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Developed Protocols for the NCL Assay Cascade and Improved
Understanding of Nanoparticle Interactions with the Immune System



Presentation Outline

* Immunotoxicity
* Regulatory landscape
* Types
* Methodologies
e Case studies
* Immunosuppression
* Immunostimulation
* Immunomodulation
* Immunogenicity
Anti-PEG antibodies



* Clinical studies can be halted due to immunotoxicity
Drugs can be withdrawn from clinical use due to immunotoxicity
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Guidance for Industry
S6 Preclinical Safety Evaluation of
Biotechnology-Derived
Pharmaceuticals

July 1997
ICH

Guidance for Industry

S6 Addendum to
Preclinical Safety Evaluation
of Biotechnology-Derived
Pharmaceuticals

May 2012
IcH

Guidance for Industry

S8 Immunotoxicity Studies
for Human Pharmaceuticals

U.S. Department of Health and Human Services
‘vod and Drug Administration
Center for Drug Evalua Research (CDER)
Center for Biologics Evaluation and Research (CBER)

April 2006
IcH

Nonclinical Safety
Evaluation of the
Immunotoxic Potential of
Drugs and Biologics

Guidance for Industry

DRAFT GUIDANCE

F
Pharmacology/Toxicology

Regulatory landscape of immunotoxicity

ICH = International Conference on Harmonization; International Council for Harmonization since 2015
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General principles

* Toxicity to the immune system encompasses a variety of adverse effects.
* Theseinclude suppression or enhancement of the immune response:

u FAA
Infections & Tumors

Autoimmunity &
Hypersensitivity

Healthy Immune Function

Immunosuppression or enhancement can be associated with two distinct groups of

drug products:

(1) Intended to affectimmune function fortherapeuticpurposes (e.g., to prevent
organ transplant rejection); exaggerated pharmacodynamics

(2) Notintended to affectimmune function but cause immunotoxicity (e.g., by
causingapoptosis ofimmune cells)

Immunomodulation modifies the immune response; not overtly immunosuppressive or
immunostimulatory; may have subtle or even mixed effects.
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Nanoparticles and the immune system %i NCL

Nanoparticles and the Immune System

Laboratory
Stranger

Nanoparticles’ Inner Properties - Nanoparticles Bearing Foreign Epitopes,
Perceived as Danger Made of or Targeted with PAMPs
Hydrophobicity, Charge, etc.

Nanoparticles Bearing Repetitive Structures
Nanoparticles Causing the Release (Break of the Immunological Tolerance)
of the Danger Signals

Nanoparticles Bearing
Unfolded Proteins

Dobrovolskaia MA. Molecules. 2019 Dec 17;24(24):4620. doi: 10.3390/molecules24244620

Nanoparticles can be immunosuppressive, immunostimulatory, and
immunomodulatory

* These effects are due to either APIs or carrier
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NCL Immunology Assay cascade
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In Vitro In Vivo
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Inbred strains and transgenic models

Immunotoxicity

Nanotechnology-Formulated Drug
{Precursors and Components of Formulation . .
When Needed to Identify Source of Toxicity) ‘LOC&' Iymph nOde prOIIfe ration assay

*T-cell dependentantibody response

i i -CFU-GM

i . *Rabbit Pyrogen Test
I'ir I.f ek of Endotoxin -Immunogyenl%ity
CO enty -ack o Sterility «Psoriasis

ontamination

*Lupus

Tier Il * Hemolysis Immunotherapy
To Assess Common * Complement Activation . o

Acute Toxicities * Thrombogenicity (Platelets, Plasma Coagulation, 'AdjuvantICIT-y .

Leukocyte PCA) siImmunological milieu of the tumor
* Cytokines

Leukocyte Proliferation

Total Protein Binding (If Feasible) Relevant Guidance and Standards:

* Uptake by Macrophages (If Feasible) |CH 58
Tier 1l + WB Immunophenotyping ICH S6
To Assess Immune Cells ¢ CFU-GM USP BET 85
and Their Function * Effects on Antigen-Induced Leukocyte Proliferation

* Effects on Mitogen-Induced Leukocyte Proliferation U SP 15 1

* Effects on Macrophage Phagocytic Function |SO 10993_4

Tier IV

Mechanistic Studies

* Effects on NK Cytotoxicity
+ Effects on DC Maturation
* Effects on CTL Activity

Relevant Assays from Tiers Il & 11l
Additional Assays as Needed
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immunosuppression e

