@ditches were created that contained
a full dose of measles vaccine. These patches ugee to deliver measles vaccine to the

skin.

22



Aim 4: Determine the immune response in the rhesumacaque to inactivated polio
vaccination using a microneedle patchwe hypothesize that delivery of IPV to the skin
using a dissolving microneedle patch will produce a potent immune response in the
rhesus macaque. The rhesus macaque is a commonly used model &inge polio
vaccines. Here, dissolving microneedle patches wezated that contained a full human
dose of the inactivated polio vaccine. These patetere used to deliver IPV to the skin

of rhesus macaques.
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CHAPTER 4 Measles Vaccination in cotton rats using a

Microneedle Patch

4.1 Introduction

Despite the widespread availability of an inexpeasind effective vaccine,
measles virus is one of the leading causes of naquieventable morbidity and mortality
among children worldwide [27]. High levels of coage are necessary for interruption of
measles transmission. Measles vaccination proghawves dramatically reduced the
incidence of disease in both developed and devejomuntries [4, 99]. More than 4.5
million measles deaths have been prevented asO& 2@ough implementation of the
vaccination strategies developed by WHO and UNIGHEBbal mortality has declined
by 74% from an estimated 733,000 deaths in 20038300 in 2010 [100]. Measles
elimination, defined as the absence of endemisingssion of virus, has been achieved
and sustained in the WHO Region of the Americases002, and four of the five other
WHO regions, European, Eastern Mediterranean arstafifePacific, have targeted
measles for elimination by 2020 or earlier [101].

The measles vaccine is currently delivered by stap&@ous injection using a
needle and syringe. This delivery method creategequirement for specifically trained
healthcare personnel to administer each vaccine, dggically at centralized locations.
In contrast, the global campaign to eradicate plo#is been possible, in part, because of

the simplicity of delivering the oral polio vaccingvhich can be administered by
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minimally trained personnel. Decreasing the logadti challenges associated with
delivery of measles vaccine could increase vadonatoverage and reduce vaccination
campaign costs.

Hypodermic injections create hazardous medical evagtich must be safely
destroyed. Preventing needle theft and reuse throegponsible disposal methods adds
significant costs to vaccination campaigns. Forngpla, a relatively small measles
vaccination campaign in the Philippines generatezt ©30,000 kg of sharps waste [102].
Another logistical challenge with the standard waatton scheme is the requirement of a
cold chain for vaccine storage and transport. Afeeonstitution, multi-dose vials must
be used within 2 h or discarded [43]. This leadsv&acine wastage and increased
program costs. A delivery system that eliminatesrbed for reconstitution and reduces
or eliminates the need for cold storage and tramsmuld enable more efficient use of
measles vaccine and decrease the cost per deligdesed

Measles vaccination using a microneedle patch neagle to address some of
the limitations of conventional hypodermic injectiand thereby facilitate measles
mortality reduction and elimination programs. Miceadles are micron-sized needles
made of metal or polymer that are designed to &ehibe efficacy of hypodermic
injection with the simplicity of a patch [12, 103{licroneedles offer the possibility of
eliminating or mitigating many of the logistical allenges associated with the current
vaccination strategy, including reduced cost, sifigpl transport and storage, and
increased safety. The microneedles used in thidystamain on the patch after it is
removed and could present a small risk for disdee@smission as a sharps hazard.

However, microneedles can also be fabricated frmsotl/ing polymers in which case no
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potentially infectious, sharps waste would be gateel [2, 66]. Microneedles require a
small amount of force to penetrate the skin, andeothe barrier layer has been
penetrated, the vaccine is rapidly released intosttin. The microscopic wound created
by the patch is superficial and heals quickly [104jth the correct excipient conditions
other vaccines have been stabilized onto a micdlagmtch [105, 106]. If this high level
of temperature stability could be extended to the-&ttenuated measles vaccine, the cost
and logistical issues associated with vaccine pramsand storage could be decreased
significantly. Finally, the small size of the mioeedle patch would limit sharps waste
following large-scale vaccination campaigns. Thisuld decrease transport costs while
also minimizing the potential for reuse.

Measles vaccine has been previously delivered ¢ostin using a variety of
methods including the Mantoux method [107] andifpgéction [46, 49]. While some
studies have shown improvements after intradermalVety [108], others found lower
neutralizing antibody titers when compared witldiianal delivery routes [48, 109]. The
inferior serologic response to intradermal vaceoraseen in these studies could result
from the low dose of measles vaccine deliveredidasas 5% of the standard dose).
Neither study investigated the response to a stdnsiabcutaneous dose (at least 10
TCIDso) delivered intradermally.

Stabilization of the measles vaccine in a dry stas also been previously
examined. Viral infectivity loss after drying hasdm mitigated through both excipient
selection and drying process optimization [92, 1Bime of these dry powder vaccines
were shown to be efficacious after delivery torbgpiratory tract of non-human primates

[5, 94, 110, 111]. However, these stabilization hoéds used drying processes such as
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spray drying and lyophilization, which are not éastompatible with microneedle

fabrication and coating.

Microneedles have been used successfully as arimental delivery system for
a number of different vaccines including live viraisd bacteria, inactivated virus, virus-
like particles, protein sub-unit, DNA and live Jir@accines against influenza and a
number of other diseases [2, 13, 17, 20, 23, 80183, 112-116]. However, measles
vaccine has never been studied before using mieddeg In this study, we first
examined the ability of excipients to stabilize tive-attenuated measles vaccine during
fabrication and storage. We then compared the inentasponse to vaccination using a

microneedle patch to conventional subcutaneoustinjein the cotton rat model.

4.2 Materials and methods

4.2.1 Preparation of live-attenuated measles vaccine

The measles vaccine strain, Edmonston-Zagreb, tasned from the collection
at the Centers for Disease Control and Preventmhtlis strain is used in many WHO
pre-qualified measles vaccines. To achieve the higts need for coating of the
microneedles, the vaccine virus was propagatedero \¢ells maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Grand IslaridY) and 2% fetal bovine serum
(FBS,Gibco). Infected cells were harvested whenciftepathic effect was maximal; the
cell suspension was freeze-thawed once before pm&e centrifugation to remove
cellular debris [117]The viral titer (50% tissue culture infective doSe(IDsg) was
measured by end-point titration. The virus was takguoted and stored at “f® until
use. For the end-point dilution assay, 10-foldtéblus of the viral stock were prepared in

DMEM with 2% fetal bovine serum and used to infeatltiple wells of Vero cell
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monolayers in 24-well tissue culture plates. Platese incubated for 7 days and scored
visually for the presence or absence of viral cgthjg effect. The TCIky was then

calculated using the Karber method [118].

4.2.2 Vaccine stability studies

Live measles vaccine virus with an initial virgeti of 1¢ TCIDs¢/mL was mixed
with excipients at specific concentrations. Exanpge used in this study included
carboxymethylcellulose (CMC, CarboMer, San Diegd)),Crehalose (Sigma-Aldrich,
St. Louis, MO), fish gelatin (Sigma-Aldrich), myodsitol (Sigma-Aldrich), and Lutrol
F68 (BASF, Mt. Olive, NJ). A 2 ul drop of each risig solution was applied to a sterile
chip of stainless steel measuring 3 mm by 4 mmirtwlsite the surface of a stainless
steel microneedle. We used this simple method afiltg to screen formulations since
coating actual microneedles is more time consunttagh 2 pl drop contained a mixture
of 50% measles virus solution and 50% excipienitem. The chips were allowed to dry
at room temperature (22 °C) in a Class Il biosatetinet or an incubator (37 °C). In
some cases, the air was de-humidified during seolagplacing the stainless steel chip
inside of a 50 mL plastic tube containing desiccébtierite, Sigma-Aldrich) and
wrapped in Parafilm (Sigma-Aldrich). After specdistorage times, the vaccine coated
onto the chips were reconstituted in 1 mL DMEM amndl titers were measured in Vero

cells as described above.
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4.2.3 Microneedle fabrication and coating

Stainless steel microneedles were fabricated tsg flefining the microneedle
shape lithographically and then etching the micedlhes in a chemical bath. This
produced patches each containing a single rowwvef finicroneedles that were 750 pm
long and measured 200 um by 50 um at the baser@#uWe chose this microneedle
patch design because the measles vaccine dodficgestly small that a full dose can be
coated onto just five microneedles and becausesdaaicroneedles of similar design
have been successfully used for vaccination and delivery in a number of published
studies [12]. We chose a microneedle length of f0because it matches the thickness
of rat dorsal skin, which is generally reportedhe range of 700 — 1000 pum [119, 120].
Thus, we believe vaccine coated on the microneeates deposited along the needle
track in the epidermis and dermis; it is possibiat ta small fraction of the vaccine was

delivered to the subcutis in the case of thin skin.
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Figure 4: A five-needle microneedle array next to aU.S. quarter coin with a
diameter of 24 mm. The arrow points at one of the mroneedles mounted on the
holder. Inset: A single microneedle coated with meskes vaccine in a trehalose-based
coating formulation.

Based on a method described previously [9], theraneedles were coated with
live-attenuated measles vaccine by dipping the anieedles 6 times into a coating a
solution containing 7.5% wi/v trehalose, 1% w/v CMIZ5% w/v Lutrol F68 and ¢
TCIDso/mL measles vaccine in sterile DMEM for “full-doseiicroneedles. “Low-dose”
microneedles used a coating solution containirfg ICIDs¢/mL measles vaccine. In this
way, a five-microneedle array was coated with 10@Dso after full-dose coating and
with 200 TCIDy after low-dose coating, as determined by dissgltire coatings from
microneedles and measuring viral titers in Verdscdlhe microneedles were stored in a
sterile container sealed with Parafilm wrap at raemperature in a Class Il biosafety

cabinet for one day before use.
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4.2.4 |Immunization studies

The immunogenicity of measles vaccination usingramneedles was tested in
cotton rats $igmodon hispidus). Cotton rats were divided into seven groups ahbnals
each. Groups were assigned as follows: (1) fulledasd (2) low-dose vaccination using
microneedles (MN); (3) full-dose and (4) low-doseeination by subcutaneous injection
(SC); (5) full-dose and (6) low-dose vaccination dibcutaneous injection of vaccine
eluted from microneedles (SC*); and (7) sham vaatm using sterile, uncoated
microneedles.

Female, 6-week-old cotton rats were allowed attl&adays to acclimate to the
animal facility before vaccination. The day befeeecination, blood was collected from
the rats via cheek bleeding. Animals were anegthetiising a ketamine/xylazine mixture
during vaccination and blood collection [95]. Inetimicroneedle vaccination groups
(MN), the hair on the back of each rat was remowsitig electric shears followed by
application of a depilatory cream (Nair, Princethid).

In the microneedle groups (MN), a microneedle aragted with the desired
measles vaccine dose was pressed into the skiredidirless region on the back of the
animal. Each array was left in the skin for 10 tarensure complete vaccine dissolution
from the microneedles for delivery into the skimat®in the sham group were treated
identically, except that no vaccine coating wasliadpto the microneedles. In the
subcutaneous vaccination groups (SC), the stockslegavaccine was diluted using

sterile phosphate-buffered saline (PBS) so thatlédstred dose was contained in 100 pl,
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which was then injected subcutaneously using adilgg hypodermic needle on the back
of the animal. For the reconstituted subcutanesasps (SC*), ten microneedle arrays
coated with the desired measles vaccine dose wesedrwith 1 ml sterile PBS in a 10
mL centrifuge tube and vortexed for 2 min to corglle dissolve the vaccine. A 25-
gauge hypodermic needle was used to withdraw 106f @ihis solution and inject it SC.

At the time of vaccination, no adverse effects weoged following any of the
vaccination methods. A small grid of punctureshatgite of microneedle application was
faintly visible in the skin when the device was mmd, but no bleeding was observed.
Post-vaccination, the microneedle injection sitexevexamined daily by animal care
staff and no adverse effects were seen. The smaditpre grids were no longer visible 2-
3 days post vaccination and no swelling, dischargether abnormalities were observed
at any time point. The hair that had been remowsghb growing back within one week
and had returned to normal in all rats by the drtti@investigation.

At multiple time points after vaccination, approstaly 500 puL of blood was
collected from each rat by performing a cheek blg#d. After 200 days, the animals
were anesthetized using a ketamine/xylezine mixdnceeuthanized by injecting 1 mL of
Beuthanasia-D (Intervet, Summit, NJ) into the he&tie protocol for the cotton rat
experiments was approved by the Animal Care andQdsemittees of the CDC and the

Georgia Institute of Technology.

4.2.5 Neutralizing antibody measurements
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Measles neutralizing antibody titers in serum sasmbtained from the cotton
rats were determined by the standard plaque remucteutralization assay [121]. For

these studies, two-fold dilutions of serum wergggdeginning at a dilution of 1:4.

4.2.6 Statistics

All statistics were calculated using Prism softwaegsion 5.04 (Graphpad, La
Jolla, CA). Comparisons between individual samplese done using an unpaired t-test
with a significance cutoff of p <0.05. For comparis between 3 or more samples, a two-

way ANOVA with a Bonferroni post-test was used.

4.3 Results

4.3.1 Vaccine stabilization

One of the advantages of vaccination using a mesdle patch is that the
vaccine is stored in a dry state and is adminidtéoethe patient without reconstitution.
When coating microneedles, the thin coating filnesiwithin seconds, leaving no time
for transfer to a lyophilization chamber. Therefoit was necessary to optimize
formulation during this rapid drying step to maintavaccine viability during patch
fabrication.

In a first assessment of virus stability duringidgy vaccine stock solution with
an initial titer of 16® TCIDs¢/ml infectivity was dried onto microneedles without
additives; this resulted in a greater than 10-f@duction in virus titer (p<0.02; Figure

5A). Then, excipients were added to the solutiom#ke thick, uniform coatings on the
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microneedles. Carboxymethylcullose (CMC) was useddrease the solution’s viscosity
and surfactant (Lutrol F68) to lower surface tensidhese additives (CMC and Lutrol
F68) in the coating solution destabilized the mesmsirus even further and reduced the

TCIDso of eluted virus by more than 100 fold comparedhi® stock solution (p<0.001;

Figure 5A).
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Figure 5: Effect of coating formulation on measlesirus infectivity after drying onto
microneedle surfaces. Coatings were dried and thestored at room temperature
(~222C) and relative humidity (~50%) for (A) 24 h or (B) 1 week. The coating
solution (CS) contained 2% CMC and 1% Lutrol F68. h (A), all coating solutions
were prepared using phosphate-buffered saline (PBSn (B), coating solutions were
prepared with and without PBS, as indicated on thgraph. Asterisk (**) indicates a
significant difference (p<0.005). Data points reprgent the average + standard error
of the mean (SEM) from n = 3 independently testedasnples.

