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Bacterial toxins are “smart, pretty and usefull”
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Hard to find a cellular process not targeted by some toxin...
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http://www.sciencemag.org/content/vol274/issue5294/images/large/se496452502a.jpeg







Intracellular transport and translocation
of toxins to the cytosol
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Clostridial neurotoxin trafficking

EA
|

\ S The sites of action of tetanus
; (TeNT; green) and botulinum
neurotoxins (BoNTSs; blue) on

mammalian motor neuron and an interacting
spinal inhibitory interneurons.
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At the neuromuscular junction (NMJ), BoNTs are
internalized in synaptic endosomal
compartments, one of which might coincide with
synaptic vesicles. By contrast, TeNT is sorted to
the retrograde transport pathway. Microtubule
tracks are shown in dark brown, whereas actin
microfilaments are in red. Both cytoskeletal

e e elements are required for fast retrograde
" transport of TeNT in motor neurons. Red
§ crosses indicate the preferential sites of
) @DDD@ N neurotransmitter release inhibition caused by
lh@ DGDDDGG junction BoNTs (NMJ) and TeNT (inhibitory interneuron

p— synapse of the spinal cord).

wasichs

Eabdls
TRENDS 1 MAoraieoingy



Mechanism of action
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TeNT binds polysialogangliosides
(in magenta) and GPIl-anchored
proteins (in blue) within lipid rafts.
(2) Neurospecific binding is
followed by internalization and
sorting to specific intracellular
routes which differ for BoNTs and
TeNT. TeNT enters non-acidified
carriers that are recruited to the
fast retrograde transport pathway
and then reaches adjacent
inhibitory interneurons via
transcytosis. BoNT-containing
endocytic structures instead
remain at the neuromuscular
junction. (3) The light (L) chains
cross the endocytic membrane to
reach the cytoplasm. This is
assisted by the N-terminal portion
of the heavy chain (H (4)
Different L chains specifically
cleave distinct members of the
SNARE family. TeNT (T) and
BoNT serotype B, D, F and G act
on VAMP/synaptobrevin (in

., green) on synaptic vesicles.
BoNT-A and E cleave SNAP-25 (in
pink), whereas BoNT-C cleaves
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both syntaxin 1 (in cyan) and
SNAP-25, two proteins of the pre-
synaptic plasma membrane.



Clostridium tetani toxin
(tetanospasmin)
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Normal Tetanus [ av
Glycine (G) release stops Tetanus toxin binds to inhibitory
acetylcholine (A) release and interneurons, preventing release

allows relaxation of muscle of G and relaxation of muscle



Clostridium tetani toxin
(tetanospasmin)

soldier dying of tetanus - spasms of respiratory muscles

Normal Tetanus A
Glycine (G) release stops Tetanus toxin binds to inhibitory

y : . .
acetylcholine (A) release and interneurons, preventing release
allows relaxation of muscle of G and relaxation of muscle




Botulims the just opposite... \ 1,

Motor nerve

BTXA inhibits acetylcholine
release from acetylcholine vesicles
Nerve endings

VA

In the absence of BTXA,
acetylcholine
released and couse

: Myelin sheott
musde contraction

Receptor

Musde fiber

BTXA Mechanism of Action



Clostridium botulinum toxin (botulismus)

blocking acetylcholine release causes descending weakness of skeletal muscles
and death from respiratory paralysis due to interferences with muscle contraction

Excitation signals
from the central
nervous system
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Normal Botulism
Acetylcholine (A) induces contraction Botulinum toxin, ‘&, blocks release of A,

of muscle fibers inhibiting contraction



Clostridium botulinum toxin (botulismus)

blocking acetylcholine release causes descending weakness of skeletal muscles
and death from respiratory paralysis due to interferences with muscle contraction

Excitation signals |
from the central I
nervous system \J

The estimated human dose LD50, based on animal studies, is approximately 0.09
to 0.15 pg by intravenous administration

0.7 to 0.9 pg by inhalation and 70 ug by oral administration

Death is usually the result of respiratory failure or secondary infection associated

with prolonged mechanical ventilation.

Normal . , Botulism
Acetylcholine (A) induces contraction Botulinum toxin, ‘&, blocks release of A,

of muscle fibers inhibiting contraction



Botulinum toxin can make you pretty...

removing wrinkles D Tox application
| o e .



