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Single Injection Vaccination For Rabies Post Exposure Prophylaxis

« Rabies is 100% treatable with post-exposure
administration of the rabies vaccine and rabies IgG

* Yet 59,000 rabies death occur annually,
predominantly in low-and-middle income countries

 Deaths occur due to:

1) Lack of healthcare access, especially in rural
communities

2) Post-exposure prophylaxis requires as many as
5 vaccine doses in a single month
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Single Injection Vaccination For Rabies Post Exposure Prophylaxis

* Rabies is 100% treatable with post-exposure Human Deaths Due to Rabies
administration of the rabies vaccine and rabies IgG

* Yet 59,000 rabies death occur annually, g ST -
predominantly in low-and-middle income countries '- 4

 Deaths occur due to:

under 4.5

1) Lack of healthcare access, especially in rural ggs'%’o
communities m 4001800 ”
2) Post-exposure prophylaxis requires as many as alesis -
5 vaccine doses in a single month
- s E—_E_—_—_E—_E—_E—_—_—_—_—_—_—_—_—_—_—__—_—_—__—_—_—_—_——— - \
|' The administration of multiple doses of time-released rabies Dose 1 Dose 2 Dose 3
I vaccine in a single injection could reduce barriers to access ®@ @

I and compliance issues; however, to work the rabies
I vaccine must be stabilized at body temperature prior to
release.

Drug Release
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Background: Pulsatile Drug Delivery

Pulsatile Microparticles
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Background: Pulsatile Drug Delivery

Pulsatile Microparticles Deliver Multiple Doses in a Single Injection
) — ° Dose;Q Dose 2 Dose 3
= O n o
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Background: Pulsatile Drug Delivery

Pulsatile Microparticles Deliver Multiple Doses in a Single Injection
o — Dose;/o\\ Dose 2 Dose 3
= O e @ @
E o
S5 X
” _M_A_
Time
Time
Liquid-Core Microcapsules Laver-by-Laver Erodible Coatings StampEd Assembly of Polymer Layers
g"o i = ” =2 100
§1::‘ LG Mw 88 kD E;’ao‘ .;‘v’ / ; Eeo.
0 10 Tli;:'ne(Da:jg) 40 50 o 1000 mr.:meafr:n) 4000 5000 W 2;-'”12: (l;:ys;z b
Limitations
* Leakage of cargo prior to release e Scalability poses commercialization
« Stability of biologics prior to release challenges

' CONTROLLED RELEASE SOCIETY Xia, Pharmaceutical Research (2014)
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Particles Uniformly Liquified and Sealed to Encapsulate Drug (PULSED)
Particle Molding Single Particle  Particle Array

» Poly(lactic-co-glycolic acid) (PLGA)
films are compressed into
polydimethylsiloxane (PDMS)
molds and heated above their
glass transition temperature (T ) to
form particles
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Particles Uniformly Liquified and Sealed to Encapsulate Drug (PULSED)
Particle Molding Single Particle  Particle Array

» Poly(lactic-co-glycolic acid) (PLGA)
films are compressed into
polydimethylsiloxane (PDMS)
molds and heated above their
glass transition temperature (Tg) to

form particles Particle Filling

* An automated piezoelectric
dispensing machine is used to fill
particles with a prophylactic or
therapeutic solution
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Particles Uniformly Liquified and Sealed to Encapsulate Drug (PULSED)
Particle Molding Single Particle  Particle Array

» Poly(lactic-co-glycolic acid) (PLGA)
films are compressed into
polydimethylsiloxane (PDMS)
molds and heated above their
glass transition temperature (Tg) to

form particles Particle Filling

« An automated piezoelectric
dispensing machine is used to fill
particles with a prophylactic or
therapeutic solution

Particle Sealing

« Particles are sealed by suspending
the array over a hot plate to heat

the PLGA above its T allowing the
material to flow and form a seal
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PULSED Microparticles Exhibit Tunable Pulsatile Release In Vivo

Method
Different PLGA patrticles filled with 1 ug of 10 kDa dextran conjugated to Alexa Fluor 647 were injected into
the flanks of SKH1-Elite mice (n= 9-10). Release measured using an in vivo imaging system.

