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Chapter 5

Abstract

In this study, we aimed to investigate the immumagjey of cationic liposomes loaded with
diphtheria toxoid (DT) and poly(l:C) after hollow iecroneedle-mediated intradermal
vaccination in mice. The following liposomal formatibns were studied: DT loaded
liposomes, a mixture of free DT and poly(l:C)-loddgosomes, a mixture of DT-loaded
liposomes and free poly(l:C), and liposomal forntiolas with DT and poly(l:C) either
individually or co-encapsulated in the liposomesefdRence groups were DT solution
adjuvanted with or without poly(l:C) (DT/poly(l:C))The liposomal formulations were
characterized in terms of particle size, zeta ga@kroading and release of DT and poly(l:C).
After intradermal injection of BALB/c mice with théormulations through a hollow
microneedle, the immunogenicity was assessed bys@&Cific ELISAs. All formulations
induced similar total IgG and IgG1 titers. Howevat,the liposomal groups containing both
DT and poly(l:C) showed enhanced IgG2a titers caegbato DT/poly(l:C) solution,
indicating that the immune response was skewedrttsrva Thl direction. This enhancement
was similar for all liposomal groups that contawttbDT and poly(l:C) in the formulations.
Our results reveal that a mixture of DT encapsdldigosomes and poly(I:C) encapsulated
liposomes have a similar effect on the antibodypoeses as DT and poly(l:C) co-
encapsulated liposomes. These findings may havbcatipns for future design of liposomal
vaccine delivery systems.

Keywords : Immunogenicity, diphtheria toxoid, poly(l:C)pbsomes, hollow microneedle,
intradermal vaccination
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1. Introduction

Vaccination has become the most effective methogfeventing infectious diseases, having
led to the eradication of smallpox and severe igt&tn of other devastating diseases such as
polio and measles [1, 2]. However, there is stile®d for new and better vaccines against
emerging infectious diseases [3]. Nowadays, vaticnaains increasing attention also for
therapeutic use against established diseases swameer and chronic auto-immune disorders
[4]. Most vaccines are delivered by intramusculasabcutaneous injection. However, these
injections need special training and can cause [&inTo avoid the drawbacks of the
hypodermic needles, microneedles have been dewkl@e Microneedles are micro-sized
needle structures with a length shorter than 1 mdhcan be used to penetrate skin barrier in
a non-invasive and pain-free way [7-9]. Owing te thrge number of antigen presenting cells
in viable dermis and epidermis, dose-sparing magdbéeved [10, 11].

Traditional vaccines are derived from attenuateglanisms or inactivated pathogens and
toxins. Attenuated vaccines have safety concernthes may revert back to their virulent

form [12]. Inactivated vaccines like subunit antigeare safer but they are generally less
immunogenic [1, 12]. To enhance and modify the imentesponse, immune modulators or
nanoparticle delivery systems can be used [13].oNarticles are expected to improve the
immunogenicity of antigens by protecting the antgdrom degradation, increasing their

uptake by antigen-presenting cells and co-deligeaintigens and immune modulators [14].

Liposomes have been studied frequently becausénef excellent biocompatibility and
biodegradability [15]. Studies have shown that a@ovfulating antigen and immune
modulators in liposomes can affect the quality ofmune response after intradermal
vaccination [15-23]. One recent study showed tlbagmcapsulation of OVA and poly(l:C), a
TLR3 ligand, in 1,2-dioleoyl-3-trimethylammoniumgpane chloride (DOTAP)-based
cationic liposomes significantly increased the 1g@@sponse (Th1l type) and the CO8cell
response compared to OVA and poly(l:C) solutiong].[JAnother study in a human skin
explant model showed that a melanoma-associatedeantind immune modulator co-
encapsulated liposomes induced a higher TD8cell response compared to the co-
administration of antigen loaded liposomes and $§@eation of the immune modulator [21].
These results are noteworthy, as nowadays theam imcreasing need for potent cellular
Immune responses, e.g., for inmunotherapy of cddder24, 25] and intracellular pathogens
[26, 27]. However, it is not yet well understoodetliner the antigen and immune modulator
need to be co-encapsulated in liposomes, or thewicailarly modulate the immune response
when encapsulated individually in liposomes.