TDAR

Injectt_ | Inject  NB: sheep erythrocytes, tetanus toxoid and other Ags can be used This test is
nanoparticles KLH ;

in the NCL

in vivo AC

¢ Collect serum * Collect serum

¢ ELISA for anti-KLH IgM * ELISA for anti-KLH IgG
1 1
Day 1 Day 7 (14) Day 14(21) Day 21 (28)

* T celldependent antibody response (TDAR) is the traditional immune function testused to estimate materials’ immunosuppression
« Advantages - effective, predictive, recommended by the FDA; Disadvantages - time- and material-consuming, expensive

Hula . .
This test is
Day 1 Day 4 Day 5 in the NCL

I - = in vitro AC
i i i i Isolate PBMC Add Br-dU Br-dU ELISA

Treat with nanoparticles
and controls

Donors vaccinated with current
year flu vaccine

*  Human Leukocyte Activation (HULA), originally developed by Mark Collinge at Pfizer and adapted by us to test nanomaterials, is an in

vitro surrogate of TDAR
* Advantages — proven IVIV correlation with TDAR for immunosuppressants with various MOA; Disadvantages — requires donor prescreening

and current year flu vaccine which is not always available for laboratory usage
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The majority (> 90%) of formulations
were immunosuppressive due to the
APl (small molecules cytotoxic
oncology drugs (COD), therapeutic
nucleic acids (TNA), small molecule
protein kinase inhibitor (SMPKI))
Small proportion (8%) were
immunosuppressive due to
nanocarrier (NP).

NCL in vitro assays to screen
for Immunosuppression:

o
* ITA-6
* ITA-18
* ITA-3

https://ncl.cancer.gov/resourc
es/assay-cascade-protocols

= COD
= NP

= TNA

= SMPKI

Hm Donor 0872
8-  Donor 0958
Bm Donor 1081

O P> CODODP> OO D QD>
FFLLR W FFLOCR W PR
0909" SNy 090.0\’ o° ¥ SENENEN

NP NP NP
Concentrations, mg/mL API

Example of in vitro analysis of nanoparticle immunosuppressive properties
using Hula assay
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Immunosuppression: case study
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CTRL

RDP 0373 RDP 0984 RDP 1141

hTNFa
hIFNyY
hiL-17
hGMCSF
hiL-2
hiL-13
hRANTES
hiL-22
hTNFb
hiL-10
hGCSF
hiL-4

hiL-1ra
hiL-6
hiL-23
hiL-1b
hiL-1a
hiL-5
hiL-12p40
hMCP-1
hiL-21

Fold JC-1 monomer

ok 3 |
. & "\

‘

e )
nkit Shah

L]
L

2500 po/mL
2500 pg/mL

2000

1500

1000

Iron oxide nanoparticles (Feraheme) suppresses activation of T-
cells via a mechanism involving mitochondrial ROS in vitro

Shah etal. Toxicoloavand Applied Pharmacoloay, 2018

Total Psoriasis Score

151
e Control

®  Hydrocortisone

° 101 ‘:}: é s Feraheme
g i?{£ T

A

Males Females

Topical application of Feraheme inhibits
development of skin lesions in a mouse model
of psoriasis

Shah etal., Precision Nanomedicine, 2019 12
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Many markers exit; cytokines are reliable and have good in vitro-in vivo correlation

10% of NCL tested nanomaterials induced cytokines
L} > 60% of these particles induced IL-8

Exclusive
53%

* Liposomes
* Emulsions

> 50% of IL-8 inducing nanocarriers did so exclusively
L (i.e. w/o inducing other common pro-inflammatory cytokines)

These were typically liposomes and nanoemulsions

Induction of chemokines (IL-8, MIP-1a, MCP1/2) is
commonly observed with lipid nanocarriers and
liposomes (neutral and anionic)

NCL in vitro assays to screen forimmunostimulation:
 ITA-10

* ITA-22
* ITA-23
* ITA-25
*  ITA-27

https://ncl.cancer.gov/resources/assay-cascade-protocols

-l

IL-8, pg/m

¢

e TMaNT TN
THE HEBREW UNIVERSITY OF JERUSALEM

Prof. Barenholz' A

500001 Em Ca2+ Acetate

450004 _
400004 l mm Ammonium Sulfate

35000+
30000+ .
25000 _—

80001
60001
4000+
20001

NC PC Liposomes

Chemokine induction by liposomes can be controlled by
optimizing ion content in the liposome cavity
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Cytokine induction by cationic liposomes