Cholera and E£. co/i heat-labile toxin:
3D structure

Sixma et al., Nature 351: 371-377, 1991 Merritt et al.,, Prot. Sci. 3: 166-175, 1994




Action of cholera toxin and related enterotoxins
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ADP-ribosyltransferase toxins
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Diphteria toxin action

fragment B links toxin to
. | cell, toxin enters cell .
intact T , LTE
- - . 4 \ s X +

Dlph_tfhamk']de_'sf a toxin toxin cleaved by protease S
modified histidine and sulfhydryl donor a—
amino acid found ”
in eukaryotic
elongation _factor 2 contains i} REATIF GRS
(eEF-2). It is ADP- ; : S— .

: ribosylating | A | + INAD| adenine
ribosylated by — : ;
diphtheria toxin, enzyime ll dinucleotide
which renders the
elongation factor A +NAD
inactive. 1 toxin catalyzes binding

of ADP moiety of NAD
to EF-2 and transfer of
<L ADP-ribose
IiNHZ EF2{NAD
O™ No- EF-2 is ADP-ribosylated at a
single amino acid terminal

protein synthesis (growth
of polypeptide chain) ceases

© Elsevier. Goering et al: Mims' Medical Microbiology 4e - www.studentconsult.com.



Structure of diphtheria

toxin
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Toxins interfering with cellular
signaling



The ‘smartest’ toxins subvert cell signaling

Such as fooling cells by cAMP - the second messenger...!
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Bacterial Toxins foolling cell signaling through elevating
intracellular cAMP Levels

1. Adenylyl cyclase toxins:

Exotoxin Activator Disease

Edema factor calmodaulin Anthrax

CyaA calmodulin Whooping cough

ExoY ? 10-20% nosocomial infections
Tcc-AC ? Plague

Edema Factor

1610
B. pertussis _ Transmemtrane and hemolysls

CyaA
) 378
ExoY
tersiniasp | ICCNN NN
2. ADP ribosylation factors:
Exotoxin Target Disease
Cholera toxin a subunit of Gs Massive diarrhea

Pertussis toxin a subunit of Gi Whooping cough



Mechanism of action of anthrax toxins
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EF acts as a Ca?* and calmodulin dependent adenylate cyclase that greatly increases the level of cAMP in the cell. This increase in cCAMP
upsets water homeostasis, severely throws the intracellular signaling pathways off balance, and impairs macrophage function, allowing the
bacteria to further evade the immune system.

LF also helps the bacteria evade the immune system through killing macrophages. Once in these cells, LF acts as a Zn?*-dependent
endoprotease that snips off the N-terminus of mitogen-activated protein kinase kinases (MAPKK). This inhibits these kinases by not
allowing them to efficiently bind to their substrates, which leads to altered signaling pathways and ultimately to apoptosis.

Thus, the synergistic effect of these three proteins leads to cellular death through a cascade of events that allow the proteins to enter the

cell and disrupt cellular function.



http://en.wikipedia.org/wiki/Calmodulin
http://en.wikipedia.org/wiki/Cyclase
http://en.wikipedia.org/wiki/Cyclic_adenosine_monophosphate
http://en.wikipedia.org/wiki/Homeostasis
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Protease
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
http://en.wikipedia.org/wiki/Apoptosis

Cytokine/
growth factor

il

»/Endocytosis

ATP cAMP

Stress and mitogenic
signals



o

A Phenylalanine Clamp Catalyzes Protein Translocation
Through the Anthrax Toxin Pore
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Mutation (F427X)

Structural models of a lumen-facing

phenylalanine heptad. (A) A ribbons
rendering of the PA63 prepore (27), viewed axially,
where domain 4 is proximal. Domains are colored:
D1' (magenta), D2 (green), D3 (gold), and D4 (blue).
FA27 (red, space filling) is modeled into the structure.
(B) Hypothetical cross section of the PA63 channel,
or pore, colored as in (A). The membrane-spanning
tube is the 14-stranded R barrel from domain 2 (5, 6).
(C) llustration of the effect of MTS-ET modification
on Cys-substituted mutants of PA63 in macroscopic
conductance studies. Conductance, g, is determined
from the current, I, and as g = /. (D) Fraction of
conductance blocked (fblock) by MTS-ET
modification (28) in domain 2 cap residues [as in (C),
where fblock = 1 - gblock/g] (table S2). Error bars
show means + SE (n = 3). (E) EPR spectra of PA63
heptamers uniformly labeled at F427C with a Cys-
reactive nitroxide spin label in the prepore state at
pH 8.5 (upper spectrum) and the pore state at pH 6
(lower spectrum). Approximate luminal diameters, d,
are based on the observed spin-spin interactions. (F)
Unitary conductance, , of single PA63 channels, with
indicated substitutions at F427. Channels formed by
FA27G PA63 (*) initially opened to a conductance of
90 pS, but, unlike any of the other channels, flickered
to 60 and 30 pS substates. values are accurate to at
least +10%, except for F427L and F427W, which are
accurate to £20%.