In the present study, we aimed to study the immanmity of diphtheria toxoid (DT) and
poly(l:C) loaded liposomes after intradermal detwddT and poly(l:C) were used as a model
antigen and immune modulator, respectively. DT agooly(l:C) were individually
encapsulated or co-encapsulated into DOTAP-baseidnaa liposomes. The prepared
liposomal formulations were injected into mice kgmg hollow microneedles. The IgG1 and
IgG2a titers, which are indications of a Th2 and@ihd type immune response, respectively
[18], were determined. The results revealed that lthosomal formulations skewed the
immune response towards a Thl direction, no matteether DT and poly(l:C) were
encapsulated individually or co-encapsulated irodgmes, as compared to DT/poly(l:C)
solutions.

2. Materials and methods
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Chapter 5

2.1. Materials

DT (batch 04-44, 1 pug equal to 0.3 Lf) and diphthdoxin were provided by Intravacc
(Bilthoven, The Netherlands). Aluminum phosphates \warchased from Brenntag (Ballerup,
Denmark). Egg phosphatidylcholine (EggPC), DOTAPd ah,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) were ordered from Av&uaiar Lipids (Alabaster, AL).
Polyinosinic-polycytidylic acid (poly(l:C)) (low mecular weight) and its rhodamine-labeled
version were purchased from Invivogen (ToulousenEe). Foetal bovine serum (FBS),
M199 medium (with Hanks' salts and L-glutamin), bw serum albumin (BSA) and
hydrofluoric acid>48% were ordered from Sigma-Aldrich (ZwijndrechfelTNetherlands).
Glucose solution, L-Glutamine (200 mM), penicilbireptomycin (10000 U/ml) and 1-st&p
ultra 3,3',5,5'-tetramethylbenzidine (TMB) were obtainffdm Thermo-Fisher Scientific
(Waltham, MA). HRP-conjugated goat anti-mouse t@@é, IgG1 and lgG2a were purchased
from Southern Biotech (Birmingham, AL). Sulfuricidd95-98%) was obtained from JT
Baker (Deventer, The Netherlands). VivaSpin 2 aff Sentrifugal concentrators (PES
membrane, MWCO 1000 kDa) were obtained from Sarsoistedim (Nieuwegein, The
Netherlands). Sterile phosphate buffered salineS(PB3.9 mM N§ 140.3 mM Cl, 8.7 mM
HPO, 1.8 mM HPJ", pH 7.4) was obtained from Braun (Oss, The Neginel$). 10 mM
PB (7.7 mM NaHPQO,, 2.3 mM NaHPQ, pH 7.4) was prepared in the laboratory. All the
other chemicals used were of analytical grade anlit@ water (18 MQ/cm, Millipore Co.)
was used for the preparation of all solutions.