IFN-y IL-1at IL-18 IL-6 IL-8 IL-10 MCP-1 _ |MIP-1a__ |MIP-18  [RANTES [TNF-a
donor #1 - ++ ++ +++ +++ + +++ +++ ++ ++ ++
donor #2 - ++ ++ +++ +++ + +++ +++ ++ ++ ++
donor #3 - ++ ++ +++ +++ + +++ +++ ++ +++ ++
donor #4 - ++ ++ +++ +++ + + + + ++ ++
donor #5 - ++ ++ +++ +++ + ++ ++ ++ ++ ++
donor#6 - ++ ++ +++ +++ + ++ +++ ++ ++ ++
donor#7 - + + ++ +++ + ++ +++ + ++ ++
Detected
cytokines IL-1a IL-1B IL-6 TNF-a IL-10 IL-8 |MCP-1 MIP-1a/MIP-1B8/RANTES
Group: cytokines chemokines
Detected
dangersignals| MMP-1 | MMP-7 | MMP-9 38
Liposome A
Group: metalloproteinases = 291 NC
3 19- ~ ,
—— : : &) Liposome B
» Cationic liposomes induce wide range 10-
of pro-inflammatory responses
« Oxidative stressis the underlying 0
mechanism 0 1 2 3 A
10 10 10 10 10

FL1-H
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g gﬂ I Fibrous * Mechanistic study involved siRNA/PBMC and
e - SR U EENGE s - mmmmremmcamen = et HEK-TLR reporter cell lines
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o DH O ' o o
|| e & u‘
& ool -~ ol S O oo
~10nm ~ 105 kDA (M0 01 02 03 04 05 ~ 96 kDA

Biomarkers of immunostimulation by

TNA are Interferons
Hong et al., Nano Lett. 2018 Jul 11;18(7):4309-4321
Hong et al., Molecules. 2019 Mar 20,;24(6):1094 15
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RNA nanoparticles
are more potent than
DNA counterparts

Globular particles are more

potent than planar than
fibrous structures

Interferon Response to NANPs...

mm RDP0999
40000+ RDP1007
== RDP1089
= 30000 - I
E
2
~— 20000~
§ T
T
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...Correlates with Uptake by Cells

80 7
60
40 7

209

% AF488 po

0

+ Lipofectamine - Lipofectamine

Hong et al., Nano Lett. 2018 Jul 11:18(7):4309-4321
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Intended Components

Small Molecule
Chemotherapeutics Neoantigens

CmCOmr

Therapeutic Nucleic Acids

Targeting ligands

Antibody
Fragments Aptamers

Peptides

Surface coatings

0. H
doAo
n

Polyethylene
glycol

Proteins

Lipid bilayer

Nanoparticle Platforms

Nanocrystals

Y
" 6 4
1 nggww,\
F S
PAAY

Protein-bound
Nanoparticles

Therapeutic Nucleic
Acid Nanoparticles

L5884

iS¢
559!

)

)
L

Metallic Nanoparticles
(e.g., iron oxide,
gold nanorods, etc.)

Liposomes

Polymeric Nanoparticles
(e.g., micelles, emulsions, etc.)

Undesirable Contaminants

Microbes

@

Mycoplasma Yeast

Bacteria Fungi

Examples of prescreen plates

Endotoxins

Beta-glucans

o4 o o
o o o
w:&ga’é\&ﬁé@, a
o o =

NCL in vitro assays to screen for sterilityand 1IMI

contamination:

e STE-1(.1,.2, .3and.4)
e STE-2

e STE-3

e STE-4

https://ncl.cancer.gov/resources/assay-cascade-protocols

. ~30 % of preclinical formulations fail due to endotoxin
contamination

*  Common sources of endotoxin: water and process

* <5 %fail due to bacterial contamination
*  Common sources of bacterial contamination: water,
dust and handling

Environmental monitoring is important

* Phreatobacter oligotrophus
* Ralstonia pickettii

Burkholderia

Rothia terrae

Citrobacter freundii
Ochrobactrum anthropi
Achromobacter marplatensis
Pseudomonas beteli
Sphingomonas aeria
Sphingomonas zeae

contaminans

Burkholderia cepacian
Burkholderia cenocepacia
Burkholderia metallica
Staphylococcus haemolyticus
Leifsonia lichenia