Targeting the Rho-GTPase family cycle...

signal input

—
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Ser/Thr-kinases: ROK, PAK
Lipid kinases: PI3K, PIP-5K
Lipases: PLD, PLC[32

Scaffold proteins: Dia, Rhotekin

cell shape
cell movement
cell-cell interactions

= gene transcription axonal guidance

= actin cytoskeleton

= cell cycle progression
= apoptosis

= oncogenic transformation
with Ras



Rho-GTPase cascade
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Action of E. coli CNF1

Effects of CNF1 on the actin cytoskeleton of HEP-2 and Vero cells
The actin cytoskeleton is stained by fluorescein isothycyanate-
phalloidin. (A) HEp-2 cell treated with 1071 M CNF1 for 12 h. Thin
arrow: lamellipodia; thick arrow: filopodia; line: pinocytic
vacuoles. (B) Vero cells treated withe 1071 M CNF1 for 12 h.
Arrowhead: stress fiber.

CNF1

GAP

tors
GDP

N3

Molecular mechanism of CNF1 on Rho GTP-
binding proteins This figure depicts the current
status concerning the mechanism of action E.
coli CNF1/CNF2 on the small GTPases
activation/deactivation cycle. GEF, guanine
exchange factor; GAP, GTPase activating
protein; SW1 switch 1 domain, SW2 switch 2
domain. CNF1/CNF2 modify by deamidation
glutamine 63 of Rho (61of Rac, Cdc42) and thus
inhibit GAP activity toward the GTPases which
remain in their active state bound to GTP thus
able to permanently activate their downstream
effectors.




Deaminating Rho-family GTPAses as mechanism

of altering actin cytoskeleton homeostasis
the case of E. coli cytotoxic necrotizing factor 1 (CNF1)
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Fig. 2. Modification of Rho GTPase by DNT. (A) Transglutami- in the case of the polyamination, the GTPases gain the ability to
nase activity of DNT. DNT catalyzes polyamination or deamidation interact with downstream effectors (especially ROCK) in a GTP-
at GInb3 of RhoA. See the text for details. (B) The modifications independent manner. As a result, the modified GTPases function as

abrogate the GTP-hydrolyzing activity of the GTPases. Furthermore, constitutive analogues and induce anomalous-cellular events.



Clostridium difficile

glucosylating toxin
trans-
membrane receptor
catalytic domain binding

domain \( domain

1 W DXD

\ /
UDP-
[*4C]gluc

Toxin A (TcdA) 308,000 Da
Toxin B (TcdB) 270,000 Da

S @



Cell entry of C. difficile Toxin A and Toxin B

toxin
receptor




Rho-GTPase cycle

signal input
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Ser/Thr-kinases: ROK, PAK
Lipid kinases: PI3K, PIP-5K
Lipases: PLD, PLC[32

Scaffold proteins: Dia, Rhotekin

cell shape
cell movement
cell-cell interactions

= gene transcription axonal guidance

= actin cytoskeleton

= cell cycle progression
= apoptosis

= oncogenic transformation
with Ras



Rho-GTPase cascade
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Cytosol — membrane cycling of Rho GTPases
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cellular mode of action
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cellular mode of action
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S.aureus exotoxins
- Enterotoxins Food poisoning
SEA, SEB, SEC1, & TSS
SEC2, SEC3, SED,
SEE, SEA G-L
- TSST-1 Toxic shock
-ETA, ETB Exfoliatins
(SSSS)

S.pyogenes exotoxins

- Erythrogenic toxins Scarlet fever,

SPE A-C Toxic shock
- Exotoxines mitogénes Toxic shock
SPEF, SSA, SPM,

SPM-2, SMEZ, SPEG

SPEH, SPEJ, SMEZ-2

Y.pseudotuberculosis mitogen (YPM)
C.perfringens enterotoxin
M.arthritidis supernatant




