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What causes inflammation? VRl

v Immune Reactions (hypersensitivity reactions,
autoimmune diseases)

v' Infections (pathogens: bacteria, viral, fungal,
parasitic)

v Toxins, Chemical irritants, lonizing radiation (CT!),
Foreign bodies, Burns, Frostbite, Trauma.....

’ Laboratory for Preclinical
Imaging and Imaging Technology
of the Werner Siemens-Foundation 4 u KT



What is Inflammation? AR S

A protective response to:
v eliminate the initial cause of cell injury
v remove necrotic cells and tissues

v initiate the process of repair

Normally self limited but can also be harmful
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Vascular Changes - Inflammation naLEL o

« Vasodilation: increasing the oxygen supply

« Accumulation of leukocytes (rolling, adhesion,
transmigration)

« Bradykinin, Histamine and Leukotrienes cause
endothelial cell contraction

 Increases vascular permeabllity (!!!)
 Increase of the lymphatic flow
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Vascular Changes - Inflammation UNIVERSITAT 3P

Involved cells:

*Granulocytes (Neutrophil, Eosinophil, Basophil)
Monocytes/Macrophages

Lymphocytes (T and B)

Platelets

*Mast cells

Dendritic Cells

Fibroblasts

Involved proteins:

Complement

*Proteoglycans
*Kinines/Cytokines/Chemokines....
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Inflammation i

Classical signs of acute inflammation:
*Dolor (pain),

«Calor (heat),

*Rubor (redness),

*Tumor (swelling),

*Functio laesa (loss of function)
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Inflammation L

Vasodilatation and causes an increased blood
flow resulting in redness (rubor) and increased
heat (calor). The increased permeability of the
nlood vessels causes exudation (leakage) of
nlasma proteins and fluid into the tissue
(edema), which manifests itself as swelling
(tumor). Some of the released mediators such
as bradykinin increase the sensitivity to pain
(hyperalgesia, dolor).
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Inflammation — Acute or Chronic RIS b
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Inflammation can be classified as either Acute or Chronic:

Onset:
Cellular infiltrate:

Tissue injury/damage:

Acute

fast (minutes - hours)
predominantly
neutrophils

normally mild
and self-limited

Chronic
slow (days)

monocytes/macrophages
and lymphocytes

often severe,
progressive
and irreversible destruction
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Acute Inflammation M ril

Vascular:

vasodilatation, vascular permeability (accumulation of
fluid/plasma in the extra-vascular tissues;

early transudate (low protein content;

exudates (high protein content)),

endothelial activation, increased expression of adhesion
molecules, chemotaxis, increased rolling/adhesion/
transmigration of activated leukocytes emigration

to the extravascular tissues
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Inflammation
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VESSELS

..........

ExftraceSular
%mm proteins _,E
and cells

Fibroblasts
C. Wall et al. Immunology 2012
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Rolling — Adhesion - Transmigration  URjEEIIAT

MARGINATION — ROLLING ADHESION #- TRANSMIGRATION

Selectins Capillary

Integrins

Normal venule

Endothelial
activation

CHEMOTAXIS

Bacteria Vepape®®
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Intra-vital fluorescence
microscopy
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Acute Inflammation M ril

Cellular: recruitment and activation of neutrophils and
leukocytes

Tissue: edema,; normally no severe tissue injury and scar
formation

Example: acute contact hypersensitivity reaction of the skin
toxic shock syndrome,
acute appendicitis;
bacterial broncho pneumonia
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Chronic Inflammation RIS b

Vascular: endothelial activation, angiogenesis,
expression of adhesion molecules, chemotaxis;
Increased rolling/adhesion/transmigration of
activated leukocytes;
leukocyte emigration

Tissue: persistent tissue injury, tissue
destruction by inflammatory cells,
repair with fibrosis/scar formation
cancer induction possible
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Chronic Inflammation RIS b

Cellular: mononuclear cell infiltrate monocytes/
macrophages, T- and B- lymphocytes,
plasma cells). Thus, the prolonged inflammation,
leads to a shift in the type of cells present at the
site of inflammation

Example: chronic contact hypersensitivity reaction of the skin
(Nickel)
Autoimmune diseases (rheumatoid arthritis,
systemic lupus erythemtodes, multiple
sclerosis)
pulmonary silicosis
skin ulcers
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Contact Hypersensitivity Reaction LT
b 7 Days . — 240
Sensitization Proliferation Challenge  Analysis
(TNCB)