-+ PLGA1 =PLGA2 +PLGA3 —+PLGA4

Materials
()} 100_
Type of PLGA | Molecular | End Group | Lactic Acid: 2
Weight (kDa) Glycolic Acid <_§ ~ 80+
2
o
PLGA 1 13 Carboxylic 50:50 § E’ 60+
Acid O w
, : - U 404
PLGA 2 42 Carboxylic 50:50 o9
Acid s 2
' » X 204
PLGA 3 34 Ester 50:50 8
PLGA 4 87 Ester 50:50 =S 0 '

0 7 14 21 28 35 42
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Stabilizing Biologics Through Sealing

« Particles are sealed by suspending the array
over a hot plate to heat the PLGA above its T
allowing the material to flow and form a seal

PULSED particle temperature
during sealing
130°C
150- ! —~ PLGA 1
—~— PLGA4

100+

)
P

Temperature (°C)
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Stabilizing Biologics Through Sealing

« Particles are sealed by suspending the array
over a hot plate to heat the PLGA above its Tg
allowing the material to flow and form a seal

PULSED particle temperature Stability of 10 ng of horseradish
during sealing peroxidase after sealing
130°C PLGA 1 PLGA 4
150 |  —PLGAT ~ - ~
- —~ PLGA4 3 100- £ 100 faat
S 100 Z 80 2 80-
() 7 = =
_§ <<E-> 60- <LE) 604
L L 40- L 404
g 50- £ 20- £ 20-
5 3 2
- g 0 g 0
0 . . : o @ @ @ P P
0 '1 ) 3 o o &% I
. . «Qév(\ ,\QQ‘(\ «\Q’ r\ﬂe r\\e r\ﬂe
Time (Minutes) S S O O
N \Q N ’\Q

+'" CONTROLLED RELEASE SOCIETY

#CRS 2023 ANNUALMEETING & EXPOSITION

S JULY 24-28. 2023 Paris Hotel » THE FUTURE OF DELIVERY SCIENCE




Stabilizing Biologics Through Sealing

« Particles are sealed by suspending the array
over a hot plate to heat the PLGA above its Tg
allowing the material to flow and form a seal

PULSED particle temperature Stability of 10 ng of horseradish Stability of 10 ng of bevacizumab
during sealing peroxidase after sealing (EDA-approved anti-VEGF antibody)
130°C PLGA 1 PLGA 4 PLGA 1
B 150- ! - Etgﬁl < 1004 - < 100 T No Excipients .
O 75°C g 30 g 80 6 ug Trehalose .
§ 60 § 60- 1 pg BSA 1 }
L 404 L 40- 3 pg Sorb:MSG:MgCl,, |
£ 20- £ 20- 1 ug Sorb:MSG:MgCl, 1 = .
UEJ 0- UEJ 0. : 1 ug bPEI - T .
73— 3 @o%i@o%i@o%@ @ogi@&z‘@og 0 20 40 60 80 100 120
Time (Minutes) Qg/\@(\g/\@&/\@ (\Q,/\\"’Qg/\@&/\‘ - Bioactive 0
RN TN evacizumab (%)
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Stabilizing Biologics Through Sealing

« Particles are sealed by suspending the array
over a hot plate to heat the PLGA above its Tg
allowing the material to flow and form a seal