Results of superantigen activation of T
cells

* Increased IL-2 and TNF-a production;
edema,; hypotension, multiorgan failure,
rash; possible death

« Expansion of, followed by depletion of
specific T cell populations

* T cell anergy



Staphylococcal Toxic Shock
Syndrome

Age

Sex

Severe pain
Hypotension
Erythroderma rash
Renal failure

Tissue necrosis
Predisposing factors
Mortality

Primarily 15-35 yrs
Greatest in women
Rare

100%

Very common
Common

Rare

Tampons, packing
<3%



SpeA Scarlet fever, shock, necrotising fasciitis

SpeB Cellulitis, invasive infections, cysteine protease, SAg??
SpeC Scarlet fever

SpeF DNaseB, streptodornase, SAg??

SSA

SpeG, SpeH, Spel, SMEZ identified from genome sequence
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Type VI Secretlon System

structure, funcfloﬁ.énd dynamlcs of a
multicomponent'nanomachine that is
evolutionarily related to a contracy'le phage tail

Marek Basler F
University of Basel, Biozentrum



Secretion systems of G- bacteria

Sec-dependent Sec-independent

Type V secretion Type |l secretion Type lll secretion Type | secretion

t

=__=

Fronzes et al., Nature Rev. Microbiol. 2009



Secretion systems of G- bacteria

Virulence context

Target cell
S eI 834s
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Fronzes et al., Nature Rev. Microbiol. 2009



T6SS is a virulence factor

* Dictyostelium model to screen for novel
virulence factors of Vibrio cholerae.

e Secretes Hcp and three VgrG proteins

* VgrG1-ACD effector delivered into target cells

V52 N16961
virulent

Pukatzki et al., PNAS 2006

Recipient
Donor G-actin

Crosslinked
actin

Schwarz et al., Trends 2010

Culture supernatants analysis



T6SS targets bacterial cells

. Donor Recipient

P. aeruginosa T6SS-1: ] """"""""" :
« secretes cell wall-targeting effectors O Toxins _# Stasis |

. . . and O > or '
* Inhibits bacteria sneaors\ o Death 1

O __________________ ;
O Schwarz et al., Trends 2010
V. cholerae T6SS: O
« Kkills E. coli quickly and efficiently O O
Maclintyre et al., PNAS 2010
. ” E. coli + Tse-1
. secretes lipase '
« lysozyme activity of VgrG3 Tsve3
Dong et al, PNAS 2013 ++¢ MUrNAC = GICNAC == MurNAC = GICNAC *+*
L }'l\ld L »‘|\l.i
I |
0-1Glu o-1Glu
I |
m-DAP p-Ala m-DAP ==p-Ala
: /!\l.l m [l)AP ( /I\L" m [|)AF’
! | qTsel

D-1Glu 0-1Glu
I I
L-Ala L-Ala
I I
oo+ GIcNAC = MurNAc— GIcNAC — MurNACc ***

Hood et al., Cell Host & Microbe 2010, Russell et al., Nature 2011



Pseudomonas
Vibrio
Escherichia coli
Acinetobacter
Burkholderia
Klebsiella
Photorhabdus
Salmonella

Yersinia

T6SS is present in ~25% of all G- bacteria
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Comonents of T6SS are related to phage tall

P aeruginosa HSI-1
PAQD.. 94 a3 92 a8 &6 g2 81 BO 79 78 77 ?E ik 74

PA 1511 1512 PA1G. 56 57 58 59 &1 62 63 64 65 66 67 638 69 70 71
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Simple model of T6SS based on phage homology

Protein translocation by sheath contraction

T4
extended tail
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Simple model of T6SS based on phage homology

Protein translocation by sheath contraction
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Purification of VipA/VipB sheath-like structures from V. cholerae

T6SS sheath T4 sheath
SRR AT "f ~25nm wide, 10 nm inner diameter
: up to 500nm long!
. »
&
L4

o ial

Moody M.F., IMolBiol 1967




Electron Cryo Tomography (ECT) of T6S+ V. cholerae

Collaboration Wlth I\/Iartm Pllhofer and Grant Jensen Caltech

ek _ - L} :
P Up to five tubules seen in WT cells
None seen In various T6SS mutants

“
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VIpA-sfGFP assembles into a long sheath

AVipA + VipA-sfGFP




Dynamics of T6SS sheath in V. cholerae

V. cholerae VipA-sfGFP, 10s/frame, 50x speed

290 s

Polymerizes from the
membrane out in ~30s

Contracts to ~“50%
in less than 5ms!