2.2. Preparation of liposomes

Liposomes were prepared by thin-film hydration dated by extrusion, as reported earlier
[23]. EggPC (25 mg/ml), DOPE (25 mg/ml) and DOTA®E (mg/ml) in chloroform were
mixed in a molar ratio of 9:1:2.5 in a round bottéask. The organic solvent was evaporated
by using a rotary evaporator (Buchi rotavapor REawil, Switzerland) for 1 h at 40 °C and
120 rpm. To prepare DT encapsulated liposomes {Dipy the lipid film was hydrated with
0.25 mg/ml DT dissolved in 10 mM PB (pH 7.4) by texing for 10 s, resulting in a 12.5
mg/ml lipid suspension. To prepare poly(l:C) encéged liposomes (Lipo-PIC), the lipid
film was hydrated with 0.25 mg/ml poly(l:C) solutidcontaining 0.5% (w/w) rhodamine-
labeled poly(1:C)). To prepare DT and poly(l:C) eneapsulated liposomes (Lipo-DT-PIC),
after lipid film hydration with DT solution, 0.25 gyml poly(l:C) (containing 0.5% (w/w)
rhodamine-labeled poly(l:C)) dissolved in 10 mM BB 7.4) was added slowly (2 pl/min)
into the lipid suspension by using a syringe purik-B00, Prosense, Oosterhout, The
Netherlands). Next, the lipid vesicles were extcudelPEX™ extruder, Northern Lipids,
Burnaby, Canada) four times through a carbonater fivith a pore size of 400 nm and
another four times through a filter with a poreesiaf 200 nm (Nucleopore Millipore,
Amsterdam, The Netherlands). To remove the DT/p@y(not associated with liposomes,
the suspension was transferred into VivaSpin 2riéegal concentrators (1000 kDa MWCO)
and centrifuged (Allegra X-12R, Beckman Coultediamapolis, IN) for 6 h (350 g, 22 °C).
Finally, the liposomes were washed with 10 mM PHB kept at 4 °C in the refrigerator prior
to use. The filtrates, containing the free DT/pb{y), were collected for determination of
loading efficiency of DT and poly(l:C).

2.3. Characterization of liposomal formulations
2.3.1. Particle size and zeta potential measurement

The patrticle size of the liposomes was measurediybhgmic light scattering by using a Nano
ZS® zetasizer (Malvern Instruments, Worcestershiré.)JJ The zeta potential of liposomes
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was measured by the same instrument by using Rgppler velocimetry. The liposomes
were diluted with 10 mM PB (pH 7.4) to a concentnatof 25 pg/ml for the measurements.
The samples were measured 3 times with 10 runsafcin measurement.

2.3.2. Determination of encapsulation efficiency (E) and loading capacity (LC) of
DT/poly(I:C) in liposomes

To determine the EE and LC of DT and poly(l:C), th&insic fluorescence intensity of DT
(Aex 280 NM/rem 320 nm) and fluorescence intensity of rhodamitellzd poly(l:C) Xex 545
nm/ Aem 576 nmM) in the purification filtrates were measut® using a Tecan M1000 plate
reader (Mannedorf, Switzerland). The EE and LC veateulated by usingq. (1) andEq. (2)
as below:

EE = Mioaded DT /poly(I:C) % 100 % (1)

Mtotal DT/poly(I:C)

M .
LC — loaded DT /poly(I:C) X 100 % (2)
MLiposomes+DT+poly(I:C)

WhereMioaded bTipoly(i:c) represents the mass of encapsulated DT or polyMéa DT/poly(1:C) IS
the total amount of DT or poly(I:C) added to thenfialations andMiiposomes+bT+poly(i:c) IS the
total weight of liposomes, DT and poly(l:C).

2.3.3Invitro release of DT and poly(l:C) from liposomes

To study than vitro release of DT and poly(l:C) from Lipo-DT, Lipo-P&hd Lipo-DT-PIC,
the liposomes (containing about 80 pug/ml DT withvathout 80 pug/ml poly(l:C)) were
dispersed in PBS and shaken with a speed of 550atpBv °C by using an Eppendorf
thermomixer (Nijmegen, The Netherlands). At predateed time points, 300 pl liposomes
were transferred into the VivaSpin 500 concentsatord centrifuged for 30 min with a speed
of 350 g. After the centrifugation, fresh PBS wiitle same volume as the filtrates was added
back to the liposomes. The concentration of DT polg(l:C) in the filtrates was determined
by measuring the intrinsic fluorescence intensifyDd (Aex 280 nmlkey,, 320 nm) and
fluorescence intensity of rhodamine labeled poG)Ifiex 545 Nnmikem 576 Nm), respectively,
by using a Tecan M1000 plate reader.