-

Ear Swelling

APC
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Contact Hypersensitivity Reaction T Rl

. ;R"

Challenge

Sensitization o, 1vce
5% TNCB at the right ear

at the abdomen * * * * *
1 2 3 4 5

Day 1 7 9 11 13 15

Acute inflammation
Chronic inflammation
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Chronic Inflammation - Angiogenesis UNIVERSITAT

Angiogenesis: [18F]-Galacto-RGD-PET

right leftg@right left @@right left

C-CHSR
blocked with
0.4 mg unlabeled
c(RGDfV)
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Chronic Inflammation - Angiogenesis UNyERIIAT

Imaging of Delayed-Type Hypersensitivity
Reaction by PET and 'F-Galacto-RGD

Bernd J. Pichler, PhD!; Manfred Kneilling, MD?; Roland Haubner, PhD!; Heidi Braumiiller, PhD?;
Markus Schwaiger, MD!; Martin Rocken, MD?; and Wolfgang A. Weber, MD!

"Nuklearmedizinische Klinik und Poliklinik, Klinikum rechts der Isar, Technische Universitiit Miinchen, Miinchen, Germany;
and *Department of Dermatology, University Tiibingen, Tiibingen, Germany

Key Words: autoradiography; molecular imaging; PET; radio-
Radiolabeled cyclic peptides containing the amino acid se- Pharmaceuticals; animal imaging; inflammation

quence arginine-glycine-aspartate (RGD peptides) have suc- J Nucl Med 2005; 46:184-189
cessfully been used to image the expression of the a3 integrin
in malignant tumors. However, the o,B3 integrin also plays an

@
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Chronic Inflammation - Angiogenesis URjERIAT

Angiogenesis: Cy5-Galacto-RGD Optical Imaging

' T )
Mouse 1
1 Y Y

Mouse 2
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Unknown origin of Inflammation UNIVERSITAT

The golden standard In
nuclear medicine imaging of
Inflammation Is the use of
autologous radiolabeled
leukocytes ([*In]-oxine-
SPECT)
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Immune Reactions O

»
CANCER -

DIABETES " CARDIOVASCULAR

®.. M
MEUROLOGICAL ALTHEIMER'S
DISEASES DISEASE
AUTOIMMUNE g FULMONARY
DISEASES & DISEASES
- ARTHRITIS
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Tumor Microenvironment CrORNOER. &
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Macrophage Helper
© Buzzle.com @ CTL
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Tumor Microenvironment
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I Hematopoetic origin

« Granulocyte ,. Mast cell eBcell *Macrophage e CTL

* Eosinophil
* NK cell
* Platelet

microenvironment

* Pericyte

Mesenchymal origin I: « Fibroblast

. Treg

* Dendritic cell

1
* MDSC

Vascular
endothelium

©2012 A

Suppressive mechanisms

MDSC cell

* Secretion of NO, arginase and ROS
* Sequestration of cysteine

* Impaired differentiation

» Defective antigen presentation

T.og cell

* Secretion of suppressive
cytokines (TGF-f, IL-10)

* Sink for IL-2, IL-7, IL-12, and IL-15

* Impaired activation of CTLs

Macrophage \e )
* M2 differentiation/cytokine profile
» Defective antigen presentation

* Lack of costimulation for T cells

* Impaired tumorocidal activity

Dendritic cell

* IDO expression; induction of Tregs
* |[mpaired maturation

» Defective antigen presentation

* Lack of costimulation for T cells

Cancer cell @ @

* Loss of MHC class | and antigen
processing machinery

* Antigen loss variants

* Secretion of VEGF, GM-CSF,
G-CSF and gangliosides

for Cancer R h

Cancer Research Reviews
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Small Animal Imaging Modalities UNIVERSITAT
CT Optlgal PET
Imaging

Morphology Morphology Function Function
(Radiation!) (Function)
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Imaging Modalities UNIVERSITAT €

Imaging modalities for non invasive in vivo imaging of
Inflammation:

Positron emission tomography (PET)
— function, metabolism
Single-Photon Emission Computed Tomography (SPECT)
— function, metabolism
Optical Imaging (Ol)
— function, metabolism
Magnetic Resonance Imaging (MRI)
— anatomy, (function, perfusion)
Computed Tomography (CT)
— anatomy, (perfusion)
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Positron Emission Tomography
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Cyclotron Coincidence
Processing Unit
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Small Molecules — PET-Tracers rn Al
[L8F]FDG: [*8F]Fluordeoxyglucose: [8F]FLT: 3-Deoxy-3-['8F]fluorothymidine:

Glucose metabolism (GLUT-1) Proliferation (TK-1) (|>|

\E\NH
OH,H HO )\o

N

L
[18F]FMISO [18F]FAZA
[——\ OH .
N\/N\/K/F Hypoxia
NO,
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Bacteria — 18F-FDG-PET UNIVERSITAT
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Yersinia enterocolitica bacteria infected mice

18
F-FDG d.p.i. 2 d.p.i.

PET Fusion| PET Fusion| PET Fusion

Q
/)]
O
©
K o
=
z

unpublished data, Wiehr & Autenrieth
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Virus — 18F-FDG-PET “TUBINGEN

Papilloma virus infected rabbits

PET/MR

Papllloma k4

\fd/

S. Probst & S. Wiehr et al. Molecular Imaging 2014
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Fungi — 8F-FDG-PET UNIVERSITAT

Fungi Aspergillus fumigatus infected mice

PBS control A. fumigatus infected
MR Fusion PET MR Fusion

[*FIFDG

Aspergillus fumigatus

Conidia
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Fungi — 8F-FDG-PET UNIVERSITAT

CrossMark
& click for updates

ImmunoPET/MR imaging allows specific detection of
Aspergillus fumigatus lung infection in vivo
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Cancer Therapy - PD-1/PDL-1 and LAG-3 UNYERSIIAT
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d Exhausted CD4™ T cell

Dephosphorylation

Less T call
activation

A A

b Immunoinhibitory pathways

p———
B7-2 (CM

B7-1 (CD80)

CD28 Activation

APC

PD-L1 (B7-H1)

PD-L2 (B7-DC)
CD48
HVEM

(A (X Dt B7-1
D ——p ) CD244 (2B4) Inhibition

b Ll S — BTLA
CD160

TIM-3

34

PtdSer 2 Galectin-9

& Apoptotic cell

Gordon J Freeman & Arlene H Sharpe Nature Immunology 13, 113-115 (2012)
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18F-FDG-PET — “Responder Monitoring”uxiVi&Siiar

Leucocytes at
the margins

O 9

Metastasis Responder

18E-FDG-uptake

Laboratory for Preclinical
Imaging and Imaging Technology Deubark K Lotk
of the Werner Siemens-Foundation 4 U KT



EBERHARD KARLS

. UNIVERSITAT &9
Conclusion | NIVERTTar ¢

« During infections (virus, bacteria, helminthes) PET
tracers such as [**F]FDG ([*®F]FLT, [**F]FAZA) and
Optical Imaging agents detected only the secondary
induced inflammation (“Indirect Detection”)

« The pathogens (virus, bacteria, helminthes) get not
visualized.

 Visualization of checkpoint antibody-induced T cell
activation
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Radiolabeling strategies mAb UNIVERSILET

ya
HOOC_/~\ CO—NH HOOC /_\ CO-N
N N N HOOE;NSN;%OQH
[ j Cu64 EA@ &] =09 00
/N N\
HOOC \ __/ COOH HOOC \ / COOH
£ @?ﬁt)%b’
@f(\@f o 5
pﬁp (@)
SRR
2 2

* In vivo radiolabeling of cells (T cells, tumor cells...) or pathogens

Laboratory for Preclinical
Imaging and Imaging Technology Dbt ek i
of the Werner Siemens-Foundation 4 u KT

nnnnnnnnnnnnnnnnnnnnn



Radiolabeling strategies mADb
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IgG
Fab
Fc
kDa 150

t,(h) 110

IlgGACH2

130
8

Fab, scFv-F

(blspecmc)

WV e

~110 100

6 12

Minibody Diabody | scFv V domain

55 28 15
5 6 2 0.05
Renal cutoff
50 kDa

modified from Holliger P, Nat Biotechnol. 2005
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[6Cu]DOTA-JF5-labeling OSSR @

Aspergilus fumigatus

A. fumigatus infected
3h 24h 48h

o)
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2
t
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=
S
O

S

Rolle, Hasenberg, Gunzer, Wiehr & Pichler
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f UNIVERSITAT
Conclusion I TUBINGEN

* During infections (virus, bacteria, helminthes)
intracellular [“Cu]PTSM-labeling as well as
extracellular [*“Cu]DOTA-Ab-labeling enables
visualization of the pathogens or of cells of interest.