PULSED particle temperature Stability of 10 ng of horseradish Stability of 10 ng of bevacizumab
during sealing peroxidase after sealing (FDA-approved anti-VEGF antibody)
130°C PLGA 1 PLGA 4 PLGA 1
bt \ : Etgﬁl < 100- -+ = 1004 o No Excipients '
§ 2 804 2 804 6 ug Trehalose .
~ 100- S =
S S 60- g 604 1 ug BSA - }
E S 40, S 40. 3 pg Sorb:MSG:MgC|, I -
) — —-—
S g 20 g 20- 1 ug Sorb:MSG:MgCl, - = .
2 2 od B0 1 ug bPEI - - .
0 L @ o e L e ge ge T T T T T 1
' ' ' ' ' ' P NP O 3O 9 2° 0 20 40 60 80 100 120
0 1 2 3 @ D P X2 P _ _
Time (Minutes) A <@ < Q)’\‘ g/\‘ g’\" Bioactive
Qo@\go?\ggog o \QO'\QQQ Bevacizumab (%)

Microparticle sealing causes minimal damage to dried proteins and excipients can be used
to prevent or minimize losses in bioactivity
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Stabilizing Bevacizumab as a Model Biologic Through Release

Particle filled with antigen and excipient progressing through release Stressors causing biologic degradation

1. Aggregation
Particles Aqueous Environment
Hydration Degradation Releases
Antigen
Sealed Particle

Thermal Stress
Low pH

Encapsulated biologics are exposed to multiple stress: (1) aggregation after filling particles, (2) hydration and

(3) thermal stress prior to release, as well as (4) acidic microenvironment due to PLGA degradation

PLGA Antigen

B wnN

et B P Ding, Pharmaceutical Research¥(230iil4)
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Stabilizing Bevacizumab as a Model Biologic Through Release

Particle filled with antigen and excipient progressing through release Stressors causing biologic degradation

Particles
Hydration
Antigen
Sealed Particle

Encapsulated biologics are exposed to multiple stress: (1) aggregation after filling particles, (2) hydration and
(3) thermal stress prior to release, as well as (4) acidic microenvironment due to PLGA degradation

1. Aggregation
PLGA Antigen 2. Aqueous Environment
Degradation Releases 3. Thermal Stress
4,

Low pH

* Used an ELISA to measure Bioactivity of bevacizumab in PLGA 1
bioactivity of bevacizumab (encapsulated and released)
stabilized by various excipients No Excipients 4701 0 F3100

_ 1ugbPEI- 74 | 85 [ 83 | 84 | 86 | 83 | 89 | 90 | 70 || 180
* Particles are brokeri cperto 3,4 sorb:MsG:MgCI,{ 95 [ 89 | 67 | 45 | 40 | 61 | 53 | 51 | 54 10

(%) gewnzioenag
aAljoeOIg

measure a combina’ior of 1 ug Sorb:MSG:MgCl,H104 | 90 | 68 | 26 | 22 | 27 | 28 | 25 | 25

released and encapsulated 3ugBSA - 96 | 74 | 53 | 29 | 38 | 28 | 37 | 35 | 36 | 140

bevacizumab 1ugBsAH 97 |84 (13| 4 | 2 | 4 | O L 120
6 ug Trehalose 4 94 | 19 | 1 0 o

0 2 4 6 8 10 12 14 16
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Stabilizing Bevacizumab as a Model Biologic Through Release

Particle filled with antigen and excipient progressing through release Stressors causing biologic degradation

Particles
Hydration
Antigen
Excipient ‘

Sealed Particle

1. Aggregation
PLGA Antigen 2. Aqueous Environment
Degradation Releases 3. Thermal Stress
4,

Low pH

- -

Encapsulated biologics are exposed to multiple stress: (1) aggregation after filling particles, (2) hydration and
(3) thermal stress prior to release, as well as (4) acidic microenvironment due to PLGA degradation