Disassembles in ~30s

Whole cycle restarts at
apparently random location

Basler et al., Nature 2012



Inside the
T6SS+ cell

T4 phage tail sheath contraction

Full cycle Extended Contracted

Outside the
T6SS+ cell

One full turn of Hep tube
per 100 nm length of
uncontracted sheath, full
sheath could be 5-10 turns
per less than 5ms!

Red - VipA/VipB
helical sheath

Yellow - Hcp tube

Animation by Don Casper



Model of T6SS dynamics
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Cells respond to T6SS activity in a neighboring cell

) 145 s

What is the signal for
“dueling”?

Can heterologous
organisms trigger the
dueling response?

P. aeruginosa ClpV1-GFP - 5s/frame, 50x speed

Basler and Mekalanos, Science 2012



P. aeruginosa delivers cell wall-targeting effectors to V. cholerae
Delivery is contact dependent

P. aeruginosa ClpV

V. cholerae ClpV

Basler et al., Cell 2013



Pseudomonas targets only T6SS+ Vibrio

V. cholerae T6SS+ V. cholerae T6SS-

30 + 14 round cells/field (n = 60 fields) 1.1+ 1.2 (n =30, p-val < 102




Pseudomonas Tsel effector is responsible for rounding

P. aeruginosa T6SS-1: Tse3
* secretes cell wall-targeting effectors MU,NAC!G,CNAC s G
* inhibits bacteria o ke
[)-I(!;IU D-u(';lu
m-[:)AP o—/lXJa H7~[:)Ap—o-/:\la
o-Ala  m-DAP o-Ala  m-DAP
D- r(:.;lu r)»n(:;lu< Tse1

L‘A'lﬂ L-/}la
o++ GIcNAC = MurNAc— GIcNACc — MurNAC ***

E. coli + Tse-1

Hood et al., Cell Host & Microbe 2010,
Russell et al., Nature 2011

0.03+0.18 (n = 30, p-val < 10-2?)



Tit-for-tat: P. aeruginosa kills in self defense

Attack Retaliation
Y Y Y'Y
4]
— _{
\ J N / \ ) _ ™) |Multiple
— . & | Firing
. ' " Attack > Events
_//Sensing ,
~ > n;c’,i-l H
«J W “J I
3 ;. 6 4 /
Aimed ( D [
4_/- T6SS A=
‘\. Assembly <« K
“ J «
T655+ P. aeruginosa T65S+ P. aeruginosa
aggressor aggressor

Basler et al., Cell 2013
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T6SS+ Vibrio is targeted with high precision

Peaceful bystanders are fine

V. cholerae T6SS-




How is the dueling response regulated?



Regulation of T6SS dueling in Pseudomonas

Extracellular
Space
oM
Tag
TagH{

IMB Tags PpkA
TagT

Fhat Mougous et al., Nature Cell Biol. 2007
Casabona et al. Env Microbiol, 2012

P. aeruginosa



Regulation of T6SS dueling in Pseudomonas

1 V. cholerae

oM

Extracellular
Space

oM

mﬁ

IMB Tags PpkA

TagT

Fhat

P. aeruginosa



Regulation of T6SS dueling in Pseudomonas

1 V. cholerae | 9
IM —l
oM —
Extracellular
Space
oM — =
Baseplate
Complex
TagT

Fhat

P. aeruginosa



Regulation of T6SS dueling in Pseudomonas

1 V. cholerae | 9 3
IM —l
oM —l [
Extracellular
oM — m]
Baseplate
Complex

IM

TagT

Fhai

P. aeruginosa



Summary of different T6SS killing strategies

Pseudomonas aeruginosa

highly regulated

kills in self defense

sensing membrane damage
precise aiming

Vibrio cholerae

highly active
no aiming, random firing
kills without provocation

-_—e = .



T6SS-mediated immunity to
T4SS-mediated gene transfer

Ho, Basler and Mekalanos, Science, Oct 11 2013



Conjugation mediated by T4SS

Bacterium

Mobile Plasmid —Pilus

—

Chromosome

2. Donor -
Ll Recipient

Relaxosome Transferosome
4.

New Donor New Donor

Schroder and Lanka. 2005. Plasmid.