2.3.4 Adsorption of free DT or poly(l:C) on liposones loaded with the other active
ingredient

To investigate the adsorption of free DT to Lip&PDT was mixed with Lipo-PIC in PBS,
resulting in a concentration of 31 pg/ml for botil @nd poly(l:C). The samples were
incubated in the Eppendorf thermomixer (Nijmegehne Netherlands) at 37 °C with a speed
of 300 rpm. To investigate the adsorption of freé/@:C) to Lipo-DT, poly(l:C) was mixed
with Lipo-DT in PBS, resulting in a concentratioh 3l pg/ml for both DT and poly(l:C).
After 4 or 24 h, the samples were transferred ta8pin 500 centrifugal concentrators (PES
membrane, 1000 kDa MWCO) and centrifuged for 30 with a speed of 350 g. The DT or
poly(l:C) in the filtrates was quantified by measgrthe intrinsic fluorescence intensity of
DT (Aex 280 nm/iem 320 Nm) or fluorescence intensity of rhodaminesladd poly(l:C) fex
545 nm/Aem 576 nm), respectively. The adsorption efficiendy Dl or poly(l:C) was
calculated according t&q. (3) as follow:

. . . M ) in fi
Adsorption efficieny % = (1 — —2HpebCO myllrates y 5 100 % ()
MDT/poly(I:C) total
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where Mprpaya:c) in filrates represents the mass of DT or poly(l:C) in filtrataster
centrifugation, anMppaly(:c) total ISthe total mass of DT or poly(l:C) added.

2.4. Hollow microneedles and applicator

The hollow microneedles were prepared by hydroftuacid etching of fused silica
capillaries [28, 29]. Briefly, silica capillarie®glymicro, Phoenix AZ, 37hm outer diameter,
50 um inner diameter) were cut into 4-cm pieces anédilith silicone oil in a vacuum oven
(100 °C) overnight. The silicone oil-filled capillas were etched into hollow microneedles
by immersing their ends m48% hydrofluoric acid for 4 h at room temperatltmally, the
polyimide coating on the microneedles was remowvedlipping the microneedles into hot
sulfuric acid (250 °C) for 5 min.

To reproducibly insert hollow microneedles into rmewskin, a hollow microneedle applicator
developed in our lab was used [28, 29]. The systensists of a syringe pump (NE-300,
Prosense, Oosterhout, The Netherlands) and antanjeehich were used to accurately
control the injection rate (10 pl/min), the injexti volume (10 ul) and the injection depth
(120 pm). The pump, injector and hollow micronesdieere connected by using high-
pressure resistant CapTifeconnectors and silica capillaries.

2.5. Immunization study

Female BALB/c (H2) mice were ordered from Charles Rivers (Maastrithe Netherlands)
and accommodated under standardized conditiontseiramimal facility of Leiden Academic
Centre for Drug Research, Leiden University. Thenimization study was approved by the
ethical committee on animal experiments of Leidenversity (Licence number 14166).

The mice were 7-8 weeks old at the beginning of é&x@eriments. The mice were
anesthetized by intraperitoneal injection of ketzan{60 mg/kg) and xylanize (4 mg/kg)
before shaving of the injection site. The mice wéhen injected with 10 ul of the
formulations, containing 0.31 ug DT with or withduB1 pg poly(l:C), into abdomen skin by
using the hollow microneedle and the applicatodescribed above. The following liposomal
formulations were used: DT encapsulated liposomepo{DT), a mixture of DT-
encapsulated liposomes and free poly(l:C) (Lipo-BT3), a mixture of free DT and
poly(l:C)-encapsulated liposomes (DT+Lipo-PIC), &ture of DT-encapsulated liposomes
and poly(l:C)-encapsulated liposomes (Lipo-DT+Liptz), and DT and poly(l:C) co-
encapsulated liposomes (Lipo-DT-PIC). Control gowere injected with 0.31 pg DT with
or without 0.31 pg poly(l:C) solution (DT/poly(I:E)All formulations were freshly prepared
and mixed prior to the immunization study. Subcatarsly injected 5 ug DT and 150 pg
aluminum phosphate (DT-Alum) was used as a posaomrol. The mice were immunized
on day 0, 21, 42 and sacrificed on day 56. Seruswwitndrawn from the tail vein of mice on
day 0, 21 and 42 and the sacrifice serum was tlikenthe femoral artery on day 56.