* Caulobactersegnis

Bacterial Contamination Rates

254
20 New carriers

15

10

Contaminated formulations, % total
\

Rhizobium halotolerans

New carriers and new APIs

Average

17
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o o+ 8 &+ § 8+ L L+
u
G & Q9 e
llinskaya, A. N., etal., Nanomedicine (London, England), 2013, 9(9), 1311-1326.
Va Prothrombi
PCA Xa complex
X Challenge is required to
Prothrombin s Thrombin determine this type of toxicity
/ NCL in vitro assays to assess
Activated Cells Fibrinogen ———>  Fibrin monomer immunomOdUIation

Fibrin polymer » )
Coagulation Cascade

https://ncl.cancer.gov/resourc
es/assay-cascade-protocols

Blood Clot
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2 Endotoxin contamination,
bacterial contamination,

ya cytokine storm and other
(GRS inflammatory reactions relevant ° 1
Cytokine induction and pyrogenicity, to endotoxin and/or bacteria i H e m O |y5 | S
Type | interferon induction, >N = o~ . . o
complement actvation and CARPA, | Sy I . | Caiaiig vigse Activity * Complement activation
prolongation of plasma coagulation time I Hemolysis & cytokine indu cti«:) n (IL-8), Ch . |
. ¢ F - WG MPS uptake ®
Hemolysis, platelet aggregation; § ' '\‘\ = R a nge I n p a S ma
. blood coagulation; Prolongation of plasma MPS uptake and other

. Leukocyte PCA, DIC;
. exaggeration of endotoxin-mediated
inflammation

coagulationtime
* Platelet aggregation

coagulation time size-/charge-related toxicities

o /(7 /B M-

. & X7V Cytokines (IL-1 b),
inflammasome activation,
I Liliofyte ESandBIg exaggeration of endotoxin-mediated [ ] Le u kocyt e P ro C o a g u I a nt

inflammation

Activity

NCL in vitro assays to screen
for these toxicities:

* |TA-1

e ITA-2

* ITA-5

e ITA-12

e ITA-17
https://ncl.cancer.gov/resource
s/assay-cascade-protocols

Particle size is above 300 nm; solid,
non-deformable particles with size
above 200 nm; charged particles

High aspect ratio, Si-, C-,

Carries DNA-intercallating cytotoxic
drugs (e.g. DXR) Ti-containing particles
\“ NP or component(s) is cationic Based onPEGYlated liposorme
i
Carries therapeutic nucleic acid as API g;gn?gr? : ol is PEG is not covalently attached
or otherwise unstable

Contains surfactants Lipid-based formulation

One or more components
produced in E.coli

Structure

19
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Platelets: role of zeta potential > NCE |nanctechrelooy
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PBS Collagen 100 75 50 25 12,5 0

N— 7
—

G5-NH2 PAMAM 100 pg/mL, % of surface amines

Surface charge and density of terminal groups affect platelet aggregation

Dobrovolskaiaetal., Mol.Pharm, 2011
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* Drug (common in biologics) or drug-protein adducts
(common in small molecules) might also be recognized as
foreign and stimulate an antidrug response (ADA)

* ADA = immunogenicity




Immunogenicity
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Consequences of Antibody Response to Biotechnology Therapeutics

Altered PK

Enhancement of Efficacy Loss of Efficacy
(e.g. Growth Hormone) (e.g. Insulin, IFNB, IL-2)

Systemic Immune Effects: Neutralization of native proteins

(e.g. Erythropoietin, Thrombopoietin,

A : Megakaryocyte Growth and
SUSEL Differentiation Factor)

¢ Kidney Damage

¢ Allergy

llinskaya AN & Dobrovolskaia  Anti-Drug Antibody (ADA)
MA, TAAP, 2015

Clinical Relevance
Binding ADA (BAbs)
PK-altering ADA
Neutralizing ADA (NAbs)

Hypersensitivity ADA

Cross-reactive NAbs

* Invitro,in silico and in vivo methods, when used separately, can not accurately predict

immunogenicity

* A combination of these methods help to get an insight and inform the design of clinical

studies

* |G in animals may reveal |G difference between biosimilar and reference product; help to

interpret the results of preclinical PK and Tox studies

* The informationabout a drug’s immunogenicityis currently obtained from clinical studies

22
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Research-Grade ENM

for Which Antibody
Was Generated

e C60

e C70

¢ SWCNT

* PAMAM-Dendrimers
¢ Liposomes

Accidental Particles
Contributing to
Antigenicity of ThPr
Glass Fibers

Cellulose Fibers
Tungsten

Silicon Oil

Rubber

Stainless Steel
Fluoropolymers

ENM Approved for Clinical Use
Which Resulted in

Antigenic Response

* None

*

ENM Carrying ThPr
and Resulting in

\ 3 . Anti-ENP Response

ENM Carrying ThPr and Not
Resulting in Anti-ThPr Response
* PEG-Gold-TNF (Cyt6091)

e Liposome-Streptokinase
e PS-Liposome-Factor VIl

Dobrovolskaia MA, Handbook of Immunological properties of engineered nanomaterials, 2016