* Used an ELISA to measure Bioactivity of bevacizumab in PLGA 1
bioactivity of bevacizumab (encapsulated and released)
stabilized by various excipients No Excipients {07 0 | o< | o | o< | ok | o< | o =100 o
_ 1ugbPEI 74 [ 85|83 [ 84 [ 86 [ 83 [89[90 [ 70 {80 5§
* Particles are broker cpen t0 |3 g sorb:MSG:MgCL{ 95 | 89 | 67 | 45 | 40 | 61| 53 | 51 | 64| g 2 o
measure a combina‘ior of 1 pg Sorb:MSG:MgCl,H104 | 90 | 68 | 26 | 22 | 27 | 28 | 25 | 25 5 &
released and encapsulated 3ugBSA 96 | 74 |53 [29 | 38 | 28 | 37 | 35 | 36 | 1#0 D S
bevacizumab 1TugBSAJ 97 [84 [13] 4 [ 2 | 4] 0 120 <
6 ug Trehalose 4 94 | 19 | 1 | 0 g &

0 2 4 6 8 10 12 14 16
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Stabilizing Bevacizumab as a Model Biologic Through Release

Particle filled with antigen and excipient progressing through release

Particles
Hydration

=)

Antigen
Excipient

Sealed Particle

PLGA
Degradation

N

Antigen
Releases

=)

Encapsulated biologics are exposed to multiple stress: (1) aggregation after filling particles, (2) hydration and

Stressors causing biologic degradation
Aggregation

Aqueous Environment

Thermal Stress

Low pH

1.

2.
3.
4.

(3) thermal stress prior to release, as well as (4) acidic microenvironment due to PLGA degradation

Used an ELISA to measure
bioactivity of bevacizumab
stabilized by various excipients

Bioactivity of bevacizumab in PLGA 1

(encapsulated and released)

No Excipients —

101

0

>

S

i

o

>

S

Combining top excipients res |

1 ug bPEI -

74

85

83

84

86

83

89

90

3 pug Sorb:MSG:MgCl. -

95

89

67

45

40

61

93

51

tunable release of >809%
bioactive bevacizumab

bPEI likely acts as a proton
sponge limiting decrease in pH
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1 yg Sorb:MSG:MgCl,+

104

90

68

26

22

2

28

29

25

3 ug BSA -

96

74

93

29

38

28

S

39

36

1 ug BSA -

o

84

13

4

2

0

6 ug Trehalose -

94

i

1

0

0

2

4

6

8
Day
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14

16

70 I+
o4 I |

1100
180
160
- 140
- 120

0

(%) gewnzioenag

Cumulative release
bioactive bevacizumab

aAloeolg
Bioactive
Bevacizumab (%

Day
-B-PLGA4

—o-PLGA 1

Ding, Pharmaceutical Research‘,:(éo‘@)

Tzeng, J. Controlled Release (20
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Stabilizing Rabies Vaccine Through Sealing and Release
TEM image of rabies vaccine Sandwich ELISA

N~

Neutralizing antibody
(clone D1-25)

Rables Vaccine

* The rabies vaccine is an inactivated virus
» Rabies glycoprotein is the target of host

neutralizing antibodies which prevent viral
entry into host cells

Neutrallzmg antibody
(clone 1112-1)

+'" CONTROLLED RELEASE SOCIETY
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Stabilizing Rabies Vaccine Through Sealing and Release
TEM image of rabies vaccine Sandwich ELISA

N
iy &

Neutralizing antibody
(clone D1-25)

Rables Vaccine

* The rabies vaccine is an inactivated virus
» Rabies glycoprotein is the target of host

neutralizing antibodies which prevent viral
entry into host cells

Neutralizing antibody
(clone 1112-1)

Stability of rabies vaccine after
sealing in PLGA 1

No Excipients
3 pgSorbitol

1 pgSerbitol =
3 g Trehalose I
1 pgulrebalose- H
3 ug: Trisodium:Citrate - |

1 ugl TrisodiumCitrate

0 20 40 60 80 100 120
Rabies Vaccine Stability (%)
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Stabilizing Rabies Vaccine Through Sealing and Release
TEM image of rabies vaccine Sandwich ELISA
' 3 Neutralizing antibody