2.6. Determination of DT-specific IgG antibody tites

DT-specific antibodies were measured by using alwai enzyme-linked immunosorbent
assay (ELISA) as described earlier [18]. The wedl96-well plates were coated with 140 ng
DT and incubated overnight at 4 °C. The plates vikweked with 1% BSA at 37 °C for 1 h.
After blocking, appropriate three-fold serial diris of mouse sera were transferred into the
plates and incubated for 2 h at 37 °C. The platesewhen incubated with horseradish
peroxidase-conjugated goat antibodies against k@&l IgG1 or IgG2a (1:5000 dilution) for
1.5 h at 37 °C. Subsequently, the plates were meabwith TMB and 2 M sulfuric acid was
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used to stop the reaction. The absorbance was meglagu450 nm by using a Tecan M1000
plate reader. The antibody titers were expressddgd® value of the mid-point of S-shaped
dilution-absorbance curve of the diluted serumlleve

2.7. Determination of DT-neutralizing antibodies

The functionality of the antibody response was mheit@ed by measuring diphtheria toxin-
neutralizing antibodies in a Vero cell test [30heTserum samples were first diluted by M199
medium supplemented with 5% FBS, 0.5% glucose, O.88tutamine and 1% penicillin-
streptomycin. Appropriate two-fold serial dilutiord the serum were applied to 96-well
plates. Next, 5 x IDLf diphtheria toxin was added to each well. Subsedly, 1.25 x16
Vero cells were added to each well and incubate® fdays at 37 °C in 5% GOFinally, the
neutralizing antibodies were expressed as the \@h2e of the highest serum dilution that
protected the Vero cells.

2.8. Statistics analysis

All the data of antibody titers were analyzed by amay ANOVA with Newman-Keuls
Multiple post-test by using GraphPad Prism softw&ezsion 5.02). The level of significance
was set at p<0.05.

3. Results

3.1. Physicochemical characteristics of the liposas andin vitro release of DT and
poly(l:C)

Lipo-DT, Lipo-PIC and Lipo-DT-PIC were first chatacized in terms of particle size, poly
dispersity index (PDI) and zeta potential. As showiiable 1, Lipo-DT and Lipo-PIC had a
similar average size below 200 nm with a low PDhilev Lipo-DT-PIC showed a slightly
larger size and PDI. All the liposomes had a pesitieta potential above +35 mV. Both DT
and poly(l:C) were efficiently encapsulated inte fiposomes, with a EE higher than 96%.
Furthermore, DT and poly(l:C) had a similar LC%abbut 1.7% Table 1).

Table 1.Physicochemical characteristics of DT/poly(l:Crapsulated liposomes (n=3).

EEY (%) LC ®(%)
Liposomes Siz& (nm) PDIP ZP° (mV)

DT Poly(l:C) DT Poly(l:C)

Lipo-DT 182+8 0.195+0.012 +37+1  96.5%2.1 - 1.6+0.1 -
Lipo-PIC 184+6 0.153+0.010 +37#1 - 98.5+0.8 - 1.7+0.0

Lipo-DT-PIC 238411 0.243+0.003 +35+1  98.0+0.8 98.9+0.5 1.7+0.0 1.7+0.0

Data are average + SEM of 3 independent batches.
°Size: Z-average diamet@PDI: poly dispersity indexZP: zeta potentialEE: encapsulation
efficiency,®LC: loadingcapacity.