To minimize loss of viral infectivity, a collectioof excipients previously shown
to stabilize lyophilized measles vaccines and agatdor use in humans were evaluated
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[94]. Fish gelatin and the sugar, myo-inositol, yded no significant improvement of
infectivity compared to the use of coating solutiithout these additives (p > 0.5;
Figure 5A). Addition of the sugar trehalose at anaamtration of 7.5%, however,
significantly reduced loss of infectivity compareéd the coating solution without
additives (p<0.005) and the titer of the elutedcuae was within approximately 1
log1o(TCIDs) of the vaccine stock solution (Figure 5A). Untorately, after one week of
storage at room temperature using this formulatawating solution and 7.5% trehalose
in PBS), virus infectivity decreased by more thdo@o(TCIDsg) (p<0.03; Figure 5B).

The coating solutions used so far were all prepardeBS. To address possible
osmotic effects, a coating solution was prepardt wehalose but without PBS. Use of
this coating solution significantly increased slifpirelative to the saline-containing
solution (p<0.005) and resulted in a loss of ju®® Bgo(TCIDso) after drying and
storage at room temperature and ambient humidity Ifoweek (Figure 5B). This
formulation containing trehalose and lacking PBS wsed for all remaining experiments
in this study.

The current WHO standard for stability of lyophddz measles vaccine is less than
1 logio(TCIDsg) unit of infectivity loss after 30 days atZ5or 1 week at 3T [122]. The
next set of experiments was designed to determinmeasles virus coated onto
microneedles could meet the WHO standard. Theds teere performed with the
addition of desiccant to control for humidity. Ejra control sample of virus diluted in
standard DMEM was seen to rapidly lose activit ®C and no infectivity was reported
by the 1 week time point. Following the additiontleé stabilizing solution, samples dried

at room temperature exhibited a viral titer los9&7 logo(TCIDse) units of infectivity

35



after 30 days of drying at 25. At 3PC, the loss in viability after one week was 0.85
l0og1o(TCIDsg), although longer exposure resulted in additidosd of viability up to 2.91
l0g1o(TCIDsg) (Figure 6). Therefore, the optimized coating fatation developed in this
study was sufficient to meet one of the WHO stadsidor measles vaccine stability,
although further improvements in stability would @esirable and are currently being

evaluated.
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Figure 6: Loss of measles virus infectivity over the as a function of formdation and
storage temperature.Coatings were dried at room temperature and humidiy and
then stored in sealed pouches with desiccant for 3@days at 28C or 37°C.
Formulations included no additives (i.e., no coating solution or trehaley anc
coating solution (CS) with 7.5% trehalose. Data pais represent the average + SE|
(N = 3). The data points for the 10, 17 and 30 dayme points for the 2%C sample:
had a SEM of 0 because all replicates had the samalues.
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4.3.2 Immunization studies

The immunogenicity of measles vaccination usingieroneedle-based vaccine
was evaluated in the cotton rat. This animal modas chosen because it is a well-
studied, small-animal model for measles viral itiftetand is commonly used in measles
vaccination experiments [123]. The goal of the gtwds to compare the immunogenicity
of measles vaccination using a microneedle patth the immunogenicity of the same
vaccine dose delivered by subcutaneous injectiome Qyroup (n=5) received
subcutaneous injection (SC) as a positive contraepresent the current approach used
in human vaccination. A second subcutaneous greapived an injection containing
measles vaccine that had been dried on a micromgedth and reconstituted in PBS
prior to subcutaneous injection (SC*). This groupswincluded to account for the
possible loss of immunogenicity of the measles wecauring fabrication of the
microneedle patches independent of the route ofirasimation. The microneedle group
(MN) received a single microneedle patch appliedh® skin of the back. Groups were
immunized either with a standard human dose of leeasccine (1000 TCHg) or a
reduced dose (20% of standard dose, 200 ¥} investigate possible dose-sparing
associated with vaccination in the skin.

All vaccinated animals demonstrated a detectaltib@iy response after day 20.
Additionally, in all vaccinated groups (MN, SC, SCit both doses, the time course of
the neutralizing antibody response was similar {fégr). At the day 10 time point, both
MN groups had statistically higher titers than slidcutaneous controls at the same dose
(p<0.005). This suggests that microneedle delieéthe measles vaccine may generate a

more rapid antibody response than subcutaneoustione but this observation needs to

37



be tested further. Peak neutralizing antibodyditercurred in all groups at approximately
30 days post vaccination with no statistically gigant differences in titer observed
(Table 1, p>0.05). The peak titers achieved invalicinated groups were statistically
indistinguishable among the standard dose groupbléT1, Figure 7A, p>0.05) and
among the reduced dose groups (Table 1, Figurep?B,05). All vaccinated groups
achieved peak titers significantly greater than shem control group (p<0.005), which
had no detectable neutralization activity.

Blood was also collected 200 days after vaccimatio examine long-term
antibody responses. Both the MN (full dose) and @4l dose) groups showed a
statistically significant decrease in titer frometheak over time (p<0.05). It is notable;
however, that neutralizing antibodies were detecteall vaccinated groups more than 6
months after immunization. Peak titers among the & SC groups vaccinated with the
standard dose were approximately three-fold grehtar those among MN, SC and SC*

groups vaccinated with the reduced dose (Tabl&Q.,095).
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Figure 7: Neutralizing antibody responses after vagination using microneedles
compared to subcutaneous injection. Cotton rats wer vaccinated with (A) a full
human dose (1000 TClle) or (B) 20% of a full human dose (200 TClIgp).
Vaccination was performed with microneedles (MN), gbcutaneous injection of
unprocessed vaccine (SC), subcutaneous injection o¥accine coated onto
microneedles and reconstituted before injection (S§ or as a sham vaccination
using microneedles with a vaccine-free coating. Ailtody titers were determined by
plague neutralization. Blood was collected from edcanimal at the given time points
and tested independently. Data points represent theverage + SEM (N = 5).
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Table 1: Immune response characteristics of measleaccination using

microneedles.

Tmax £ SEM Peak titer £ SEM (log 2 Day 200 Titer + SEM ( log 2
Group 2 (days) 3 antibody titer) antibody titer)
SC (Full) 32+49 6.8+0.2 4.6+0.6
SC* (Full) 32+3.7 6.0+0.3 48+06
MN (Full) 28+2.0 6.8+0.2 5.4+0.2
SC (20%) 24+2.4 52+0.2 22+06
SC* (20%) 20+0.0 46+04 3.0+0.0
MN (20%) 2624 56+0.2 3.6+0.8

1 Reported values were determined from antibody timeourse data for each animal
and then averaged. The corresponding average antidg timecourse data are shown
in Figure 7.

2 Vaccination was performed by subcutaneous injectip of unprocessed vaccine
(SC), subcutaneous injection of vaccine coated ontoicroneedles and reconstituted
before injection (SC*) or microneedles (MN) using e full human dose (Full) or

20% of the human dose (20%)

3 Tmax is the average time at which antibody titers peakk

4.4 Discussion

The goal of this study was to evaluate a microrepdlch for delivering measles
vaccine. The microneedles were designed to beexppk a skin patch without the need
for reconstitution. In contrast to conventional autaneous injection, administration of
the microneedle patch should require minimal tregnand therefore, reduce the need for

injections by highly trained healthcare professisn@his simple delivery method could

40



reduce the cost of vaccination, and facilitate meascination campaigns aimed at
achieving regional measles elimination and futueslieation

The microneedle patch was also designed for césttefe manufacturing. The
vaccine-free microneedle patches can be mass prdduia cost that should be similar to
or even less than the cost of a needle and syri@gating vaccine onto microneedle
patches was carried out as a simple, automatee;odifing process that can readily be
scaled up for low-cost mass production as welle&tj microneedle patches coated with
parathyroid hormone have already been manufactosunercially and used in Phase |
and Phase Il human clinical trials [124]. For thesasons, we anticipate that mass-
produced microneedle vaccine patches may be manutdc at cost similar to
conventional lyophilized measles vaccine. Howewas, a single-dose presentation,
microneedle patches should reduce the extensiveageascurrently associated with
measles vaccine in multi-dose vials [65].

In this study, immunogenicity after measles vadoomausing microneedles was
statistically indistinguishable from vaccination the traditional subcutaneous route in
the cotton rat model, including the time coursdha immune response, peak titers and
titers measured >6 months after vaccination. Thiews that vaccination using a
microneedle patch can induce an antibody respansgeasles virus that is equivalent to
the response following standard subcutaneous iojecfThough the optimal animal
model for evaluating measles vaccines is the rhemcaque [5], cotton rats were chosen
for this study because they provided a low costlsanimal model for evaluating the
ability of the microneedle vaccines to reconstititevivo and generate a neutralizing

antibody response. Cottons rats are an acceptdtiamraal model for measles, and this
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model has been used in many research projects. \Battine and wild-type strains of
measles have been shown to replicate in cottorj1a8j.

In this study, a vaccine coating formulation wasealeped that enabled vaccine-
coated microneedles to meet the accelerated s$yatiiterion of the WHO, i.e., storage
for 1 week at 3%C while retaining at least 10% virus viability [J2Removal of the salts
in PBS, which probably reduced osmotic stressemguirying, and addition of the sugar
trehalose, which is believed to stabilize vacciméigen structure, maintained vaccine
virus viability for 1 month at Z& in the presence of desiccant.

The use of trehalose in the coating formulation waportant to maintaining
stability of the measles virus. This disaccharids been widely used as a stabilizer in
many different biological systems [125-127]. Ittloought that trehalose replaces the
water around hydrophilic protein regions during idgy thereby preventing protein
denaturation [128].Other stabilizers tested in #tisdy were not effective. Fish gelatin
and myo-inositol were chosen because they aredadlun the formulations of other
currently available vaccines and they have beemwshim have stabilizing effects on
measles virus in the literature.[94]

A dose-sparing effect has sometimes been seen wiag microneedles with
other vaccines [21, 129%ut dose sparing was not seen in this study wighrtleasles
vaccine at the doses used. As the mechanism of gfzm@ng in the skin is still under

investigation [50], the reasons why dose sparing mad seen in this study are not clear.
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45 Conclusion

This study compared administration of live-atteedammeasles vaccine using a
microneedle patch to conventional subcutaneoustioje for the first time. We showed
that the measles virus can be coated and driedroatal microneedles with acceptable
stability during storage. Vaccination of cottonsrahowed that microneedle vaccination
produced antibody titers similar to vaccine dekgeusing a conventional subcutaneous
injection. However, unlike subcutaneous injectiomeasles vaccination with a
microneedle patch is rapid and simple to administdrich could dramatically decrease
the training required for measles elimination caigips [130]. The patches themselves
are small and lightweight, easy to dispose of, axgected to require low-cost
manufacturing in mass production. We conclude dedivery of measles vaccine with a
microneedle patch can be efficacious and couldigeoa means to significantly increase

vaccine coverage as many regions advance towarasl@seslimination.
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CHAPTER 5 Discovering stabilizing excipients for the measles

vaccine using a high-throughput eGFP assay

51 Introduction

Measles is a highly infectious respiratory disease still kills more than 150,000
people worldwide [117]. The primary way to preverfection is successful vaccination.
Since its introduction in the 1960’s, the live-atiated measles vaccine has led to
significant advancements in the fight against mesagll31]. Endemic measles was
eliminated from the Americas in 2002 and curredtlpf the 5 WHO regions have set
elimination goals [117]. It has been estimated th&grruption of measles transmission
requires vaccine coverage rates in excess of 9082].[IThis high bar requires a
coordinated effort between vaccine manufactureublip health experts and delivery
personnel in the field. Effective vaccination atequires an effective vaccine. While the
live-attenuated measles vaccine is extremely e¥iecivhen given correctly, storage
requirements can impede widespread disseminatidditidnally, the vaccine is known
to rapidly lose activity when exposed to elevateshgeratures, even in its lyophilized
state. The WHO estimates that due to spoilage,andling, or improper reconstitution
more than 60% of the measles vaccine deliveredtidield is not utilized [133]. Even
for a product as inexpensive as measles this eahttesignificant increases in the cost of
mass vaccination campaigns. Increasing the stabilit the live-attenuated measles
vaccine would decrease this wastage and ultimagslylt in more product available for

eventual administration.
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The traditional method for determining the titer Infe-virus vaccines is some
form of plague assay. This typically requires itif@e of a monolayer of cells followed
by incubation, staining and analysis. The standariti of infectivity for the measles
vaccine is the 50% tissue culture infectivity d¢$21]. This assay requires a 5-7 day
incubation time and then manual identification loé resulting plaque formation. It has
been shown that the same measles sample readfénediflabs and personnel can result
in nearly a 1 log unit difference in reported tif&B4]. This type of assay does not easily
lend itself to a high-throughput screen of excipefor the purposes of increasing
measles viral stability.

The introduction of a genetically modified measlesis has opened up new
avenues for infectivity detection. An altered measkirus strain (eGFP-MeV) was
created which encodes the genetic material forngfie@rescent protein [96]. Following
infection, viral replication causes the productioheGFP. This makes it possible to
detect measles activity rapidly using the resultihgprescence. This virus has been
previously used to examine viral stability in agedascale screening study [98]. The
previous technique was complicated by a number dafitianal steps including the
addition of an agent which prevents cell fusionalko required computer software to
count and analyze the halted viral propagation. assay which could simplify the
process of measuring fluorescent activity aftereatibn would be a positive
development.