* None

ENM Carrying ThPr
and Resulting in
Anti-ThPr Response

* None

Nanoparticles Can Be Engineered To:

Be (non)immunogenic
Reduce immunogenicity of
therapeutic proteins
Enhance immunogenicity of
proteins/peptides
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* PEGylation of nanoparticlesiscommon to improve circulationtime
» Several studiesreported existence of naturally occurringantibody
* Functionalsignificance of these antibodies is not well understood

andyg\%?l!istry . «.

Measurement of Pre-Existing IgG and IgM Antibodies against
Polyethylene Glycol in Healthy Individuals

Bing-Mae Chen," Yu-Cheng Su," Chia-Jung Chang," Pierre-Alain Burnouf, Kuo-Hsiang Chuang,
Chien-Hsiun Chen,"* Tian-Lu Cheng, Yuan-Tsong Chen, " Jer-Yuarn Wu,*"* and Steve R. Roffler* "

a 40 b 50 p=0018
2 p < 0.0001 2
34
‘ ; 20
8 g
% 204 g
o e 1w
& 104 .4
: i
g Fomales M 5 Fonales  Makes
c ;n..‘ 79-017 d 10 p=028
S 20 s
2
51": :i of
§ |’l g 4
g r)-,T 3
O Ab Y
Femak ‘re Feamae M

Figure 4. Anti-PEG antibodies are more prevalent in females than
males. (a) The percentage of females (239 of 748) and males (168 of
756) with positive anti-PEG IgM. (b) The percentage of females (212
of 748) and males (174 of 756) with positive anti-PEG IgG. (¢, d) The
mean anti-PEG IgM (c) or anti-PEG IgG (d) concentrations in
females and males among donors that were positive for anti-PEG IgM
or anti-PEG IgG, respectively. Error bars, SEM.

el molecules MPY

Article
Understanding the Role of Anti-PEG Antibodies in
the Complement Activation by Doxil in Vitro

Barry W. Neun 1, Yechezkel Barenholz 2, Janos Szebeni *%> and Marina A. Dobrovolskaia '*

1 L SISTIVEEE BRNE SRR T TGUUCE EDT SRR BE NS PS SET R M X SO SCION B SR e St ORRBOSN T WCEHGPUNEY § R

100
X go
o
o
g 60
a H males
v
2 40 B females
=
[74]
S 20
0

IgM IgG

High (> 800) titer PEG-reactive antibodies
are detected in both healthy males and
females, but are more prevalentin females




Anti-PEG antibody and complement activation i NCL
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C3a, ng/mL

5, &G N\ 4 lgM:
™ ABl=E11 &L Tl g ABL=AGP3
2800001 I ag2-33 7l T AB2=AGP4
2450004 AB3=6.3 Y4 AB3 = ANPEG-1
2100004 Affinity: E11<3.3<6.3 Affinity: AGP3 < AGP4
175000
140000 . T
105000+ =
70000 -
T
35000 - —
0 = T T T T T T T
@ ooV L @ oM Vo g
SEEEE SEEE
2 2
Doxil, 0.4 mg/mL DXR Doxil, 0.4 mg/mL DXR
280000 |
245000 -
£ 2100004 T
5 175000+
; 140000+
] |
by 105000
70000 i
35000 -
0_ T
@ @ 3 -3
\GQ x?ib Q\Q \Oo xvib \Q\Q
Ao &L A &
xV xV
Doxil, Doxil,
0.4 mg/mL DXR 0.4 mg/mL DXR

Hl gG

Backbone
Methoxy Group

Purified anti-PEG antibodies contribute to the
complement activation by Doxil

Individual

Donors C-SI ¢f° &

D0233
D0673
D0679 10
D0373
D0948
D0984
D0473
D0916 S
D0147
D0544
D0634
D1148 6
D1151
D1135
D1142
D1147 4
D1152
D0157
D0639
D0969

2000

- 1 1000

PEG Ab titer does not correlate with
complement activation by PEGylated
liposomes. The Ab suggest greater risk but
can’t predict the reaction and its magnitude.
Functional assay, e.g. C3 ELISA, should be
used instead

25



Thank you for your attention!