To study then vitro release of DT and poly(l:C), the prepared liposemwere incubated in
PBS for one month. As shown kig. 1A, there was a burst release of DT of about 25% from
both Lipo-DT and Lipo-DT-PIC within the first dayfter 3 days, almost no additional DT
was released. On day 30, the total release of b fripo-DT and Lipo-DT-PIC was about
50% and 40%, respectively. Similarly, about 20 %hef poly(l:C) was quickly released from
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Lipo-PIC and Lipo-DT-PIC within the first day anftexr day 3 almost no additional release
was detectedHig. 1B). On day 30, about 40% and 25% of the loaded payfiere released
from Lipo-PIC and Lipo-DT-PIC, respectivelin summary, after incubation in PBS for one
month, less than half of the loaded DT or poly(M@&s released from the liposomes.

A B
40 30
1004 * -e- Lipo-DT 1007 5 -~ Lipo-PIC
® - Lipo-DT-PIC ) " - Lipo-DT-PIC
. 80- 10 — 80
53 O -
E 60- un_o 05 10 1.5 :; 60 00 05 10 15
s o . g
o 'S
b 2
& 3
[+]
'3
t (d) t(d)

Figure 1. In vitro release of DT and poly(I:C) from liposomes. A: &ede of DT from Lipo-
DT (spheres) and Lipo-DT-PIC (squares). Inserticglease over a period of 1.5 days. B:
Release of poly(I:C) from Lipo-PIC (spheres) an@d-DT-PIC (squares). Insertion: release
over a period of 1.5 days. Bars represent meanM, S 3.
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Figure 2. DT-specific total 1gG titers on day 21 (A), 42 (Bhd 56 (C). Bars represent mean
+ SEM, n =8. *p < 0.05, **p < 0.01.

In order to study the interaction between free DTpoly(l:C) and the positively charged
liposomes loaded with the other active ingredidteranixing in PBS, the adsorption of DT
or poly(I:C) on the liposomes were determined. €hgere 75.9 + 3.8% (mean = SEM, n=3)
and 77.4 £ 0.8% (mean £ SEM, n=3) of DT adsorbindre surface of Lipo-PIC at 4 h or 24
h after mixing, respectively. In case of poly(l:G5.9 + 2.7% (mean + SEM, n=3) and 95.6
1.0% (mean + SEM, n=3) were adsorbed on the sudatipo-DT at 4 or 24 h after mixing,

respectively. In summary, most of free DT or pal@jl was adsorbed on the surface of
liposomes after mixing.

3.2. Intradermal vaccination study
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The formulations were intradermally delivered im@e by using hollow microneedles with a
DT dose of 0.31 pg with or without 0.31 pg poly{l:@ased on our previous dose response
study [31]. Subcutaneously injected DT-Alum witimach higher dose (5 pug DT and 100 pg
Alum) was used as a positive control. During thedtion, there was no visible leakage and
successful injection was indicated by the formabbthe bleb on the abdomen area of mouse
skin.
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Figure 3. DT-specific IgG1 (A, C, E) and IgG2a (B, D, F)etis on day 21 (A, B), 42 (C, D)
and 56 (E, F). Bars represent mean + SEM, n = & 65, ***p < 0.001.
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DT-specific total IgG and subtype titers (IgG1 dg&2a) are presented kig. 2 andFig. 3,
respectively. As shown iifrig. 2, total 1gG titers increased after each immunizatiés
expected, DT-Alum induced significantly higher totlgG responses than all other
formulations on day 21 and 42 (p<0.0B)g. 2A, B). However, on day 56 the response of the
intradermal groups increased to similar levels Hat tinduced by DT-Alum (except DT),
despite the 15-fold lower dose administerewy( 2C). The encapsulation of DT/poly(l:C) in
liposomes did not increase the total IgG resporm@pared to DT/poly(l:C) solutions
(p>0.05). Furthermore, the addition of poly(l:Cy ot change the total IgG response.