The goal of this study was to discover excipiemsich could improve the
stability of the live-attenuated measles vaccineorder to accomplish this a new assay
was created which utilized eGFP-MeV to measure hasasfectivity quickly, efficiently
and reproducibly. Using this assay, a screen wdsrpaged to determine the stabilizing

activity of a number of commercially available eients.
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5.2 Materials and methods

5.2.1 Propagation of eGFP-measles vaccine virus

Measles vaccine virus that had been geneticallyineered to produce eGFP
during replication was acquired from the lab of Paul DuPrex at Boston University
[97]. This stock was then propagated in Vero callpreviously described to increase the
viral titer [122]. The final titer was measuredngsia TCIQo assay to be 3.0 x 1@iral

units/mL.

5.2.2 Selection of excipients

The excipients used for the screening portiorhisf $tudy were selected based on
a number of characteristics. A through literatugarsh resulted in an initial list that had
been specifically shown to stabilize the live-atised measles vaccine virus. This list
was further expanded by adding additional compouwvidsh had been shown to stabilize
other vaccines, including excipients found in conuialy approved vaccine
preparations. The final list also included compautitht had not been previously studied
in vaccine stabilization experiments. These wetecsed by expanding the number of
certain types of compounds that already appearethenlist in high numbers. This
resulted in the addition of a significant numbercafbohydrate substances and amino
acids. All excipients chosen for this study eitlappear on the Generally Regarded as
Safe (GRAS) list or are already approved for inggtinto humans. The final excipient
list contained 46 different compounds or concermngt of compounds (Table 2). All

listed percentages represent a weight/volume percen
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5.2.3 Green fluorescent protein infectivity assay

All excipient formulations were mixed in a 1:1icatwith a stock of eGFP-
measles vaccine virus (eGFP-MeV) with a titer @ 8.1 TCIDso/mL. A 3 uL sample
of this formulation was then coated onto stainlstel chips in a manner previously
described [122]. These chips were placed into 115 gentrifuge tubes (Epindorf,
Hauppauge, NY). The samples were then placed imtopaque bag along with color-
changing desiccant (Drierite, Sigma-Aldrich, Stulsy MO). The bag was then sealed
using a heat sealer to prevent against moisturagonation. All samples were dried for
24 hours at 2Z in a fume hood before storage. After removal fsiorage the desiccant
of each sample was checked for indication of meéstuf any contamination was
detected the sample was discarded.

Each centrifuge tube, which contained a singleddrneasles virus preparation,
was filled with 1 mL of a solution of Dulbecco’s Mified Eagle Medium (DMEM)
(Gibco, Grand Island, NY) containing 2% fetal baviserum (FBS, Gibco). This was
then vigorously mixed to re-suspend the dried \8ahple. The samples were tested for
fluorescent activity using 96-well plates (Immunol@HB, Thermo Scientific, Waltham,
MA) containing a monolayer of Vero cells. To eackliwn the plate, 100uL of the
reconstituted viral solution was added. The platese incubated for 72 hours at°87to
encourage viral propagation. After incubation eadl was washed with 300 uL of
sterile phosphate-buffered saline (PBS, Sigma-ahjrio remove media and uninfected
viral particles. Any remaining solution was aspdtfrom the wells before testing.
Detection of florescence was accomplished by mesg@ach well using a 96-well plate

reader with an excitation wavelength of 485 andeanssion wavelength of 520. The
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detected signal of each sample was compared taiiveocontrol containing the same

concentration of liquid eGFP-MeV.

5.2.4 Stabilizing excipient screen

A first screen was performed to investigate thditplof all of the excipients
selected to prevent infectivity loss in a driedgasation of measles vaccine virus. Each
sample was mixed to the concentration indicated dmetl with a solution of measles
vaccine virus as described above. For the initeden, each prepared sample was stored
in an incubator at 3T for 7 days. After testing for eGFP expressionhesample was
then ranked based on percent of activity remairasgcompared to a liquid control
sample of eGFP-MeV. A cutoff value of 10% remainaugivity was chosen to eliminate
samples with minimal stabilizing activity.

A subset of the initial excipients was then sutgddo a more stringent secondary
screen. Theses samples were prepared and stor&drionth at 3%C. After storage the
samples were tested and ranked according to remgaamtivity. The results from this
storage condition led to the addition of excipienmbinations to the testing regimen.
The combinations of excipients were tested at Hmaesstorage time and temperature
conditions as the secondary screen. After eGFRdt@mnce detection a cutoff value of
40% remaining activity was chosen for advancenethe final storage condition.

The final screen was performed by storing samfidesl month at 4%C. The
results from this screen resulted in the final pigit combination which was then

subjected to a variety of temperature and storageitions.

5.2.5 Extended storage study
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A stabilizing solution consisting of 300 mM of #anine (Sigma-Aldrich) and
15% wi/v sucrose (Sigma-Aldrich) in DI-H20 was cezhtfor the final storage
experiment. Samples were created using the metbsdritied above and stored &C4
22°C and 48C for between 1 and 24 weeks. A control consisth@ dried sample of

eGFP-MeV containing no stabilizers stored &for 1 to 4 weeks was also included.

5.2.6 Statistics

All statistics for this study were calculated uygiRrism software version 6.02
(Graphpad, La Jolla, CA). Comparisons between iddal samples were done using an
unpaired t-test was a significance cutoff of p<0.@®mparisons between multiple
samples was done using a two-way ANOVA with a Tukegt-test and a significance
cutoff of p<0.05. The exponential best fit line wdstermined using Excel 2013
(Microsoft, Redmond, WA). Averages of all resukpresent the arithmetic mean of the

tested samples.

53 Results

5.3.1 Assay development

Before proceeding to the stability screen, inigaperiments were performed to
better understand the parameters of the eGFP adsdiyple 96-well plates containing
confluent layers of Vero cells were infected witbcteasing concentrations of eGFP-
MeV and then allowed to incubate for 2, 3 or 4 d@ysxamine how florescence activity
changed over time. The initial eGFP-MeV titer uses measured to be 500 TGHDNL.

The goal was to determine the shortest incubatime tvhich still delivered a robust
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florescence curve. The florescent activity was mess using the method described in
Section 5.2.3. The results show that after 3 dayscoibation there is a linear correlation
between viral concentration and florescent intgnstarting at a concentration of 250
TCIDso/mL (Figure 8). As a result, we used an incubatiore of 3 days and a maximum

viral titer of 250 TCIRo per sample for all stability experiments.

Assay Development
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Figure 8: Development of the eGFP-MeV assay.

A dilution series of eGFP-MeV was used to infect aonfluent layer of Vero cells
The infected cells were allowed to incubate for 3 or 4 days. At that time the cell
were washed and the florescence was measured. Thesults show that after 3 day
of incubation florescence has a linear relationshigo viral titer beginning at a
concentration of 250 TCIDsd/mL. Each point represents the average (N =2) £+ S
The red line indicates a linear best fit curve exdding data collected from the 50
TCID so/mL sample. The R value was calculated to be 0.992.

5.3.2 Stability screen
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In order to rapidly assess the stabilizing po#drdf the initial list of excipients, a
high temperature, short time storage study waopedd. The goal of this study was to

eliminate any excipients which had minimal or nted&able effect on vaccine activity.
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Figure 9: Initial screen of excipient using eGFP-M¥ assay.

The initial list of excipients was screened for stalizing activity using the eGFR

MeV assay. Samples were dried overnight and storefbr 1 week at 3PC with

humidity control. After storage each sample was incubated in cell culture for 3 da

and then assayed for fluorescence activity. Each baepresents a comparison
between the detected fluorescence of a control M\asiple and a dried sampleThe

dotted line represents the cutoff point of 10% remaning activity after storage. Each

sample was tested once to maximize throughput.

As expected, the initial screening study resultedhe elimination of the vast
majority of the chosen excipients. After storaggraximately 41% of the tested samples

retained less than 1% of their initial activity. e 'butoff value of 10% remaining activity
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was chosen because it corresponds to the WHO esneitt for live-attenuated measles
vaccine stored for 1 week at°®7[118]. This resulted in the elimination of ab&@6 of
the initial list (Figure 9). After the initial soe@, 14 samples were chosen for further
investigation in the second screening experiment.

In order to further assess the stabilizing po&raf the remaining excipients, a
longer storage condition was chosen for the sesoneken. Since the goal of this study
was to produce a single excipient mixture for leegn evaluation, the secondary screen
attempted to eliminate all of the excipient whiduld not significantly stabilize eGFP-
MeV under these revised conditions. After 1 montB78C, only 4 samples demonstrated
remaining activity of more than 1% (Figure 10). Dgrthis secondary screen we noticed
that when the excipients glycine and sucrose weséed individually they exhibited
extremely low stabilizing activity (0.53% and 0.6X&spectively). When these excipient
were added together their ability to stabilize e@#¢V increased significantly to
30.45% (p<0.0005) (Figure 11). This led us to itgate the effect of using a
carbohydrate sugar and an amino acid in combindtostabilize the measles vaccine.
Combinations were made of all excipients in these tategories that exhibited any
stabilizing activity during the initial screen. Bhiesulted in 21 combinations. All of the
amino acids were also tested individually to sexsye control. After storage for 1 month
at 3PC the results confirmed our earlier observatiorerf\amino acid tested exhibited a
higher stabilizing ability when paired with a canlydrate sugar (Figure 12). Sucrose was
the most potent secondary stabilizer. Combinatioetiding sucrose had the highest
remaining activity for 6 of the 7 tested amino acid cutoff limit of 40% was used for

this screen to exclude stabilizing combinations Haal lower activity.
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Figure 10: Secondary screen of excipients using eBRVieV assay.

After removal of low-performing excipients a secondscreen was performedThese
samples were prepared in the same manner as befoamd stored for 1 month a
37°C. After storage the samples were incubated in cetlulture for 3 days and ther
assayed for fluorescent activity. The percentage peesents a comparison betwee
the fluorescent activity of a control samples of eBEP-MeV and the dried samples.
Each bar represents the average (N = 3) + SD.
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Figure 11: Effect of combining excipients on theioverall stabilizing ability.
It was determined that a combination of glycine andsucrose had significantly
higher stabilizing ability than either excipient possessedindividually. The bar

represents the average (N = 3) £ SDAsterisk (****) indicates a significant
difference (p<0.0005) as determined by ANOVA.
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Figure 12: Stabilizing ability of excipient combindions tested with an eGFPMeV
assay.

All possible combinations of amino acids and sugarthat had previously stown
stabilizing activity were made. These samples were tested and compared
individual amino acid solutions. The bars representhe average (N = 3) £ SD.

A final screen was carried out to determine thgt lsembination of excipients to
use for more extensive stability experiments. Ai&rage for 1 month at 45 the
remaining activity of each sample was tested. Sbhireen showed that a combination of
the amino acid threonine and the sugar sucrosettmacdighest stabilizing potential
(Figure 13). This combination was able to retaiarhye14% of its original activity after

storage at this harsh temperature condition.
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Figure 13: Final excipient screening study using eEP-MeV assay.

Excipient combinations that showed potent stabilizig activity in the previous
screen were subjected to a higher storage temperati These samples were drie
and stored for 1 month at 48C. After storage the samples were incubated in ¢
culture for 3 days and then assayed for fluoresceec The activity represents
comparison between the detected fluorescence of antrol stock of eGFPMeV and
the dried samples. The bars represent the averaghl € 3) + SD.

5.3.3 Extended storage study

After screening, the highest performing excipiemiture was subjected to a
longer term study to further examine its abilitymaintain the infectivity of eGFP-MeV.
Samples were stored at a range of temperaturegpfao 2 month. After storage for 1
week at room temperature (&5, the control sample which included no stabiligin
excipient had lost 100% of it infectivity as measusing the eGFP assay. Samples which
included the stabilizing solution (threonine + fi8@) performed much better (Figure 14).

After some initial detected loss at the 1 week tpoat, the samples stored &C4and
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Figure 14: Extended stability of threonine-sucroséormulation.

The best performing formulation from the final screening study (threonine -
sucrose) was added to eGFP-MeV and stored for 024 weeks at three differer
temperatures. A samples of eGFP-M¢ without excipients was also dried and store
at 25°C. All samples were compared to a liquid control oEGFP-MeV to obtain the
stability percentage. The samples stored aP@ and 25C retained more than 90% o
their activity. The samples stored at 48C had greater activity loss over time.The
data points represent the average (N = 3) £ SD.

25°C retained on average 95% and 89% of their actrggpectively after 1 month of
storage. Samples stored at the higher temperad&?€)(had significantly higher loss at
this time point. They retained only 32% of theifeictivity as measured using eGFP
florescence detection. At the final 6 month timeénpathe samples stored at the 2 lower
temperatures proved to be very stable. T#@ dnd 25C samples retained 100% and
90% of their original infectivity respectively. Tisamples stored at 45 maintained less
than 1% of their infectivity at this time point. @hrate of decay for the 45 sample as
calculated by an exponential best-fit line withRén= 0.9961 was found to be k = -0.216.
The rate of decay for the@ and 25C samples was not calculated because they had not

lost a significant amount of activity by the 6 miomitne point.
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5.4 Discussion

Measles vaccine spoilage represents a signifiganoblem for large-scale
vaccination campaigns. The WHO estimates that rtieae 50% of all possible vaccine
doses are never delivered due to handling err@poilage [135]. Wastage of measles
vaccine in particular is even more acute. A studyangladesh found that on average
70% of possible measles doses were wasted dueilagp or reconstitution error [133].
Increasing the ability of the measles vaccine tthstand adverse temperature conditions
could greatly reduce these levels of waste.

Stabilization of the live-attenuated measles vazdias been previously studied
[92, 94, 98]. Ohtake et al examined a variety dafijgient combinations for their effect on
measles vaccine stability following a traditionptay drying procedure. They found that
many compounds expected to decrease vaccine loske\ated temperatures such as
surfactants, ions and plasticizers did not haverseficial effect. It was discovered that
the addition of arginine, an amino acid, to theb#itang formulation resulted in a
significant increase in stability after 4 weeks difying. Their best formulation also
included sucrose, potassium phosphate and humamsabumin. Their final drying
condition of 12 weeks at 3Z resulted in an infectivity loss of approximately?
l0g10(TCIDsg). The stability of liquid measles has also beerlisd by Schlehuber et al
[98]. Their best excipient formulation also inclddamino acids (glycine and serine) and
sugars (trehalose and sucrose) in addition to getad agent (tricine) and a few other
compounds. With this formulation they were abldimait activity loss to less than 0.4
logio after 8 hours of incubation at ®7 as measured by an eGFP-MeV assay. This result
corresponded well to the same formulation measusialg a traditional TCIE. After
the same 8 hours of incubation the detected lasg tisis assay was 0.5 lag

Remaining water content after drying has also b&®wn to be important to

measles vaccine stability. Burger et al measuredrémaining water content of the
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measles vaccine following the use of a novel bulojeng procedure [94]. They found
that depending on the excipient formulation andcess conditions the final water
content could range from 0.5% to greater than 1BeyThypothesized that minimizing
the amount of water left in the sample would havbeaeficial effect on long-term
vaccine stability.