P. aeruginosa specifically kills

E. coli carrying RP4 plasmid

B \IC1061 RP4 - Killing of E.coli is dependent on
resen f RP4 plasmi
OMC1061 presence o plasmid
P=8.6x10°
v v
® T

~

E.coli Recovery (Log,, CFU)
(0)]

n
L




P. aeruginosa specifically kills

E. coli carrying RP4 plasmid

P=8.6x10°
B \IC1061 RP4 - Killing of E.coli is dependent on
presence of RP4 plasmid
OMC1061
P=86x10° - T6SS dependent
8 -

E.coli Recovery (Log,, CFU)




E.coli Recovery (Log,, CFU)
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P. aeruginosa specifically kills

E. coli carrying RP4 plasmid

P=8.6x10°
\ A

P=8.6x10°

B MC1061 RP4
OMC1061

Killing of E.coli is dependent on
presence of RP4 plasmid

T6SS dependent

Tse effectors are translocated
but not involved in killing




E.coli Recovery (Log,, CFU)
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P. aeruginosa specifically kills

E. coli carrying RP4 plasmid

P=8.6x10°% P=3.0x107

v \A
P=7.3x103
P=8.6x10°

B MC1061 RP4
OMC1061

Killing of E.coli is dependent on
presence of RP4 plasmid

T6SS dependent

Tse effectors are translocated
but not involved in killing
Dependent on TagQRST
signaling cascade

RP4 plasmid does not make

E. coli more sensitive



Some VgrGs are T6SS effectors

VarG
DUF586

aa 545
aa 554

Y S IAN
rrrrrys)

aa 650

ACD

Binding aa 1163

Pukatzki et al. PNAS 2007



PAAR-protein sharpens the tip of VgrG

gp5-VCAO0105

gp27
domain
OB-fold
—
_‘ B—helix
R
— ,
—
COOH ....... Crystal

PAAR structure

Shneider, et al. Nature 2013



Pseudotrimeric structure of PAAR

VCA0105
JAY X

Shneider, et al. Nature 2013



PAAR-protein sharpens the tip of VgrG

KD hydropathy
» a

-4.5 4.5




Domain architectures of PAAR proteins

753 PAAR

356 PAAR Extension

Extension

11

20 Extension PAAR
24 Extension PAAR
19 Extension PAAR
170 Extension PAAR

# of occurrences

Shneider, et al. Nature 2013



Predicted functions of PAAR proteins

Peptidase

\ 2 4%

Unknown Other \_ Lipase
44.3% 5.8% 1.9%
Deaminase

0.7%

ADP-ribosyl
transferase
0.5%



[ T Hcp tube

All cargo proteins interacting —+—

with the VgrG spike are > 4= >—«>—r<

translocated into a nearby - (-

target cell upon a single | | || || ViPA/VipB

T6SS sheath contraction. & | W[ i -
——— B

Shneider, et al. Nature 2013
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Summary

Bioinformatics Sheath identification

Live cell imaging

1 58s

L]

6 145 s

Substrate translocation Sensing, prey selection

- .

Dueling

-

Immunity to T4SS-med.
gene transfer




The Type Ill secretion system
effectors



Needle

Neck domain




Resemblance between flagella and type Ill injectosomes

Flagellar
filament

MNeadla

Sacretin
24 1 B
LI (‘."‘ 'I:I'M
PG
] IM

ATPase

Flagellum TTSS

TAENDS in Microbvokgy



- Cytoxicity - No phagocytosis
- Epithelial injury - No inflagmmation

2 \ ? O - No phagocytosis
- Uptake
- Inflammation .

SipA ExoU © ® >
o ExoY ExoT YpkAYQpO
SipB

(o) A\gA SipC

@ -
N - Survival

SopB O SptP

(©)
SopE

Phagosome

A\

@RS .