)L (clone D1-25)
Y\

Rables Vaccine

* The rabies vaccine is an inactivated virus

» Rabies glycoprotein is the target of host
neutralizing antibodies which prevent viral
entry into host cells

Neutrallzmg antibody
(clone 1112-1)

Stability of rabies vaccine after Stability of rabies vaccine prior to release in
sealing in PLGA 1 PLGA 1 (encapsulated and unencapsulated)
. 3 pgSorbital{ 100 0 I
3 nggevnitol 3 ygcTrehalose-{ 100 0 % g‘.
1 g Sorbitol- - 3ug-Sorb:MSG:MgCl;{ 100 7 0 o 3
19ug-Sorb:MSG:MgCly4 100 4 0 = <
3 pg;Trebalose-T T 3 |9 Trisodium Citrate (TSC) 100 13 6 1 0 fs o
1 ug.Trehalose- H 1upg TSC-{ 100 22 5 3 0 \0\/ g
S . 2-ug Sorbitolst AupgTSC{ 100 89 38 29 3 4 o
3 T d Ct t - 1 1 1 1 1 1
Mg TrisodiumnCitrate — 3 5 p) 5 3 10
1 ug TrisodiumCitrate Day

0 20 40 60 80 100 120
Rabies Vaccine Stability (%)
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Stabilizing Rabies Vaccine Through Sealing and Release
TEM image of rabies vaccine Sandwich ELISA
' 3 Neutralizing antibody

)L (clone D1-25)
Y\

Rables Vaccine

* The rabies vaccine is an inactivated virus

» Rabies glycoprotein is the target of host
neutralizing antibodies which prevent viral
entry into host cells

Neutrallzmg antibody
(clone 1112-1)

Stability of rabies vaccine after Stability of rabies vaccine prior to release in Vaccine stability after
sealing in PLGA 1 PLGA 1 (encapsulated and unencapsulated) sealing in PLGA 1
No Excipients=_ No Excipients{ 100 0 1169 . -100
. 3 pgSorbital{ 100 0 I i Py
3 ng Sorbitol 3 pg-Trehalose{ 100 0 % g’- 80 D
1 pgSorbitol- - 39 SOFbZMSG:MgClZ- 100 7 0 o 8 L60 8— g
1ug Sorb:MSG:MgCly4 100 4 0 = < =
3 pg Trebalose-{ T 3 ug Trisodium Citrate (TSC%- 100 13 6 1 0 fg 2 F40 = (Q)<J
1 ug.Trehalose- H 1upg TSC-{ 100 22 5 3 0 \0\/ g X O
3 uc Trisodidm Gitrate 2-ug Sorbitolsb 1 ug TSC{ 100 89 38 29 3 4 @ 20 ~— 3
Ve e '_' 6 2 4 & & 10 o
1 yg Trisodium Citrate Day e
I 1 j T 1 1 1 ) & O &OQ
0O 20 40 60 80 100 120 .\.O\Q ,\\}%o« ~0Q
Rabies Vaccine Stability (%) O ,L\}Q,\QQ’

" CONTROLLED RELEASE SOCIETY Callaway, Science Advances (2022)®

o Ng, Cell Host Microbe (2022) n i
S CRS ANNUAI_ MEET'NG EXPOS'TIUN Chabaud-Fiou, Biologicals (2017). ,‘.U’
: Gamoh, Biologicals (1996) =
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Stabilizing Inactivated Rabies Virus Through Sealing and Release

] Undoped PLGA particles CaCO. Doped pLGA Particles
* To neutralize pH, we explored £aCo, Unsealed _ Sealed Usealgj Sealed

doping CaCO, into particle walls.
* Only soluble in acidic conditions,
acts as a buffer once in solution
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Stabilizing Inactivated Rabies Virus Through Sealing and Release