Next, the IgG1l and IgG2a titers were measured. #@va in Fig. 3, the IgG1l response
followed the total IgG response: liposomal formuatgroups induced equally strong IgG1
responses compared to DT/poly(l:C) solutions (p5D.®lowever, when focusing on IgG2a
response, clear differences were observed amongydlogps. On day 21 all groups except DT-
Alum developed a detectable IgG2a resporigg. (3B). After the f' boost (day 42), all
groups showed an IgG2a resporisig.(3D). Moreover, liposomal groups that contained both
DT and poly(I:C), i.e., Lipo-DT+PIC, DT+Lipo-PIC,ijho-DT+Lipo-PIC and Lipo-DT-PIC,
induced a similar IgG2a response that was highean the response induced by DT solution
(p<0.05) and the DT and poly(l:C) mixturgig. 3D), although compared with the latter the
difference is not significant (p>0.05). After th& ®oost (day 56), the IgG2a response of all
groups increased to a higher level, but still ip@domal groups containing both DT and
poly(l:C) induced a distinctly higher IgG2a respetisan DT solutionKig. 3F). In summary,
the results showed that the IgG2a response wasieathavhen DT/poly(l:C) was loaded in
liposomes, no matter whether only one ingredienbath of them were encapsulated in
liposomes. Furthermore, DT and poly(l:C) individya#ncapsulated in liposomes induced a
similar 1gG2a response compared to DT and poly(lc@)encapsulated in liposomes. In
contrast, DT encapsulated liposomes (Lipo-DT) diot mnhance the IgG2a response
compared to DT solution. Additionally, the DT-Alugroup did not improve the IgG2a
response in spite of a much higher dose.

In order to study functionality of the antibody pesse, the neutralizing antibody titers in
serum on day 56 were determined by a Vero cellyasBae sera of the DT-Alum group
contained higher levels of toxin-neutralizing antiies than all other groups (p<0.05)d. 4).
The liposomal groups containing both DT and po@y)Ishowed similar neutralizing titers
compared to DT/poly(l:C) solutions. The Lipo-DT gpseemed to have the lowest titers
among the intradermal groups, but the differencenag significant. In summary, the
encapsulation of DT/poly(l:C) in liposomes did maiprove the protective immunity against
diphtheria toxin.
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15+ *

Log, neutralizing antibody
titers

Figure 4. DT-neutralizing antibody titers of mice. Reswdr® shown for serum collected on
day 56. Bars represent mean + SEM, n = 8. *p <.0.05

4. Discussion

Liposome-based delivery system for vaccination lsn extensively investigated [15, 32].
When focusing on intradermal vaccination, sevetadies have shown that co-encapsulation
of antigen and adjuvant in liposomes can increg&24 and CD8T cell responses [16, 17,
21, 22, 33]. In one of our previous studies, wadusalow microneedles to examine the effect
of nano-encapsulation of OVA and poly(l:C) on themune response in mice after
intradermal vaccination. In that study, four typsfsnanoparticles were compared and the
results indicated that OVA- and poly(l:C)-contaipinationic liposomes were more potent
than the other nanoparticles and significantlyeased the IgG2a response compared to OVA
and poly(l:C) solutions [17]. In the present study used the same liposome composition to
study whether co-encapsulation of antigen and inermodulator is the essential factor for
increased IgG2a levels. To investigate this, weemoapsulated DT and poly(l:C) or
encapsulated them individually in liposomes anddistl the 1gG (subtype) response
following hollow microneedle-mediated intradermadceination. The results showed that
liposomal formulations containing both DT and p&l@j, induced higher IgG2a titers than
those induced by DT/poly(l:C) solutions, no mattdrether only one ingredient or both of
them were encapsulated in liposomes. Furthermork, add poly(l:C) that were both
individually encapsulated in liposomes induced EmlgG2a titers compared to DT and
poly(l:C) co-encapsulated in liposomes.