CrossMark

& click for updates

ImmunoPET/MR imaging allows specific detection of
Aspergillus fumigatus lung infection in vivo
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Optical Imaging
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Bioluminescence

Luc-Gen

Y4
2 Luciferin
O, (exogene)

Fluorescence

Excitation Emission
~480 nm ~520 nm
GFP
An external Excitation Light

excites the fluorophore to a higher

energy  state, followed by

Emission of photons at a longer
wavelength.
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In vivo optical imaging
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Bioluminescence: NF-«xB reporter mice

Various
receptor

Luc-Gen

NF-xB
binding site

RNA

Y4
2 Luciferin
Photon 02 i.p. injection
imaging 5 min. p.i.
(~ 630 nm)

Chemiluminescence: L-012

NH, O

= 1IWHnNnjection
N_ _~A_ iMaging 5min. p.i.

Cl o
L-012

ROS

Photon

Goiffon et al. Nat. Commun (2015)
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Ol — Bioluminescence — Reporter Mice LNy Rl

NF-kB: NF-kB luciferase mice contain three NF-kB sites from
the Ig light chain promoter coupled to the gene
encoding firefly luciferase

Msp I Msp 1

NF-kB Luc

Carlsen H et al.,J Immunol. 2002
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Ol = Chemiluminescence - ROS
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Reactive Oxygen Species (ROS):
L-012 (8-amino-5-chloro-7-phenylpyrido[3,4-d]-pyridazine-
1,4(2H,3H)dione) reacts with hydroxyl radical (HO") and
hypochlorous acid (HOCI) = Chemiluminescence
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right ear
(TNCB)
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(control)
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In vivo optical imaging Uk
'.t:):¢:): .Q(.j
acute — chronic Neutroph”s Superoxid_e anion Peroxizde
—> Macrophages —> ROS-stress 92 0y
l.e. ‘OH H:0:0'H
Hydroxyl radical Hydrogen Peroxide
+ " - &>
NF-kB $
Q T K
93) activation » 4,‘)\'
° <€)
I R
OL %, <
% % g
o, S - Lymphotoxin receptor
— TNF receptor \ — BAFF receptor
—IL-1receptor — Receptor activator of NF-kB

— Toll-like receptor \ — CD40
— B-cell receptor |

‘n
L

7z

TNF, IL-4B, IL6...  I-TAC (CXCLL1), SDF-1 (CXCL12)...

Johannes Schwenck
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Results - Acute DTHR 1 x challenge
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left ear right ear p/siemzsr
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ROS-expression 12h
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24h 00
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Ol - Activatable Fluorescence Probes
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Ol - Cutaneous DTHR - MMPs NI EE LA

MMPSense680

Control

Acute DTHR
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- Cutaneous DTHR - MMPs

RESEARCH ARTICLE

In Vivo Optical Imaging of Matrix Metalloproteinase
Activity Detects Acute and Chronic Contact
Hypersensitivity Reactions and Enables Monitoring of the
Antiinflammatory Effects of N-Acetylcysteine

MMPSense680

Johannes Schwenck, Christoph M. Griessinger, Kerstin Fuchs, Daniel Bukala, Nadine Bauer, Martin Eichner,
Martin Rocken, Bernd J. Pichler, and Manfred Kneilling

Abstract

The aim of this study was to determine whether the severity of contact hypersensitivity reactions (CHSRs) can be observed by
noninvasive in vivo optical imaging of matrix metalloproteinase (MMP) activity and whether this is an appropriate tool for
monitoring an antiinflammatory effect. Acute and chronic CHSRs were elicited by ication of a 1% trini (TNCB)
solution for up to five times on the right ear of TNCB: (NAC)-treated and sham-treated mice were
monitored by measuring ear swelling and optical imaging of MMP activity. In addition, we performed hematoxylin-eosin staining and
CD31i hi: hemistry for hi logic analysis of the antiinflammatory effects of NAC. The ear thickness and the MMP
activity increased in line with the increasing severity of the CHSR. MMP activity was enhanced 2.5- to 2.7-fold during acute CHSR and
3.1- to 4.1-fold during chronic CHSR. NAC suppressed ear swelling and MMP signal intensity in mice with acute and chronic CHSR.
During chronic CHSR, the vessel density was significantly reduced in ear sections derived from NAC-treated compared to sham-
treated mice. In vivo optical imaging of MMP activity measures acute and chronic CHSR and is useful to monitor antiinflammatory

mice. N-A

effects.