Drying under ambient temperature and pressiaia mternative that has not been
well studied. Many vaccine delivery systems sucimasoneedle patches are not well-
suited to compounds dried using spray drying, Iylogrdtion or similar methods. This
study examined the ability of commercially avaigblhuman-approved excipient
compounds to stabilize the measles vaccine afi@ngland subsequent storage. Another
goal of this study was to develop a high throughgagay to aid in the rapid screening of
excipients.

The current method of determining the titer of theasles vaccine is by a 50%
tissue culture infectivity dose (TC#p) assay. This assay is both time-consuming and
uses a large quantity of materials. Each sampleine)jthe use of a single 24-well plate,
with requirements increasing when samples are mufuplicate or triplicate. This assay
has also been shown to have a high level of vditiafiiom test to test. A collaborative
study found that laboratory variability when tegtithe same sample of measles vaccine
was as high as 1 log(TC#p) unit [134]. This range could cause major probldorsa
study attempting to examine vaccine potency measemées at a variety of storage
conditions. This study utilized a measles vaccimeswariant which has been engineered
to express green fluorescent protein during repting96]. This vaccine virus has been
previously using in a high throughput assay forilsinpurposes [98]. That assay utilized
a number of additional steps including chemicalbition of cell fusion post-infection
and computer-aided detection of florescent plagquedtion. That assay measured total
infected cells rather than overall florescence.sT$tudy shows that simple florescence

detection after infection can reliably demonstréite infectivity potential of dried
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samples after reconstitution. Using this assay,agaety of different excipients were
rapidly screened for the presence or absence lfistag activity.

Over the course of the screening experiment, agrasting phenomena was
observed. Excipient formulations which containedhba sugar and an amino acid
demonstrated far superior stabilizing potentiahtk#her of the excipients showed when
tested individually. Many commercial vaccine salus include a compound from each
of these categories but to date there have beestutty which directly showed this
synergistic response. The ability of amino acidsstabilize proteins has been well-
studied [136]. Glycine, for example, has been shtavimcrease the melting temperature
of model proteins such as bovine serum albumin (BSAup to 13C [137]. It has been
hypothesized that the amino acids react indirectigating a preferential hydration state
that allows the protein to maintain a minimum legélwater contact even after drying
[138]. It is also well known that sugars can hawadilizing effect on proteins. Microbes
which can maintain activity after extreme waterslésve been known to increase their
intracellular trehalose concentrations as a copieghanism [139]. The many hydroxide
groups present on this and other sugars have besmdo interact directly with proteins
and lipids, taking the place of water around thdrbghilic domains [128]. This allows
for the maintenance of the native “wet” state ewethe absence of water.

It is possible that the stabilizing effect seethiis study is a result of both of these
phenomena acting in concert. The amino acid insletion may be increasing the
protein’s ability to accept hydration. This allows the sugar molecules to more easily
replace water around the hydrophilic domains as#meple dries. More work needs to be

done to elucidate the exact mechanism of actiothisrinteresting synergistic response.
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55 Conclusion

A method which could stabilize the measles vactongrevent spoilage would be
a major benefit for the global measles eliminatampaign. Vaccine wastage represents
a serious problem, impeding efforts to increaseréfaeh of these campaigns away from
population centers. This work shows that by usinggh-throughput assay, excipients
which stabilize the live-attenuated measles vacaiier drying can be found. The best
formulation, consisting of a mixture of threoninedasucrose, was able to completely
mitigate infectivity loss at % and 258C. It was also able to maintain more than 10%
activity at 48C for more than 8 weeks. These advances could afmwfuture
microneedle patch systems which incorporate measiesine to be more stable at
elevated temperatures, mitigating current cold rcha&quirements. Future work will
attempt to increase stability even further towaadgoal of removing measles vaccine

from the cold chain completely.
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CHAPTER 6 Measles vaccination of non-human primates using a

microneedle patch

6.1 Introduction

In the past decade, substantial progress has bete in the fight against
measles. Since the year 2000, deaths from meaales decreased by more than 82%.
They have fallen from more than 850,000 to an es®oh 158,000. This sustained
decrease in mortality is due in large part to thailability of a safe, cheap and effective
vaccine. The live-attenuated measles vaccine gastt$0.10 to produce and has efficacy
rates approaching 90% when two doses are giver].[A3ilan to implement high levels
of two-dose coverage in the WHO Region of the Aoz led to the elimination of
measles in 2002 [117]. By 2012, 4 of the 5 rem@gnHO regions had set a goal for
measles elimination by, or before 2020. Unfortulyat¢he drive towards measles
elimination has stalled in recent years. This isnprily due to the highly infectious
nature of measles. It is estimated that coveratgs ria excess of 95% are required to
interrupt viral transmission [4]. Increasing glolmaéasles vaccine coverage is the only
way to continue current reductions in measles naitsband mortality.

In 2012, the research priorities for global mesgsientrol and eradication were
published and these included improved vaccine eéslivmethods [140]. In resource
limited settings, the traditional vaccine delivemyethods have can pose significant
logistical drawbacks. Currently, the measles coimtgi vaccine must be administered by
hypodermic injection. This necessitates the needrfoned personnel to deliver each
dose of vaccine. Compared to using minimally trdinelunteers, this requirement

significantly increases the cost of a mass vacdnatampaign while simultaneously
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decreasing its scope. Door to door vaccinationg;hware used for the oral polio vaccine,
are simply not conducive to injectable vaccines.

Needle and syringe delivery also creates saferarda for both the vaccinator
and patient. Sharps and other medical waste mugirtygerly disposed of to avoid
disease transmission or needle reuse. Even smatinadion campaigns can generate
significant amounts of medical waste [102]. Tramsmnd storage of this byproduct
constitutes a significant portion of the overalstof large public health projects such as
measles elimination.

Finally, the lyophilized measles vaccine is tyfliicpackaged in multi-dose vials
which must be kept in the cold chain, reconstitytedr to use, and discarded within 6
hours after reconstitution. Errors in reconstitntaf the vaccine, as well as the need for
refrigerated storage can lead to significant vezaiastage [95]. A technology which
could mitigate the need for the cold chain haspbiential to drastically lower the cost
and complexity of mass delivery of the measles w&cc

An innovative delivery method which could alle@amany of the problems
associated with syringe injection is the micronegghtch. Microneedle patch systems
have the potential to substantially improve vacaledvery. Microneedles are micron-
scale (<1000 pm), solid or dissolving needles domtg a dry formulation of vaccine
that rapidly dissolves in the skin upon patch aggion [13]. Numerous vaccines and
other biologics have previously been delivered gisiicroneedle systems [15-17, 19, 22,
82, 87, 101, 115, 141]. The simplified applicatiprovided by a microneedle-based
measles vaccine could move trained medical persoanieited resource in developing
countries, into a supervisory role leaving vacdoret to be performed by minimally-
trained personnel. Microneedle patches cause tittieo pain and can adhere to the skin
in a manner as easy as applying a bandage. Mialgmmtches would also be
formulated to deliver a single dose without the chder reconstitution. This limits

vaccine waste associated with errors in recongtitiguch as using expired or incorrect
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reconstitution fluid. Additionally, microneedles ynallow for less stringent cold-chain
requirements, minimizing vaccine spoilage. The omeedle vaccine patch is also
expected to require lower packaging requiremenispewed to the current combination
of lyophilized vaccine, hypodermic needles and mstitution vials. This advancement
would require less storage, transportation, angaodial capacity. These benefits could
greatly enhance current efforts to attain the higbcination coverage needed to achieve
measles elimination goals.

In this study, the live-attenuated measles vaceiag delivered for the first time
using a dissolving microneedle patch in a rhesusamae. This vaccination route was

then compared to the same dose delivered usiragigidnal needle and syringe.

6.2 Materials and methods

6.2.1 Preparation of live-attenuated measles vaccine

The Edmonston-Zagreb measles vaccine strain wa@srad from the collection

at the Centers for Disease Control and Prevenliba.viral stock was then propagated in

Vero cells to increase the titer as previously dbsd [122].

6.2.2 Microneedle fabrication

6.2.2.1Creation of microneedle mold

Molds consisting of a 10 x 10 array of 300 x 3006@0 pM pyramidal
microneedles with a tip-to-tip spacing of 640 yuMrevéabricated as previously described

[142, 143].
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6.2.2.2Measles vaccine filling

Measles vaccine solution at a titer of 1.0 ¥ %&s added in a 1:1 ratio to a
solution consisting of 15% w/v sucrose (Sigma-Addri St. Louis, MO), 300mM
threonine (Sigma-Aldrich) and 2% wi/v carboxymetlgllulose (Sigma-Aldrich). This
solution was mixed and applied to the microneedkdnThe solution was spread using a
pipet tip to ensure the entire mold surface waspel. This mold was then placed on
custom-made vacuum system and suction was pulted the bottom of the mold at a
pressure of approximately -3.59 kPa for 20 minufégse mold was removed from the
vacuum system and allowed to dry for 40 minutesthAs time any vaccine solution

remaining on the surface of the mold was removethpg stripping.

6.2.2.3Polymer matrix filling

To create the matrix for the dissolving patcheg &f sucrose (Sigma-Aldrich)
and 8 g of poly-vinyl alcohol (Sigma-Aldrich) wasxed into 15 mL of DI-HO. This
solution was then heated at 60°C for 3 hours. Dhatisn was allowed to cool overnight
at 25°C. The PVA/sucrose matrix material was spreada thin layer over the
microneedle mold using a spatula. Care was takemsare that the entire mold surface
was covered. The molds were placed back into tleeuwra system and suction was
applied at a pressure of -3.59 kPa for 60 minuths.molds were then allowed to dry for
48 hours at 25°C in a fume hood. To remove the leepdtiches, a circle of dextrin
(Sigma-Aldrich) was coated with double-sided talga¢Tac, Stow, OH) and applied to
the back of the mold. This disc was gently peelgdyafrom the PDMS mold, taking care
to prevent damage to the needles. The completedongedle patches were then

lyophilized for 24 hours to strengthen the needlad remove any remaining water.
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Patches were stored in a sealed pouch with cotbcating desiccant (Drierite, Xenia,

OH) and protected from light until insertion.

6.2.3 Immunization studies

The immune response to microneedle delivery ofshesavaccine was testing in
rhesus macaqueMécaca mulatta). The animals were divided into groups of 4 monkeys
each as follows: (1) full-dose delivered by subpatas injection and (2) full-dose
delivered by dissolving microneedle patch.

Female, 2 year old rhesus macaques were keptdragine for 4 weeks and
tested for antibodies to measles, influenza, pafid canine distemper virus. One week
before the first vacation, blood was collected frameg vein using Vacutainer tubes (BD,
Franklin Lake, NJ). Animals were anesthetized biymah facility staff using ketamine
during vaccination and blood collection. For thermneedle vaccination group, a section
of hair on the upper back of the animal was remaw&dg electric shears followed by an
application of depilatory cream (Nair, Princetod)N

For the microneedle group, a single dissolvingclpatontaining roughly 3500
TCIDso infectivity units of measles vaccine was pressed the skin at the site of hair
removal. The patch was left on the skin for 10 rtesuo ensure complete dissolution of
the polymer needles. In the groups receiving a#alpeous injection, the stock vaccine
solution was diluted using sterile phosphate-beflesaline so that the target dose was
containing in 500 pL. This solution was then ingetsubcutaneously using a 25-gauge
needle into the back of the animal. The upper baak chosen for all vaccinations to
prevent the animals from scratching the site andiog irritation.

Following vaccination, no adverse effects wereedafter microneedle insertion

or subcutaneous injection. After microneedle patmoval, a small grid of puncture
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sites was faintly visible and some redness exigtiedre the edges of the patch pressed
into the skin. No bleeding was observed for anythef vaccinations. The microneedle
insertion site was examined daily by animal caadf sind no adverse effects were seen.
The grid of puncture sites was no longer visiblé @ays after insertion and no swelling,
discharge or other abnormalities were observedypaint during the study.

Eleven weeks after the initial measles vaccinatidime animals in this study were
subsequently given the inactivated polio and imatéid influenza vaccines. Due to their
inactivated and non-adjuvanted nature we do na¢rethe subsequent vaccinations had
any impact on measured measles antibodly titers.

Once a week approximately 10 mL of blood was remddvom a leg vein on each
animal. Following the completion of the study, alhimals were transferred to other
protocols within the CDC. The protocol for the hgsnacaque study was approved by
the Animal Care and Use Committees of the CDC dmal Georgia Institute of

Technology.

6.2.4 Neutralizing antibody measurements

Measles neutralizing antibody titers were measurech collected sera using
methods previously described [121]. In this stutlyo-fold dilutions of serum were

tested starting at a dilution of 1:4.

6.2.5 IgG and IgM ELISA measurements

A commercially available, indirect enzyme-linkechmunosorbent 1gG assay
(Measles 1gG ELISA 1l, Wampole Laboratories, CramnhuNJ) and an IgM assay

developed at the Centers for Disease Control aeselition (CDC, Atlanta, GA) were
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used for the detection and qualitative determimatiblgG and IgM antibodies to measles
virus in serum specimens. Positive, equivocal, rsgghtive status of sera was determined
using the cut-offs specified by the manufactureseblaon index standard ratio (ISR)
values. Seronegativity was defined as a serum &&ewf<0.90; sera with ISR values
of 0.91-1.09 were considered equivocal and seta MR values 0£1.10 were defined

seropositive.