The results of Lipo-DT-PIC are well in accordanaghwpreviously reported results [16, 23],
showing that the co-encapsulation of antigen anchume modulator in liposomes can
increase lgG2a responses and favor Thl type immasponses after intradermal delivery by
using a hypodermic needle. This may be causedlippsome induced increase in the uptake
of antigen and adjuvant by antigen presenting cafighe size of liposomes (smaller than 200
nm) is favorable for uptake by dendritic cells [3d}. Burke et al. additionally showed that
liposomes may facilitate the access of poly(l:Cx#dlular cytoplasm and up-regulate TLR
signalling molecules and NLRP3 inflammasome pathwWay]. Furthermore, cationic
liposomes may have a stronger interaction withnibgatively charged cell membrane due to
the attractive electrostatic interaction comparedédgatively charged particles, which allows
longer retention time on the cell surface and sgbsetly sustained release of antigen and
adjuvant [15, 38, 39]. Finally, several studieséhandicated that the co-processing of antigen
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and adjuvant by antigen presenting cells afterdéiken up may be the reason for a higher
IgG2a response [16, 17, 21]. The delivery of amtigad the triggering of TLR in the same
dendritic cell may synergistically induce a supesdntigen presentation to T cells [21, 40].

The results of Lipo-DT+PIC and DT+Lipo-PIC are imd with our previous study by
Varypataki et al, who found that the mixture ofigen-loaded liposomes and free poly(l:C)
solution induced a similar IFM-producing CD4 T cell response (Thl) as antigen and
adjuvant co-encapsulated liposomes after hypodenmexle-mediated intradermal delivery
[41]. One explanation may be that the negativebrgad antigen and adjuvant mixed with the
liposome formulation adhered to the surface oftpasy charged liposomes after intradermal
injection due to the electrostatic interaction. &sesult, most of the antigen and adjuvant
were co-delivered into the antigen presenting aétlsough they were not co-encapsulated in
the liposomes. The adsorption study supported gpothesis, as most of the DT or poly(l:C)
were found to adsorb on the surface of liposomis afixing in PBS.

In case of the Lipo-DT+Lipo-PIC formulation, we @qb that these two liposomes would
repel with each other due to their strong surfatarge. Indeed, the particle size and zeta
potential of Lipo-DT+Lipo-PIC were found to rematme same within 24 h after mixing in
PBS (data not shown). Nevertheless, Lipo-DT+Lip@-Riduced similar IgG2a responses as
Lipo-DT-PIC. These results indicate that the indiially encapsulated DT and poly(l:C) are
as efficient as the DT and poly(l:C) co-encapsulaite the liposomes for activation of
immune system when administered intradermally. Thesy be explained by an efficient
uptake of both Lipo-DT and Lipo-PIC by the sameigent presenting cells. One possible
approach to further investigate this is to use coamf microscopy to study the fate of
fluorescently labeled liposomes and antigen/adjuf@lowing administrationn vivo.

In order to produce liposomes loaded with the ogtimtio of antigen/adjuvant with a high
loading efficiency, optimization work needs to bend. Our results clearly suggest that co-
encapsulation of antigen and adjuvant in liposommay not be necessary for the use in
intradermal delivery. This might simplify the woftr the development of formulations. This
may even be particularly beneficial for developfiogmulations that must contain multiple
antigens and adjuvants, e.g., for personalizedapies of cancer patients [42]. Such
formulations can be prepared by mixing differeppSomes loaded with only antigen or only
adjuvant. Furthermore, it may be interesting to wadsether our current findings also hold true
for other nanoparticulate vaccine delivery systems.

Finally, the results of neutralizing antibody assaglicate that high 1gG2a titers did not
contribute to the immunity against diphtheria, whis in line with a previous study [30]. The
high IgG2a titers may be more suitable for antaVimmune responses where a Thl response
is more desired [43].

5. Conclusion

Our results show that DT and poly(l:C) can be sssitdly encapsulated into cationic
liposomes with a high loading efficiency. After loal microneedle-mediated intradermal
vaccination, the antigen and adjuvant encapsuléifsmsomes evoked a potent immune
response and shifted the IgG1/IgG2a balance mdtesttyG2a direction. The combination of
DT-encapsulated and poly(l:C)-encapsulated liposoane able to simulate an equally strong
IgG2a response compared to DT and poly(l:C) co{esulated liposomes. These findings
may have implications for future design of liposdrfieamulations aiming for modification of
iImmune response after intradermal delivery.
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