CELL-DEPENDENT autoimmune diseases such as
Trheumatoid arthritis and psoriasis vulgaris are
classified as delayed-type hypersensitivity ~reactions
(DTHRSs), orchestrated by interferon-y-producing CD8*
(Tcl) and CD4* (Thl) T cells."”> Most DTHRs, such as
cutaneous contact hypersensitivity reactions (CHSRs), are
accompanied by accumulations of polymorphonuclear
neutrophils (PMNs), which elicit an oxidative burst and
are critically involved in the pathogenesis of several
autoimmune diseases.” The oxidative burst is characterized
by a rapid release of reactive oxygen species (ROS)
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generated by PMNs and macrophages.*” ROS regulate
inflammatory immune responses through interactions
with nuclear factor (NF)-xB or p38 mitogen-activated
protein (MAP) kinase signaling pathways® and display
either tissue-destructive or -protective effects.”

Our previous work focused on studying the effector
phase in a murine model of acute and chronic trinitro-
chlorobenzene (TNCB)-induced CHSR.>® We observed a
strongly reduced PMN accumulation and oxidative burst
in inflamed ear tissue of TNFR1™~ and mast cell-deficient
mice with acute TNCB-induced CHSR.>® Using in vivo
positron emission tomography (PET) and '*F-RGD-
peptide, which binds to activated oyf;-integrin, we
distinguished acute from chronic TNCB-induced CHSR
and followed angiogenesis during the progression of local
inflammation.”

As chronic inflammation is highly associated with
angiogenesis,” antiinflammatory or antiangiogenic drugs
can suppress chronic cutaneous DTHR.'® The underlying
mechanisms of inflammation-induced angiogenesis are
driven by hypoxia'' and proinflammatory mediators such
as tumor necrosis factor (TNF), macrophage inflammatory

Molecular Imaging, 2014: pp 1-12 1
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Cell labeling strategies I
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®4Cu antibody-targeting of the T-cell receptor and
subsequent internalization enables in vivo tracking
of lymphocytes by PET
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Is this method applicable to other TCRs / cell types?
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3h

24 h
Tag2-TCRtg T cells

RIP1-Tag2-pancreatic
cancer model

(9H5.1 Ab specific for large T antigen
(Tag2) T cell receptor)

B-and T cells T cells BN

Targeting Thyl.2 A
(53-2.1 Ab specific for Thyl1.2 (CD90.2) B cells ’
expressed on lymphocytes)

Griessinger et al., PNAS 2015

’ Laboratory for Preclinical
Imaging and Imaging Technology
of the Werner Siemens-Foundation 4 u KT




EBERHARD KARLS ;I\F“
Conclusion | TUBINGEN s

mADb-labeling allows to follow the homing dynamics
of cells of interest
-limited impairments of the labeled cells

-Low background

Our mAb labeling strategy can be easily transfered
to other T cells as well as other immune cell types:
- T-cells (OVAtg-TCR, Tag2tg-TCR, Thy1.2)
-> B cells (Thyl.2)
- Macrophages/Granulocytes (CD11b)

Ab-induced effects on the cell type of interest has to be
analyzed prior to the imaging studies
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- [%“Cu]DOTA-Ab-labeling enables visualization of specific
Th1l cell homing patterns.
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CD4* specific Cre silenced HSV1-sr39tk
in every single cell
(Silenced ROSA26-sr39tk)
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CD4%/sr39tk mouse
(CD4* specific ROSA26-sr39tk)
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Phosphorylation of radiolabeled
nucleoside analog PET reporter
probe (1BF-FHBG/*?4I-FIAU) by
sr39tk (reporter gene)

— BF-FHBG trapping in the T cell

Tracer affinity:
HSV1-sr39tk > HSV1-tk
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PET/MR of endogenous sr39tk-expressing CD4* mouse with CHS at the
ear

PET (Ears)

transversal
8 _ _ .
BF-FHBG-Uptake: o
| eft iInflamed ear with
chronic CHS
— Specific homing of
coronal endogenous CD4* T cells
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« CD4*/sr39TK Mice enables longitudinal visualization of
endogeneus CD4* T cell homing patterns.
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Cre/lox-assisted non-invasive in vivo tracking of
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tomography
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