6.2.6 Stability studies

In order to test the stability of the microneepégches used in this study samples
were stored at multiple temperatures for up to twonths. Dissolving microneedle
patches containing 4.5 log(TC4) infectivity units of measles vaccine were created
using the method described above. The titer in @atth was increased over the patches
used in the immunization experiments to createghériceiling for the eventual detection
of titer loss. After lyophilization, all patches mestored with color-indicating desiccant
in an opaque pouch. The pouches were sealed twing an industrial grade heat sealer
(AIE-300, American International Electric, Inc.,t€iof Industry, CA) to ensure that no
moisture could penetrate the sample. Each sampesteaed in duplicate af@, 22C
and 40C for 1 week, 1 month and 2 months. After the catiph of storage, the sample
pouches were opened and the titer was measured asiRCID;p assay. The color-
indicating desiccant was inspected for each sampfie.evidence of moisture
contamination was present the sample was discard#édinfectivity results were
compared to fresh microneedle patches tested inatedygliafter processing had been

completed.
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6.2.7 Statistics

All statistics for this study were calculated gsiRrism software version 6.02
(Graphpad, La Jolla, CA). Comparisons between iddal samples were done using an
unpaired t-test was a significance cutoff of p<O.@®mparisons between multiple
samples was done using a two-way ANOVA with a Tukmst-test. Averages of
log(TCIDsg) results represent the geometric mean of the smnpll other averages

represent the arithmetic mean of the samples.

6.3 Results

6.3.1 Formulation of microneedles

Figure 15: Dissolving microneedle patch containingneasles vaccine.

The microneedle patch was made predominately of aV\A and sucrose mixture
Each patch contained 100 pyramidal needles’he insert shows a single dissolvir
needle at high magnification.
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The needles used in this study were designed ablersimple skin insertion,
rapid, complete dissolution in the skin and scéitgbto meet the needs of a global
vaccination campaign.

Skin insertion of microneedles is known to dependsharpness of the needle tip
[100]. After removal from the polymer mold, micratie patches were examined under
high magnification (Figure 15). Tip sharpness watenined to be less than 5 pm.

Needle dissolution was tested by inserting fullgd® needles into pig skin and
leaving them for different amounts of time. Typicaedles after 1, 5 and 10 minutes of
insertion are shown in Figure 16. The tips of tkeedie dissolved almost instantly upon
insertion in the skin with the top third of the diegone after only 1 minute. Longer
insertion resulted in dissolution of a majoritytbé needle shaft after 5 minutes while the

remainder of the needle base was gone after 10tesinu
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1000 ym

1000 ym

1000 pm

Figure 16: Microneedle dissolution after insertioninto pig skin.

Dissolving microneedle patches were inserted intoig skin for 0, 1, 5 and 1
minutes. The patches were then removed and examinedl high magnification. After
10 minutes of insertion all needles had completetjissolved.

The needle casting process was designed to belesianpd efficient. The
fabrication process itself utilized a custom vaecsystem which was designed to scale
easily depending on the number of patches requirkd.system is simple and requires
only a vacuum source to make sharp, strong pat&iese vaccine wastage is a major
concern the addition of the vaccine solution anlyrper matrix were split into separate

steps ensure that nearly all of the measles vasemed be concentrated in the needle
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rather than the backing of the patch. This was iooefd by measuring the vaccine
content before and after insertion into the monkeysor to insertion, each patch
contained approximately 3.5 log(TGdf) of live-attenuated measles vaccine. After
removal from the skin the remaining polymer wadegsor measles infectivity. We

found that more than 90% of the dose in the patah @elivered into the animal after a

10 minute application (Figure 17).
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Figure 17: Measles vaccine delivery efficiency usja microneedle patch.
Dissolving microneedle patches containing measlesocine were tested for vire
infectivity using a TCIDsp assay before and after insertion into the skin of ahesus
macaque. The patches were inserted for 10 minuteShe data presents the averag
(N=3)+SD.

6.3.2 Immunogenicity of the microneedle patch

The immune response following dissolving microreegatch delivery of the
measles vaccine was evaluated in a non-human grimatiel. The rhesus macaque is an
extremely well-studied model for measles vaccimastudies [130]. Rhesus macaques

have previously been used to evaluate vaccine irogemcity and have a strong
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correlation to humans with regard to immune respdb8]. In this study, one group of
monkeys (n = 4) received a full human dose (~35@DEg) of the live-attenuated
measles vaccine via a dissolving microneedle patchthe other group (n = 4) served as
a positive control and received the same dose @fina via subcutaneous injection using
a needle and syringe. A third group of rhesus maesqeceived the same dose of
measles vaccine delivered using a metal microngedt®nfirm the results obtained in
the previously conducted cotton rat experiment [1Z&rologic testing during pre-
vaccination quarantine confirmed that the animatk bt have existing neutralizing

antibodies to measles or canine distemper virus.
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Figure 18: Measles neutralizing antibody titers fdbwing vaccination.

Neutralizing titers were obtained from rhesus macaque sera using the methi
described earlier. Samples were tested weeklyhe arrow indicates the date that i
100% dose of monovalent measles vaccine was deleer to all animals
subcutaneously. The netralizing titers between the two groups were nottstistically
different except at day 139. The asterisk (**) repesents a significant differenc
(p<0.005) as measured by ANOVAThe data points represent the average titer (N
4) £ SD.The dashed line represents 200 miU/ml which is geradly recognized as th
minimum titer required for protection.
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Serum samples were obtained weekly and testednfilodies to measles virus.
Neutralizing antibodies were detected at low titeeginning 21 days post vaccination
and increased to a peak on day 28 (Figure 18)tiiifesto peak titer was not significantly
different between the two groups. Peak titers wertesignificantly different between the
two groups indicating a potent immune response frotm the subcutaneous injection
and the microneedle patch. After 133 days all alinwere given a measles boost
consisting of 1000 TCIE of a licensed, monovalent formulation of measlascination
via subcutaneous injection. One week after the hatlsanimals showed an increase in
titer. The average titer following the boost waatistically higher for the subcutaneous
group compared to the microneedle patch group Q®B8). Later time points did not
show this statistical significance between groups the data was confounded by the
application of an MMR shot 1 week after the measldy boost. All animals which
received a measles vaccination using a coated,| meateoneedle displayed neutralizing
titers which followed a similar curve as comparedthe other tested delivery routes.
However, these animals displayed statistically lowieers when compared to the
subcutaneous control on days 28, 42 and 133 fallgwiaccination (Figure 30). All
animals in this group also demonstrated a markease in titer after the boost.

We tested for the presence of systemic IgG usirgpa-specific ELISA. As
expected, serum IgG antibodies were detected iamathals (Figure 19) indicating that
all animals had a robust immune response followiacgcination. A general rise in IgG
titer was detected in both groups which peaked at 21. We did not detect any
correlation between IgG OD values and plaque nkzitrg antibody titers. The
difference in 1gG ELISA OD values in the two vaatied groups were not statistically
significant at any time point.

Serum IgM levels were also detected using a measlecific ELISA (Figure 20).
During the immune response to vaccination, IgM lewgpically precede the appearance

of 1gG [144]. The presence or absence of theséadlis is often used as a first detection
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method to ensure a vaccination has activated timeuime system. Measles specific IgM
was detected for every animal in both groups irtdigageneration of a primary immune
response to measles vaccine. In both groups theBgI8A OD values rose to a peak by

day 14 then quickly receded. All animals had pesitigM levels by 21 days following

vaccination.
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Figure 19: Serum IgG levels as measured by ELISA.
Sera was tested weekly for the first 28 days follang vaccination for the presencef
measles-specific IgG. The bars represent the averag@N = 4) + SD.

Vaccination using dissolving microneedles resulted lower day 14 OD value
when compared to the subcutaneous vaccination githip difference was statistically
significant (p<0.0005). The difference remainedhdigant on day 21 (p<.005) but was
no longer significant on day 28. Measles IgM ELIS® values have not been shown to
correlate with eventual neutralizing titer valuéhile the lower values produced by the
dissolving microneedle group was unexpected itndidresult in lower neutralizing titers

at any point after the vaccination.
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Figure 20: Serum IgM levels as measured by ELISA.

Sera was tested weekly for the first 28 days follang vaccinationfor the presence c
measles-specific IgM.The asterisk (**** or **) represents a significant difference
(p<0.00005 or p<0.005 respectively) as measured B]NOVA. The bars represen
the average (N = 4) £ SD.

6.3.3 Safety

The microneedle patches were well tolerated inaalimals with no adverse
effects seen by the investigators or animal caa#f. $Following removal of the patch,
some mild redness was present around the siteseftion. One week after patch removal
the redness had dissipated and the microneedlgiarssite was indistinguishable from
other shaved portions of the animal (Figure 21)e Vhterinary staff reported no study-
related health problems in the animals and noatrobh or evidence of discomfort was

seen in any animal at the application site.
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Figure 21: Rhesus macaque skin before and after mieneedle patch insertion.

The pictures represent the same area of skin at dé@rent time points before ant
after microneedle patch insertion. A: After hair removal and immediately befort
insertion. B: After insertion of the patch. C: Immediately after patch removal. D: 1

week after patch removal

6.3.4 Microneedle patch stability

Complete microneedle patches containing a higle @dsmeasles vaccine were
stored at multiple temperatures to examine thalsity over time. Previous studies have

shown that the addition of excipients have the mwde to significantly increase the
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ability of the dried measles vaccines to retainvagtover time [92, 122]. This was the
first study to examine the stability of measlesciae which had been encapsulated in
dissolving microneedle patches.

Though there was some variability in the earlyadamicroneedle patches
containing both measles vaccine and stabilizingpssats retained complete infectivity
as measured by TCHafter 2 months of storage at boti€4and 22C (Figure 22). There
was no detected loss in either of the sampleseagitial of the study. The lower infectivity

titers at early time points could be the resulvafiability between microneedles or could
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Figure 22: Stability of measles virus after micronedle creation and storage.
Microneedle patches were created which encapsulatedeasles vaccine. The vacan
was mixed with the stabilizers sucrose and threone) during needle processing i
indicated in Section 6.2.2.2. The patches were saat for the number of days
indicated at 3 different temperatures and then testd for viral inf ectivity using &
TCID 50 assay. Humidity was controlled using a coloimdicating desiccant. The dat
points represent the average (N = 2) + SD. The dasth line representsthe range
between 100% activity and 1 log unit loss of infestity compared to the stating
titer.
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have been caused by the inherent error presenéimCIDso assay.

The infectivity loss at the higher temperature wasre pronounced. The
microneedle patch lost 32% of its infectivity aftee first week of storage. At the end of
2 months the encapsulated vaccine retained, onageerapproximately 10% of its
original potency. The data from this study was carad to the stability results obtained
from the eGFP-MeV assay used in Chapter 5 (Seé&tia3). We found that the average
activity at the elevated temperature condition wmsilar at the 1 month and 2 month
time points for both the eGFP and traditional T€lBssays (Figure 23). As expected, the

standard deviation for the TCépassay was much larger.
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Figure 23: Stability after drying as measured by tvo different assays.

The activity of the measles virus after drying andstorage was measure
independently using multiple assays. For the eGFP-&V test, a small aount of
eGFP measles vaccine was placed on a metal chip airied as indicated in Sectio
5.2.3. This sample was stored at 46 for the time indicated and the fluorescenc
was compared to a liquid sample of eCP-MeV. For the MN patch test, the sample
were created and storecat 40°C as indicated in Section 6.2.6These patches wel
tested for activity using a TCIDso assay and the infectivity was compared to
control MN patch. The bars represent the average (N- 3 or 2 for the eGFPMeV
and MN Patch groups respectively) + SD.
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6.4 Discussion

The current method of delivering the measles veg@ubcutaneous injection, has
a number of logistical drawbacks. These includerdggiirement for trained personnel at
the time of delivery, dangers associated with shaipposal and the inefficiency caused
by vaccine wastage. Any new vaccine delivery methugst also generate a potent
immune response following delivery. Dissolvable mieedle patches have the potential
to mitigate many of these problems and help advdheecurrent measles elimination
goals.

The creation of a dissolving microneedle patch that these requirements was a
significant advancement. A patch that was diffiddtinsert into the skin or did not
deliver a full dose of measles vaccine would beffigent to address the hurdles which
are impeding the measles elimination program. Btesvivork in our lab has shown that
microneedle patches consisting of 100 needles Wksta insert into the skin with as
little as 3 N of force [100]. This is comparablepgoshing a button on an elevator. This
would represent a significant simplification of tleairrent injection-based delivery
method for measles vaccine. Our needles were priwvbe both sharp enough to enable
easy insertion while simultaneously having thergjtie necessary to withstand this force
without fracturing. Our dissolving microneedle gatequires no additional applicator
and we envision a system as simple as applyinglhesive bandage as the final product.
By removing the requirement for trained medicalspenel, microneedles could allow for
door to door measles immunizations. This has thenpial to significantly increase the
scope of mass vaccination campaigns, helping toraplish the goal of greater than 95%
vaccine coverage in the third world.

Dissolvable needles, such as those used in thily shlso eliminate the risk posed
by medical sharps waste. Following insertion, tleedtes on our patch were shown to

completely dissolve in the skin. No needle tipsagrad on the patch after removal. Used
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microneedle patches have no potential for reusghduincreasing the safety of mass
vaccination campaigns. Additionally, the disposihon-sharps medical waste requires
fewer precautions and has a lower cost than theoséd required for used needles. We
imagine the disposal of microneedle patches toilemtgimilar burden as disposing used
bandages.