_ CaCoO Undoped PLGA particles CaCQO, Doped PLGA particles
* To neutralize pH, we explored =3 Unsealed _Sealed Unsealed Sealed
doping CaCO, into particle walls. O -/ e | &
* Only soluble in acidic conditions, o:< Ca?t . |
acts as a buffer once in solution o-
& In Particle -®- Released
5% CaCO, PLGA 1 10% CaCO, PLGA 1
1 ug TSC + 3 ug Sorbitol 1 ug TSC + 3 ug Sorbitol
100+ 100+
80- 80-
60- 60-
40+ 40-
20- 20-

Rabies Vaccine Stability (%)

—
;ko

Rabies Vaccine Stability (%)

0 7 14 21 0 7 14 21
Day Day
Release per particle Release per particle
0.0013 £ 0.0002 1U 0.0014 £ 0.0002 1U

+'" CONTROLLED RELEASE SOCIETY
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Stabilizing Inactivated Rabies Virus Through Sealing and Release

_ Undoped PLGA particles CaCO, doped PLGA particles
* To neutralize pH, we explored M3_ Unsealed  Sealed Unsealed  Sealed _
doping CaCO, into particle walls. O = WL 1l T
* Only soluble in acidic conditions, o:< Ca®t
acts as a buffer once in solution o-
& In Particle -®- Released & < ‘ % - ‘
5% CaCO. PLGA 1 10% CaCO, PLGA 1 e —— — "
1 1g TSC + 3°ug Sorbitol 719 TSC + 329 Sorbiol Dose finding study in Sprague-Dawley rats
S 100 S 100 -® 0.25 IM Doses
2z 8. Z 801 & 0.025 IM Doses
S an. S 2O - 0.0025 IM Doses
g 28_ 3‘,‘5‘5 28_ %31 5 Assay Saturatlon Limit |
() () 8 E -
s 204 s 204 2 240-
S T S T < c
= 10- = 10- .9
3 3 NS
2 ov—-gzg—% owﬁ-j;%'g.g -1
14 0 7 14 21 0 7 14 21 3 2 o
Day Day Z8 Q- Immunized
Release per particle Release per particle 0 7 14 21 28
0.0013 £ 0.0002 U 0.0014 = 0.0002 IU Day

+'" CONTROLLED RELEASE SOCIETY
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Stabilizing Inactivated Rabies Virus Through Sealing and Release

. Undoped PLGA particles CaCQO. doped PLGA particles
* To neutralize pH, we explored MS_ Unsepaled Sealed U'nsealped Sealed
doping CaCO, into particle walls. O 7 iF " @
* Only soluble in acidic conditions, o:< Ca®t
acts as a buffer once in solution o-
& In Particle -@- Released _ - SN
5% CaCO, PLGA 1 10% CaCO, PLGA 1 i . . .
, “g TSC + 3g Sorbitol ] pg/TSC + 319 Sorbitol Dose finding study in Sprague-Dawley rats
g 100 g 100 /f /f /f -8 0.25 IM Doses
2  80- 2 804 & 0.025 IM Doses
o) e} - 0.0025 IM Doses
% 28: ac,")‘3 28: = ’_ET1 5 Assay Saturatlon Limit |
2 9. 2 920 35 - Recovery of 0.0014
8 T 8 T £ =104 IU per particle is a
© ©
= 10+ > 10- 22 high enough dose
% 0 % 0 . . £ 54 to confer
14 0 7 14 21x 0 7 14 21 3 2 o immunity!
Day _ Day _ z 38 O - Immunized
Release per particle Release per particle 0 7 14 21 28
0.0013 £ 0.0002 IU 0.0014 £ 0.0002 IU Day
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Conclusions

 PULSED microparticles exhibit pulsatile release that can be tuned based on the
material properties of PLGA

* The loss of biologics stability during sealing and release can be prevented by
co-loading with excipients

Future Work

« Continue exploring excipient formulations to increase release of the rabies
vaccine in its stable form

« Explore alternative PLGA formulations to achieve clinically relevant release
points

« Evaluate the immune response to vaccine released from PULSED microparticles
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