Vaccine spoilage due to improper handling and &xatpre conditions remains a
significant contributor to campaign costs [95]. Quicroneedle patch represents a new
mechanism for delivering single vaccine doses wheduires no prior modification or
reconstitution. The elimination of the reconstibatibuffer removes a possible source of
handling error which can result in wasted vaccifbe simplification provided by a
single contained dosing system would also lowerspart and storage costs, which also
has the potential to expand the scope of massnatamn efforts. Our work has shown
that encapsulation of the measles vaccine in aomédle patch can result in lowered
loss at elevated temperatures. Current measlesineastandards require that after
reconstitution all doses must be delivered in 6r&ida minimize spoilage. Our patches
maintained complete infectivity in both refrigert@nd ambient conditions for 2 months.
Additionally, at elevated temperatures we found tha patch could last for 2 months
before losing 1 log(TCIB) unit of infectivity. Other studies involving mooemplicated
drying methods showed similar results after stogelevated temperatures [92]. While
the loss in potency at elevated temperatures wpsfisant it still represented a major
improvement from our previous work. That study shdwhat dried vaccine stored at
37°C lost more than 2.5 log units after only a morit?]. This advancement could allow
for the possibility of short-term removal of measieaccine patches from the cold chain
during delivery. This would be hugely beneficial @accine campaigns moved from
major population centers into less developed regidinis would represent a major step

towards a safer, cheaper, more effective vaccitieetg system.
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We also showed that our microneedle patch wastefieand generated a potent
immune response after insertion. This responseasssssed in rhesus macaques, a well-
established, non-human primate model for measf@s Fsevious studies in our lab found
that measles delivered using a microneedle was mogenic and non-inferior to syringe
delivery in the cotton rat model [122]. Howevercrmoneedle vaccination has never been
assessed in a non-human primate model. Rhesus vescacg a well-studied model for
measles and produce a robust, easily quantifieduimenmesponse to both wild-type and
live-attenuated virus [130]. For this study, slighthore than a full human dose (~3000
TCIDso) of measles virus was delivered either subcutasigoar into the skin using a
microneedle patch. Both groups had neutralizingoady levels that were significantly
higher than the 200 mUI/ml level that is generalgarded as the minimum titer need for
protection. The antibody titers were not statisiyodifferent between the two vaccination
groups. Titers decreased slightly over time, bumamed well above the threshold of
protection for over 4 months following a single emation. We also tested for systemic
serum IgG and IgM levels using an ELISA. Though Ig\D levels were found to be
statistically lower in the microneedle group th&sers have not been shown to correlate
with eventual neutralizing antibody levels. We ditbw that all animals had a positive
IgM response by day 21 which is an important ihiti@rker of vaccine efficacy. IgG OD
levels were not found to be significantly differdrgtween the groups and all animals had
a potent response following vaccination. Thereforg, microneedles have the ability to
insert into the skin and dissolve, allowing theeasled vaccine to reconstitutevivo and

subsequently generate a robust immune response.
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6.5 Conclusion

This study examined for the first time the immuesponse in rhesus macaques to
measles vaccine delivered using a novel micronepdteh created using a safe, bio-
absorbable polymeric compound. These needles \merersto be sharp, strong and able
to successfully penetrate the skin to deliver andded dose of measles vaccine. In
addition, the process used to fabricate these eatishsimple, and scalable to the extent
required by global measles elimination efforts.sTwiork shows that microneedles are a
suitable carrier for the measles vaccine and reptes solution to many of the problems
that currently face measles mass vaccination pnagiraVe believe measles vaccine
delivery using microneedle patches has the polentiagreatly aid the measles
elimination campaign in its goal to significantlxpand global vaccination coverage

rates.
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CHAPTER 7 Inactivated polio vaccination using a dissolving

microneedle patch in the rhesus macaque

7.1 Introduction

Due in large part to the efforts of the WHO aneé tBlobal Polio Eradication
campaign, worldwide confirmed polio cases have hredctheir lowest level in history
[5]. The current target for the total eradicatidritee disease is fast approaching [145]. In
the quest to reach this outcome, significant fim@nesources in conjunction with an
extremely effective vaccine are crucial. Poliomyglis caused from an infection by one
of 3 serotypes of poliovirus. Each serotype comstailfferent capsid proteins which
dictate cellular receptor specificity and viraligenicity [146]. Since protection from one
strain does not protect against the others, mosb paccines contain antigens for all
three serotypes to confer complete protection flloendisease. Of the two vaccine types,
the oral polio vaccine (OPV) is the easiest towd|i extremely inexpensive to produce
and has a high immunological efficacy [107]. Undordtely, due to its nature as a live-
attenuated vaccine, OPV carries with it an abtlityevert back to its virulent, wild-type
form which can result in the transmission of vaeetterived polio viruses [108]. The
WHO has recommended that as polio eradication pssgss, countries should begin to
transition from OPV to the inactivated polio vaexiiPV) [110]. The inactivated polio
vaccine does not have any risk of reversion, makimgore suitable to a world without
poliomyelitis. IPV is currently delivered using gasdard needle and syringe injection
which presents many problems in a mass vaccinaatting. Intramuscular injections

require trained personnel to ensure proper vaabétigery, vaccine spoilage can lead to
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significant product wastage and the disposal oficadharps constitutes a significant
burden for large-scale campaigns.

The requirement for trained personnel to deli\RY is a significant barrier to its
wide use in third-world campaign settings. The dmodoor delivery of OPV is a major
factor in the resulting high vaccination rates [[L4Alternative delivery methods which
could simplify vaccine administration have the i to significantly decrease the cost
of adapting IPV to the existing OPV framework. Alghally, IPV is traditionally
delivered using multidose vials. The number of Uindeed doses which are wasted
varies significantly from campaign to campaign arah result in the wastage of a
nontrivial portion of the potential vaccine stock48]. Mitigating this wastage would
allow for a higher percentage of the purchasedimado make it into patients. Finally,
transport, storage and eventually disposal of #multing medical waste presents a
problem for large-scale vaccination campaigns [@3{is burden is in addition to the
increased risk of needle reuse and misuse creatatklbvery using syringe injection.
Removing the risk of sharps and lessening the luodemedical waste disposal from
delivery of IPV would be a major benefit to the lagd polio eradication campaign. A
promising technology with the ability to achievegeted skin delivery is the microneedle
patch.

Microneedles are small, micron-scale needles wpaetrate the skin and have
the potential to deliver biologics to the upperdesyof the skin in a targeted manner [12].
Microneedles have previously been used to deliveher vaccines such as measles,
influenza and BCG [111, 115, 122]. Delivery to skihthese vaccines has resulted in
either equivalent or enhanced immune response wbempared to delivery using a
traditional needle and syringe. Microneedle pat@dresalso simple to insert and require
minimal training to achieve a successful delivefjis would remove the burden of
trained delivery and allow for a better allocati@h scarce personnel resources.

Microneedle patches can also be fabricated outi@ftisorbable polymers [2]. After
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insertion into the skin, the needles are removedgwith the vaccine leaving a patch

without the risk posed by contaminated sharps. Thiduces the risk to both the

vaccinator and patient. Additionally, the patchas then be simply disposed in a manner
similar to used bandage. Finally, microneedle pagcliould require a lower cost to ship

and store as a result of their small size and rated design. Microneedle patches could
be designed to contain a single dose of IPV in mpaxt package that required no

secondary support materials. Rather than transgprtieedles, syringes and vials

independently, a single microneedle patch couldrimarate everything needed to deliver
the vaccine.

This study, for the first time, examines the immuwasponse to delivery of IPV in
the skin using a microneedle patch. Dissolving amieedle patches containing a full
human dose (40, 8, 32 D-antigen units of IPV typ2 &nd 3 respectively) were inserted
into the skin rhesus macaques. This delivery systas compared to the same dose of

IPV delivered using an intramuscular injectionigiilg a standard needle and syringe.

7.2 Materials and methods

7.2.1 Concentration of inactivated polio vaccine

Unformulated, monovalent, bulk inactivated poliaceine was kindly provided
by GlaxoSmithKline Biologicals (Rixensart, Belgiunfhe starting antigen concentration
was measured to be 2023, 831, 1081 D-antigen ahlV type 1, 2 and 3 respectively.
Concentration of the bulk IPV was done using Amitbtra centrifuge spin filters with a
100kDa molecular weight cutoff (Merck, Whitehousat®n, NJ). The stock IPV was
concentrated approximately 38x by volume and tmalfiantigen concentration was
measured to be 56,300, 39,500, and 52,300 D-amtigerfor type 1, 2 and 3

respectively. All D-antigen values were determibgdELISA.
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7.2.2 Microneedle fabrication

7.2.2.1nactivated polio vaccine filling

Molds consisting of a 10 x 10 array of 300 x 3006@0 pM pyramidal
microneedles with a tip-to-tip spacing of 640 yuMreveabricated as previously described
[142, 143]. Polio vaccine solution was concentratesl described above. This
concentrated stock was added in a 1:1 ratio tdwisn consisting of 15% w/v sucrose
(Sigma-Aldrich, St. Louis, MO) and 300 mM threoni(®&gma-Aldrich). This solution
was mixed and applied to the microneedle mold. Sdietion was evenly spread over the
entire mold surface using a pipet tip. This moldswhen placed in a custom-made
vacuum system and suction was pulled through th®moof the mold at a pressure of
approximately -3.59 kPa for 20 minutes. The mold weamoved from the vacuum system
and allowed to dry in a fume hood for 60 minutedhésive tape (Sigma-Aldrich) was
applied to the dried mold. This tape was then duigleeled away to remove any

remaining vaccine solution present on the mold.

7.2.2.2Polymer matrix filling

The backing matrix for the dissolving microneedhess composed of a 40 wt%
solution of fish gelatin (Sigma-Aldrich) and 15 wtacrose (Sigma-Aldrich) in DI-4®.
The fish gelatin solution was mixed for 1 hour & Q@ before use. The backing matrix
material was spread using a spatula over the tajppead microneedle mold. The molds
were placed back into the vacuum system and suctiam applied at a pressure of

approximately -3.59 kPa for 90 minutes. The moldgenthen allowed to dry for 48
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hours at 25°C in a fume hood. To remove the negallehes a circle of dextrin (Sigma-
Aldrich) was coated with double-sided tape (MacTatow, OH) and applied to the back
of the mold. This disc was gently peeled away fritv®@ mold taking care to prevent
damage to the needles. Patches were stored ihtepligtected, sealed pouch with color-

indicating desiccant (Drierite, Xenia, OH) untisertion.

7.2.3 Immunization studies

The immune response to microneedle delivery oftimated polio vaccine was
tested in the rhesus macaqia¢aca mulatta). The animals were divided into groups of
4 monkeys each as follows: (1) full-dose delivebsdintramuscular injection and (2)
full-dose delivered by microneedle patch.

Female, 2 year old rhesus macaques were keptdragine for 4 weeks and
tested for antibodies to measles, influenza, amidneadistemper virus. In order to
determine that the animal had no previous expasupslio, blood was collected from a
leg vein using Vacutainer tubes and analyzed byuyaamicro-neutralization (BD,
Franklin Lake, NJ). Animals were anesthetized biymaih facility staff using ketamine
during vaccination and blood collection. For thermmneedle vaccination group, a section
of hair on the upper back of the animal was remawgdg electric shears followed by an
application of depilatory cream (Nair, Princetod)N

After characterizing the dose in each patch, 4 owatent dissolving patches (2
IPV type 1 patches and 1 patch of type 2 and typsoBtaining a total of 47.4, 8.2, 38.2
D-antigen units of IPV type 1, 2 and 3 respectiveBre pressed into the back, between
the shoulder blades, of the each animal. Thisveite chosen to prevent the animals from
scratching the site and causing irritation. Thelpag were left on the skin for 15 minutes

to ensure complete dissolution of the polymer re=edin the groups receiving an
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intramuscular injection, the un-concentrated GSi€lstsolution was diluted using sterile
phosphate-buffered saline so that the target d&&e8(and 32 D-antigen units of type 1,
2 and 3 respectively) was contained in 500 pL. intramuscular injection was delivered
in a single trivalent preparation using a 25-gangedle into the thigh muscle of the
animal.

Eight weeks after the initial vaccination all amisiwere given a"2 dose of IPV.
The booster dose was delivered using the same mmsitthe initial vaccination and
consisted of the same dose of IPV.

Once a week approximately 10 mL of blood was rezddvom a leg vein on each
animal. Following the completion of the study allimals were transferred to other
protocols within the CDC. The protocol for the rhgsnacaque study was approved by
the Animal Care and Use Committees of the Center®isease Control and Prevention

and the Georgia Institute of Technology.

7.2.4 Neutralizing antibody measurements

Neutralizing antibody titers to poliomyelitis weneeasured from collected sera
using methods previously described [149]. In thiglg, two-fold dilutions of serum were

tested starting at a dilution of 1:4.

7.2.5 Enzyme-link immunosorbant assay

Antibody-capture ELISA was used for the detectmnD-antigen poliovirus.
Poliovirus-specific monoclonal antibodies (mAb) wersed as both capture and detection
antibodies. Type 1 (NBP1-05101, Novus Biologic&s, Louis, MO) type 2 (HYB294-
06, Thermo Fisher Scientific, Waltham, MA), or tyBe(HYB300-05, Thermo Fisher
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Scientific) specific antibodies were diluted in B\ carbonate-bicarbonate buffer, pH
9.6. Type 1, 2 and non-D-antigen type 3 capture m#&pe diluted 1:1000. For the D-
antigen specific type 3 ELISA the capture antiba@y¥B300-06, Thermo Fisher
Scientific) was diluted 1:500. Fifty microliters aliluted antibody was dispensed into
Immulon 2HB high-binding 96-well plates (NUNC, Ind?enfield, NY) which were
incubated for a minimum of 16 hours or up to 7 day<€°C in a moist chamber. The
antibody-coated plates were washed four times shviuffer (0.01 M PBS, pH 7.2 with
0.05% Tween 20), followed by blocking with 100 |flddlution buffer (0.01 M PBS, pH
7.2 with 0.5% gelatin and 0.25% Tween 20) for 6@ ati 37°C in a humid chamber. The
plates were then washed four times with wash buafifer 50 pl of was added to each well
of the antibody-coated plates and incubated fom@0at 37°C in a moist chamber. For
detection, horseradish peroxidase labelled (HRRipys type-specific monoclonal
antibodies were prepared with a Lightning Link Gaygtion kit (HRP, 1 x 100 pg
reaction) (Novus Biologicals). All HRP-conjugatedtiaodies were diluted at 1:1000 in
dilution buffer. The plates were washed four timesvash buffer and 50 pl of diluted
serotype-specific HRP-labelled mAb was added td eaell. The plates were incubated
for 60 minutes at 37°C in a moist chamber, wasloed fimes with wash buffer, and 50
pl of SureBlue Reserve TMB Microwell Peroxidase Stdie (1-Component) (KPL,
Gaithersburg, MD) was added to each well. The platere incubated at room
temperature for 15 minutes and the reaction waggpsth by addition of 50 pl of TMB
BlueSTOP Solution (KPL). Plates were then evalliate a plate spectrophotometer at a

wavelength of 620 nm.

7.2.6 Statistics
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All statistics for this study were calculated uygiRrism software version 6.02
(Graphpad, La Jolla, CA). Comparisons between iddal samples were done using an
unpaired t-test was a significance cutoff of p<O0.@®mparisons between multiple

samples was done using a two-way ANOVA with a Tupegt-test.

7.3 Results

7.3.1 Microneedle patch testing

The patches created during the course of this/siigile designed to be simple to
manufacturer, easy to insert and able to contafnlladose of the inactivated polio
vaccine. Using a vacuum filling system, dissolvingroneedle patches were molded out
of a fish gelatin and sucrose solution. The resglpatches contained a 10 x 10 array of
pyramidal needles which were approximately 650 pomheight (Figure 24). These
patches were first tested to ensure they possésgbdhe strength to successfully insert
into the skin and the correct dose of inactivatetiopvaccine. Needle strength was
assessed by inserting fully-made patches into kilg ahd examining the ability of the
needles to pierce the skin. This method has beeviqusly used to test needle strength
[24]. Upon insertion into the skin, small holes areated in the stratum corneum. These
holes can be detected with the application of a d§ieroneedle patches were inserted
into pig skin for 15 minutes and then examined wurdagnification. After staining, an
insertion success rate of 100% was calculated hyntorgy the detected holes and
comparing it to the 100 needles on the micronepdteh (Figure 25). Subsequent testing
was done to ensure that the needle fully dissobféel insertion. After 15 minutes of
insertion into pig skin the vast majority of botietneedle shaft and needle base were

dissolved (Figure 27). This test confirmed that thieroneedle patches created for this
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study were both strong enough to pierce the skisctrand also rapidly dissolved after

insertion.

Figure 24: Microneedle patch containing IPV at highmagnification.

Dissolving microneedle patches were created out dish gelatin using a vacuum
filling process. The needles were approximately 650m in height. A 10 x 10 array is
shown. The insert shows a single needle from thisray at high magnification.
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Figure 25: Pig skin after microneedle patch insertn and staining.
A single microneedle patch was inserted into excidend shaved pig skin. The patc
was removed after 15 minutes of insertion. The skimvas then stained to show tt

puncture sites.
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The needles were then assayed for their IPV conisimg a serotype-specific
ELISA. Initial testing found that each monovaleatgh contained an average of 23.7, 8.7
and 38.2 D-antigen units of IPV type 1, 2 and peesively. After the completion of the
study it was found that the antibody in the ELIS#ed to measure the dose of IPV type 3
was not specific for the D-antigen conformationtioé antigen. Testing was done to
compare type 3 patches on both the old and a neM/Akhich utilized a D-antigen
specific antibody. It was found that the deliverBdantigen dose for type 3 was

approximately 66% lower than expected (p<0.05) {Féd26).

IPV Type 3 ELISA
40- : . :
30- T
c
[}]
jo)
£ 20-
©
(]
10-
0 .
v~
&
>
&
ot

Figure 26: IPV 3 dose tested with multiple ELISAs.

The D-antigen amount loaded into multiple micronedle patches was assayed usi
two different ELISA tests. The original ELISA utili zed an antibody that was nc
specific for the D-antigen region of IPV type 3 while the new ELISA usd a different
ELISA that had this specificity. The results show lhat after needle creation, muc
less of the IPV type 3 retains the antigen conformation than originally estimated
Each bar represents the average (N = 3) of individilly tested patches. The asteris
(*) denotes a significant difference (p<0.05) as rasured by an un-paired t-test.
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Figure 27: Microneedle patch before and after inseron into pig skin.

Microneedle patches were created and then insertadto pig skin to determine the
dissolution time. From top to bottom, this figure iows miaoneedles at higl
magnification 0, 1, 5 and 15 minutes after insertio and removal.
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7.3.2 Immunization Study

The rhesus macaque was chosen for this study $ecaias historically been
used to test inactivated polio vaccine efficacy andal potency [150]. Prior to
vaccination, each animal was tested for pre-exjstieutralizing antibodies to each polio
serotype. For this study two groups were used.fifsiegroup (n = 4) received at least a
full human dose of IPV type 1 and 2 (47.4, 8.7 Digem units) delivered using a
dissolving microneedle patch. These animals onbeived approximately 13.06 D-
antigen units of type 3 as a result of incorredtiah ELISA information. The second
group (n = 4) received a full human dose delivargchmuscularly using a needle and
syringe. The animals were bled weekly and the seeae tested for neutralizing
antibodies using the gold-standard micro-neutrabnaassay [151]. For polio serotype 1,
75% of the animals which received a dissolving Ipdtad a positive titer>(3.0 log
units) by 8 weeks after vaccination while the IMention group displayed 50%
seropositivity. The average titer for the dissofvimicroneedle and IM injection groups
at this time point was 3.9 and 4.3 respectively. aklimals exhibited higher antibody
titers to a single dose of IPV type 2 when comparedhe other IPV serotypes. The
enhanced immunogenicity of IPV type 2 after a €ngblio immunization has also been
seen in vaccination studies done in children [152)c type 2, the seropositivity at 8
weeks was 100% for both groups while the averagg tWwas 5.5 and 6.3 for the
microneedle and IM groups respectively. The immagi response to IPV type 3 was
the weakest amongst the three serotypes. No animalther group were seropositive at

the 8 week time point.
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The low titers observed at 8 weeks post-vaccinatay IPV type 1 and type 3
necessitated the need for a second vaccine dobeerdd 8 weeks after the initial
vaccination. The booster dose also produced norselvevents. Following the second
dose, almost all of the animals exhibited a primiegponse. The average ddger for
IPV 1 peaked at 10.1 and 11.4 for the dissolvingdie and intramuscular injection
groups respectively. The average titer for IPV 2keel at 11.9 and 12.8 for the two
groups. The neutralizing antibody responses wetesigaificantly different between the
two groups for IPV type 1 or 2 (p > 0.05). In adult the average titer on each day was
statistically similar for each group (p > 0.05).i§ ndicates that the immune response to
IPV type 1 and type 2 was indistinguishable whemgaring microneedle delivery to an
intramuscular injection. This was not the caselRY type 3. Following the boost, the
average titer for the intramuscular injection pehke 9.3 while the peak titer for the
dissolving needle group was 3.7. The average tibmtsveen the two groups were
statistically different over time (p<0.005). Thigerior response could be due to the low
dose delivered for type 3 which was detected #ifiercompletion of the study using a D-
antigen specific type 3 ELISA. Animals were alsocaiaated using coated, metal
microneedle patches. The response to this delikate proceeded comparably to the
other two groups. The neutralization titers weedistically lower when compared to the
subcutaneous control at a number of time pointsr dfte boost for all IPV serotypes
(Figure 31). The final IPV type 3 seropositivitystdts were also lower in the metal
microneedle group.

At the conclusion of the study, the seropositiviates were 100%, 100%, 25% for
the dissolving microneedle patch group and 100%%d,07/5% for the group receiving an

IM injection for types 1, 2, and 3 poliovirus respeely (Figure 28).
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Figure 28: Neutralizing titers to IPV following vaccination.

Sera was taken from rhesus macaques weekly follovgrvaccination. Neutralizing
titers were determined using a serotype-specific @jue microneutralization
assay. We detected no significant difference in &t between the groups for 1P\
type 1 or 2. There was a difference between the gips for IPV type 3. Each dat:
point represents the aerage (N = 4) + SD. The asterisk (****) representsa
significant difference (p<0.00005) as measured byNOVA. Seropositivity was
defined as a titer greater than or equal to 3.0 lag
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7.3.3 Safety

Following either vaccination, no adverse effectsravnoted after microneedle
insertion or intramuscular injection. After remowal the microneedle patches a small
grid of puncture sites was faintly visible and miinedness existed where the edges of the
patch pressed into the skin (Figure 29). The gfidumcture sites was no longer visible
2-3 days after insertion. No bleeding was obserfegdany of the vaccinations. The
vaccination sites were examined daily by animaé cdaff and no study-related adverse
effects were seen. No swelling, discharge, irotabor other abnormalities were observed

at any point during the study.

Figure 29: Rhesus macaque skin during and after mioneedle patch insertion.

A 10 x 10 array of dissolving microneedles were iested in the skin of the rhesu
macaque between the shoulder blades after hair rermal. These patches we!
removed after 15 minutes of insertion. The left imge shows the pate in the skin. A
grid can be seen where the needles have puncturdaetskin. The right image is th
same area of skin immediately after patch removalA faint grid can be seen whicl
dissipated after 2-3 days.
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7.4 Discussion

The WHO has recommended that member countries Hegnsitioning to the
inactivated version of them polio vaccine as eratiber progresses due to in large part
because this vaccine has no danger of reverting wrulent form. IPV is currently
delivered using a needle and syringe which intredua number of drawbacks when
compared to the oral delivery route utilized by OFSgringe injection requires the
presence of trained personnel and increases thefrdisease transmission due to needle
reuse. The transition to IPV would be greatly aidgcan improved method of delivering
the inactivated polio vaccine [153].

We have created a microneedle patch using a mdbas is simple, repeatable
and importantly, scalable to the demands requinedhb polio eradication campaign.
These patches can be inserted into the skin wittlwituse of a secondary applicator,
simplifying administration. Microneedle patches Wbalso likely not require medically
trained personnel to ensure proper insertion. Thange would shift the vaccination
scheme towards the more efficient method curreaslyd with the oral polio vaccine.
Dissolving microneedles in particular have the pbé& to eliminate the risk of sharps
contamination since the needles no longer remaithenpatch after insertion into the
skin. Finally, a single-dose packaging system caiddrease both shipping costs and
medical waste, which are significant factors ingéascale vaccination campaigns. Our
patches were tested in pig skin and found to eass#grt with near-complete needle
dissolution within 15 minutes. These are importquélifications for a delivery device
intended to overcome many of the hurdles poseti®ypcoming transition from OPV to
IPV.

The microneedles patches were then inserted h@cskin of a rhesus macaque
and delivered at least a full human dose of inatéig polio vaccine types 1 and 2. The

vaccine remained immunologically active and indueegotent neutralizing antibody
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response after two doses. The serologic resporigd/ttype 1 and type 2 delivered using
a microneedle patch was statistically indistingalsk from a similar dose delivered

using a traditional needle and syringe. The pasitesponse to IPV type 2 is especially
important. The final stage of polio eradicationl€dbr the administration of a bivalent

oral vaccine protecting against polio type 1 anwiitB a supplementary dose of IPV type
2 [110]. It is expected that this delivery schedul# continue throughout the final years

of the eradication [154].

The immune response to IPV type 3 proved to beriof when microneedle
delivery was compared to an intramuscular injectiime D-antigen component of polio
is thought to be the primary immunogenic regionhaf virus [155]. We hypothesize that
this region of IPV type 3 was damaged during theation of the microneedle patches.
When comparing the results of our original typel33A to an improved type 3 ELISA
based on a D-antigen specific antibody, testingvglbthat the delivered dose of IPV
was much lower than predicted. We believe this thagprimary factor which contributed
to the lowered immune response. Further testing) val done to improve the needle
creation process with the goal of minimizing antigdoss for IPV type 3.

One alternative method that has been previousd ts deliver IPV into the skin
is the liquid jet injector [156]. Jet injectors atevices which propel a liquid formulation
of the vaccine at speeds high enough to penetrateis cornea, depositing their payload
in the dermal or subcutaneous layers of the ski®][1While suited to deliver many
doses in rapid succession, care must be takenewempr disease transmission due to
nozzle contamination [120]. This problem has bemgdly solved through the use of
disposal parts, though this would require a frgglieator for each patient adding weight
to both the initial shipment and eventual medicakte elimination. These devices are
also not ideal for delivering vaccines in a doodémr setting, limiting the potential reach
of large-scale vaccination campaigns. We beliea¢ ticroneedles have the potential to

safely and effectively deliver IPV into the skinthout these associated drawbacks.
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7.5 Conclusion

Dissolvable microneedle patches represent a ggnif advance over traditional
delivery of the inactivated polio vaccine. They anmmple to administer, contain no risk
of sharps and their small size has the potentiaédoice the cost of vaccine storage and
transport. This study showed that this alternateévery method can induce a potent
immunogenic response to skin delivery of IPV. Marerk needs to be done to optimize
this new delivery platform. Future studies integpgtall three serotypes into a single
patch and work towards a Phase | clinical trial@rgoing. As the endgame nears for the
global campaign to eliminate poliomyelitis, micredées represent a possible solution to

many of the final hurdles.
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CHAPTER 8 CONCLUSIONS

Microneedles have been shown to be an effectivevedg vehicle for
administration of the live-attenuated and inactdatpolio vaccines. This project
encompassed the development of microneedle pafohermeasles and polio vaccines
from concept to a preclinical, non-human primatedgt A summary of the relevant

advances from each study are detailed below:

8.1 Measles Vaccination in Cotton Rats using a Micronele Patch

The goal of this study was to adapt the live-attéed measles vaccine into
currently existing metal microneedle patch techggloNe have shown that the measles
vaccine can be dried and stored for short timeogsriwith acceptable levels of activity
loss. This loss can be minimized with the addit@instabilizing excipients. We also
showed that after delivery to the skin, microneggieduce a neutralizing antibody titer
statistically equivalent to delivery using a stamdaubcutaneous injection. Specific
advances are as follows:

* The live-attenuated measles vaccine rapidly losésity after drying. More than

1.0 log(TCIDso) units of infectivity loss was seen after 24 hours

» Infectivity loss can be mitigated by the additiohexcipient compounds. While
fish gelatin and malto-dextrin had minimal effect stability, the sugar trehalose
proved to be highly efficacious.

* A combination of trehalose and protection from hditgi resulted in a

formulation that was stable for 30 days at@5
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» This formulation was less stable at elevated teatpegs. A loss of more than 2.0
log(TCIDsg) units was seen after 1 month of storage &C37

* Microneedle delivery of measles vaccine was shawipet equivalent to the same
dose delivered using a subcutaneous injection. Reakalizing titers for the full
dose of vaccine were 6.4 and 6.2 lagits for the microneedle and injection
groups respectively.

* No dose sparing was seen after delivery of the leeamccine to the skin. The
titers for a 20% dose delivered using microneediea subcutaneous injection
were equivalent. Peak titers for the 20% dose \Beteand 4.6 logunits for the

microneedle and injection groups respectively.

8.2  Discovering Stabilizing Excipients for the Measle¥accine using a High-

throughput eGFP assay

The goal of this study was to develop an assaychvizould rapidly screen
excipients for their ability to stabilize the liatenuated measles vaccine after drying and
storage. We found the eGFP-MeV could be used i6-aél plate assay to quickly and
simply measure the activity of measles vaccine afierage at a variety of temperatures.
This assay allowed us to screen a large numbexappients for their ability to stabilize
the measles vaccine virus after drying. The resilthis study are summarized below:

» Measles vaccine virus encoding green fluorescestepr was used to develop an
assay to rapidly assess viral infectivity. This néfigantly increased the
throughput of infectivity testing over the standa@IDso assay.

* This assay was able to measure the infectivityGof&arate samples of measles

virus in less than 5 minutes and after only 3 d&fyiscubation.
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* This assay was used to test the stabilizing agtioft more than 40 common
commercial excipients.

* It was determined that a combination of an aminad sand a sugar had
significantly higher stabilizing activity than eehcompound individually.

* The best formulation was determined to be a contibimeof the amino acid
threonine and the sugar sucrose.

* This formulation maintained nearly complete measlascine activity after 6
months of storage af@ or 25C.

» Activity loss was greater after storage at@5The virus maintained at least 10%
of its initial activity until the 12 week time pdirAfter 6 months the activity level

was detected to be <1% of a control sample.

8.3  Measles Vaccination of Non-human Primates using a idroneedle Patch

This study examined the delivery of measles vaccusing a dissolving
microneedle patch using a non-human primate mddesisolving microneedles were
created that encapsulated active measles vaccireseTneedles were strong enough to
penetrate the skin and rapidly dissolved after ritme Furthermore these needles
retained infectivity following creation and storage elevated temperatures. Following
administration into the skin of a rhesus macaqussotving microneedles produced
equivalent antibody titers to the same dose of macdelivered using a subcutaneous
injection. The important findings of this study a@nmarized below:

» Dissolving microneedles made from poly-vinyl alcbheere created which
encapsulated the live-attenuated measles vaccine.
* These patches were strong enough to penetratekmigdsring initial testing.

Force testing determined the fracture force foheaeedle to be approximately
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0.5 Newtons. Following insertion into pig skin, thelk of the needle completely
dissolved within 10 minutes.

Needles were inserted into the skin of a rhesusaqmaeand tested for their ability
to deliver the measles vaccine. Following inseritomas found that >90% of the
encapsulated vaccine was delivered into the skin.

Both the dissolving microneedle patch and subcuatasmeinjection groups
produced a potent neutralizing antibody response [Evels between the two
groups were found to be statistically equivalent.

All animals demonstrated a positive serum meaglesiic IgM response as
measured by ELISA 14 days after vaccination. Thisansidered an important
marker of a successful measles vaccination.

All animals demonstrated increased measles-specfioum I1gG titers as
measured by ELISA following vaccination. The levelstween the two groups
were not statistically different.

Following a boost of monovalent measles vaccinéveledd subcutaneously, all
animals demonstrated a measurable increase irodgttiier.

Microneedle patches containing measles vaccine egroto be stable after
extended storage. The patches demonstrated natyadtiss after 2 months of
storage at % or 25C.

Lower activity was seen after storage aP@OThese patches showed a 1.0

log(TCIDsg) lower titer after 2 months of storage.
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8.4 Inactivated Polio Vaccination using a Dissolving Mironeedle Patch in the

Rhesus Macaque

This study focused on development of a dissolvingroneedle patch containing
a full human dose of the trivalent inactivated palaccine. Microneedle patches, created
out of fish gelatin, were used to deliver IPV imteesus macaques and the response to
skin delivery was compared to the same dose delivesing a standard intramuscular
injection. The major findings of this study are snarized below:

* Initial testing showed that these patches succlgshaintained antigenicity after
creation as measured by a serotype-specific ELISA.

» Following administration into the skin of a rhesnacaque, a robust neutralizing
antibody response was seen to IPV serotype 2 hbutonserotypes 1 or 3. This
phenomena was also observed with the same dosa&coine delivered using an
intramuscular injection.

* Following a boost delivered using the same routesarked increase in type 1
and type 2 antibody titers was seen in both groApsincrease in type 3 titers
was seen after intramuscular injection but notrafteroneedle delivery.

* It was determined that the ELISA used to detect tif¥e 3 was not D-antigen
specific. A new ELISA was developed which was sfi@d¢or the immunogenic
D-antigen region of IPV type 3.

 This new ELISA demonstrated that the microneedl&ech®s only contained
approximately 30% of the targeted dose of IPV tggeefore insertion.

* Neutralizing antibody titers for type 1 and typdP/ were equivalent between
immunized groups. Titers to type 3 were signifibambwer in the microneedle

group. This is thought to be a result of the sutisfly lower dose delivered.
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CHAPTER 9 FUTURE DIRECTIONS

9.1 Improving the dissolving measles microneedle patch

The studies performed showed that the measlesneacould be encapsulated
into a dissolving microneedle patch which maintdiraetivity at 4C and 25C for 2
months. The success of these results were tempgréte fact that the patches stored at
40°C lost nearly 90% of their activity by the samedipoint. More work can be done to
further increase measles vaccine stability. Rengpuieasles vaccine from the cold chain
would require the creation of a much more stablielpaA more complete screen of
excipients using the developed eGFP-MeV assay dmilgerformed which may result in
formulations with an even higher level of stabiligiactivity. Current WHO standards
state that measles vaccine must not lose more adog(TCIDyo) after 2 years of
storage at %«C. This is also a good target for high temperastiability. If a microneedle
patch could be created which met this conditiod(C, it would provide a compelling
scientific argument to allow for a measles patchbeotransported and stored outside of
the cold chain. Since the temperature fluctuatgsifstantly between night and day,
patches may not need to maintain activity at theyated temperatures for an extended
period of time. Transient temperature stability rbaysufficient.

Further testing must also be performed on measlesoneedle patches before a
product could be approved. While patches were ddstemeasles activity after storage,
they were not tested for insertion ability or imrogenicity. Since the patches rapidly
dissolved in the presence of moisture in the gkisting must be performed to ensure that
the needles don’t lose mechanical strength follgvgitorage. Even packaging designed to

minimize humidity may result in a small amount o&ter retention in the patch. It is
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unknown whether this could result in microneedlest are no longer strong enough to
pierce the skin. Mechanical testing must be peréarafter extended storage to ensure
that the microneedle patches remain sharp anchrétaiability to easily insert into the
skin. Immunogenic testing also needs to be perfdrafeer storage. While the TCib
assay directly measures viral infectivity, thisnist sufficient to confirm that patches
retain the ability to elicit a potent immune resperafter delivery. Patches should be
stored for an extended period of time at a rangtemiperatures and then inserted into
cotton rats to determine their immunogenicity. Gottats would be recommended since

rhesus macaques would be prohibitively expensivéns type of study.

9.2 Measles + Rubella patch development

Currently, the measles vaccine is often co-adn@resl with the rubella vaccine
during mass vaccination campaigns. This is desigoe@dpidly expand rubella vaccine
coverage in addition to the standing goal of measlenination. A microneedle patch
which could simultaneously deliver both of theségens would be extremely beneficial
to these joint goals. Developmental steps for plaieh could follow a similar track as the
experiments in aim 3. Short term stability of a domation patch should be tested in the
presence of stabilizing excipients. Once confirngadches could be tested in the rhesus
macaque. Preliminary studies carried out during airshowed that rubella vaccine is
infectious in the rhesus macaque and stimulatestanp antibody response. Further
optimization could then focus on increasing thebititg of each vaccine component.
Unfortunately no rapid screening assay yet ex@tsubella, so testing would need to be

done using a traditional infection and stainingagtss
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9.3 Dissolving inactivated polio microneedle patch enhecement

While the inactivated polio vaccine dissolving migeedle patch was successful
in inducing a potent immune response to IPV typesd 2, the response to type 3 was
subpar. This was determined to be the result afcumate dosing information provided
by our type 3 ELISA. Since this assay was not $pefor the D-antigen region of IPV
type 3, it did not detect a substantial drop inivatgt after microneedle casting and
creation. After development of a more specific gsgavas found that the dose delivered
using microneedles was only about 30% of the taigehuman dose. More work must
be done to determine the cause of this activitg lasd eliminate it. Once a patch is
created which can maintain the short-term antiggniof all three polio serotypes,
another rhesus vaccination could be performed. Waoisld hopefully result in a potent
antibody response to the entire trivalent vacciftgs is a crucial hurdle that must be

overcome before this product could move into chhtesting.

9.4  Transgenic mouse polio challenge study

While neutralizing antibody titers can be predietof protection from wild-virus
a true challenge study would be very beneficialatty eventual FDA clinical trial
application. Unfortunately, very few animal modeisrently exist for this kind of study.
One that is well-studied and WHO-approved, is tigPWVR21 mouse model. This
consists of a genetically modified mouse that hasnbaltered to express the human
poliovirus receptor. This animal displays clinicafins of infection after intracranial or
intramuscular application of a sufficient quantitfywild-type poliovirus. It is currently
used by the WHO during studies to verify the efficaf polio vaccine candidates. This

model could be used to examine the protective tgbtf IPV delivered using a
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microneedle patch. Mice would be vaccinated usify lissolving needle patches and a
traditional intramuscular injection. After approxately 1 month, the animals would be
challenged using a 10x BPdose of wild-type poliovirus. Since each serotgbhdPV
only protects against the companion wild-type gtraisingle serotype would need to be
chosen for testing. IPV type 2 is the mostly widesed in the literature and requires the
lowest dose to achieve seroconversion. The anitgplsally display signs of paralysis
within 10 days of infection, so daily monitoring a€tivity and weight would be required.
This could prove as an important preclinical stpdgving the efficacy of microneedle

patch delivery of IPV.
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APPENDIX

A.l.

Tables

A.1.1. Excipients used in stability screening study.

Table 2: Excipients and concentrations chosen fotability study.
All excipients were acquired from Sigma-Aldrich, St Louis, MO. All amino acids
were in the L-configuration and all sugars were inthe D-configuration unless

indicated otherwise.

Proteins
300 mM Alanine
BioXtra, USP-grade, >98.5% pure

300 mM Arginine
Reagent-grade, >98% pure

300 mM Asparagine
Bioreagent, suitable for cell culture, >98% pu

300mM Cysteine
NI-grade, >97% pure

300 mM Glutamine
ReagentPlus-grade, >99% pure

300 mM Glycine
BioUltra-grade, >99% pure

300 mM Histidine
USP-grade, cell culture tested

300 mM Isoleucine
Reagent-grade, >98% pure

300 mM Leucine
USP-grade, >98.5% pure

300 mM Lysine
>08% pure

300 mM Methionin
Reagent-grade, >98% pure

100 mM Phenylalanine
Reagent-grade, >98% pure

300 mM Proline

USP-grade, cell culture tested
re

300 mM Serine

USP-grade, >98.5% pure

300 mM Taurine
>99% pure

300 mM Threonine
Reagent-grade, >98% pure

300 mM Tyrosine
Reagent-grade, >98% pure

300 mM Valine
USP-grade, >98.5% pure
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Sugars
15% Arabinose

L-form, microbiology-grade, >99% pure

300 mM Arabitol
Premium quality level, >98% pure

1% Duilcitol
>99% pure

15% Fructose
Premium quality level, >99% pure

15% Galactose
>99% pure

5% Lactose
Monohydrate, USP-grade

15% Maltose
Monohydrate, BioUltra-grade, >99% pure

15% Raffinose
Pentahydrate, BioXtra-grade, >99% pure

15% Sorbitol
>99% pure

15% Sucrose
BioUltra-grade, >99.5% pure

15% Tagatos
>98.5% pure

15% Trehalose
Dihydrate, BioReagent-grade, >99% pure

15% Xylitol
>99% pure

15% Xylose
BioUltra-grade, >99% pure

Other
5% Chitosan
Low molecular weight

2%, 4% Human Serum Albumin
Lyophilized powder, >97% pure

2% Lactaalbumin Hydosylate
Microbiology-grade, >11% nitrogen impurity

1 M MgCI2
BioUltra-grade, solution in water

1 M MgS0O4
Molecular biology-grade, solution in water

1% Sodium oxalate
BioXtra-grade, >99% pure
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A.2. Figures

A.2.1. Neutralizing antibody titers after measles vaccinabn using metal

microneedles in the rhesus macaque.

Measles Neutralizing Titer
10000- - o

- -a- SC Injection
g 8000- * *% ¢ -~ Metal MN
£
. 6000-
o
=
=, 4000
]
o
2 2000
c
< ] L

0 1 1 1 1 | | 1

0 7 14 21 28 35 42 49 133 139

Time (days)

Figure 30: Measles plague neutralization data (metanicroneedle).
Neutralizing titers were obtained from rhesus macaque sera using tt
method described earlier. Samples were tested wegkllhis data represent:
the groups which received either a subcutaneous &gtion or a cated,
metal microneedle insertion.The arrow indicates the date that a 100% dos
of monovalent measles vaccine was delivered to athimals subcutaneousl
The neutralizing titers between the two groups werenot statistically
different except at days indiated. The asterisk (*, **) represents
significant difference (p<0.05 or 0.005) as measuwtdoy ANOVA. The data
points represent the average titer (N = 4) £ SD.
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A.2.2. Neutralizing antibody titers after IPV delivery using metal microneedles in

the rhesus macaque.
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Figure 31: Neutralizing titers to IPV following vaccination (metal microneedle).
Sera was taken from rhesus macaques weekly follovgnvaccination. Neutralizing
titers were determined using a serotype-specific @jue micro-neutralization assay
The titers for each day were not statistically significant unless othervge indicated
There was no statistical difference in titer for aly serotype until after the boost wa
delivered. Each data point represents the averag®l(= 4) = SD. The asterisk (*, **
**xor ****) rep resents a significant difference (p<0.05, 0.005,005 and 0.0000
respectively) as measured by ANOVA. Seropositivityas defined as a titer greate
than or equal to 3.0 log.
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