- Uptake
- Inflammation )
- Survival ? EspB

Tir

~ O

o

’ - Pedestal formation

- Colonization




The LEE codes for a TTSS

N—T mm»;gﬂ»—»m»»i

e espA DB F

espG

« The needle »

EHE
o s B
e cell * ‘ar
I R - 0N Hi"
ﬂir

Abe et al

A/E Lesions , FAS, diarrhea



Phenotypes associated with AEEC
infection

Attaching-Effacing
lesion(A/E)

In vivo
intestinal

Epithelium 0 t

In vitro
Hela cells}

.
"

[ 4 % a/.
%) .  Fluorescent Actin
Staining test (FAS)

by

Phase contrast FITC-phalloidine



Newly discovered family of bacterial toxins

Cell distention followed by cell death (1987)
Produced by several Gram negative bacterial species

CDT from Haemophilus ducreyi (HdCDT)

Cause of CHANCROID, a sexually transmitted disease,
characterised by slowly healing genital ulcers

98



1994:. CDTs are encoded by 3 linked genes

Expression of all the three genes is required to
produce an active toxin

1997: CDTs induce G2 arrest

cdtA cdtB cdtC
— @
ll 4 4
‘A B (C

20K 30K 20K 2000:

* B Is active subunit
« A& Cfor binding??
* Receptor structure??

99



Cellular internalization of HdCDT

Receptor-
mediated
endocytosis

<c|athrin dependent
clathrin independent

O
! Plasma membrane
early
Q endosome «
Q late
/ v. endosome O
lysosome ’ / L
O O

Golgi e — - _
complex% ? HACDT

ER l. - 9-HdCDT

100



Structural and functional homology
between CdtB and mammalian
DNase |

1. Plasmid digestion in vitro by the E. coli cdtB
Elwell & Dreyfus Mol. Microbiol. 37, 952 (2000)

2. Nuclear fragmentation and chromatin collapse

by transfection of C. jejuni cdtB
Lara-Tejero and Galan Science 290, 354 (2000)

In both studies, mutations in residues critical
for DNase activity abolished cell intoxication

101



Actin stress fibers are promoted In
CDT-treated cells

CTR HACDT

What is the molecular mechanism(s)?

102
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IRKEMOMENMESSAGE
Cisindiice DNA damage evoking:

o chieck poInt FESPONSES
s cell'eycle artrest

o cellfdistention

s Sfress fibher promoetion



Certain EPEC and EHEC strains are able to
induce an original CytoPathic Effect (CPE)




CPE: alterations of cytoskeleton

Hela cells

i | Stress Fiber

e W (F-actin)

focal adhesions
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CPE: inhibition of mitosis

M
control (72h)

b3

61 (2C)

Cell cycle

nb of cells

DNA content

EPEC (24h) (48h) (72h) HelLa cells



Cif is encoded by a lambdoid prophage
present in EPEC and EHEC

orfl orf3 rorf1 sibatt ybhB bioA

I I A | e a
510]0) 1000 1500 2000 2500 3000 3500 4000 4500 5000

orfl, orf3 and Genes ybhB and bioA are part

rorfl are similar to
lambda-phages
genes present in
EHEC O157:H7
strains EDL933 and
Sakai.

of the bio operon located at
17.3 min in the K12
chromosome




Cif a novel AEEC type III effector not
coded by the LEE

Chromosome _ _ 7y —_ Lambdoid
P P - ~~ - - Phage cif
7/ Pathogenicity island LEE —__ ,._m_ —~
( sep/esc tir eae esp  tRNA \
e
Tir EspH, EspF,.. . l
\ /
Eae\ EPEC
— :
FAS Hir t Tir Eucaryotic cell CPE
A/E lesion . @ "™ Cytoskeleton
diarrhea —

EspH, EspF,.. Cell cycle



Cif belongs to the expending family of
virulence factors subverting the host

cell cycle
Terminal
CDT produced differentiation
by E. coli, C. jejuni, GO0
A. Quiescent
actinomycetemcomitens,
H. ducreyi etc.
CIF produced by AEEC m CNF produced by £. coli
62 DNT produced by Bordetella

61 PMT produced by P. multocida

Fip produced by F.
S nucleatum

H. pylori



Colibactin, a hybrid peptide-polyketide
genotoxin produced by Escherichia coll

CytoPathic Effect (CPE) produced by NewX 72h after the interaction
SR ‘ ,...", S "-"\_,_ .‘ ) W "’Tf{ & ‘. & i .g o o
OGN e e P AR

Hela cells previously
infected with ExXPEC
strain IHE3034

Hela cells previously
infected with E. coli
MG1655



Bacterial
sup

CPE-triggering is “contact-dependent”

0.22 um

insert
Bacterial Live Live
lysate bacteria bacteria

CPE



A genomic island confer cytopathic activity

Bo7
103
() () () () ®
aan tRNA-Asn
LuxR| BHCD MatE IAmpC
w T EEE NRPS PKS PKS int

C [ —— S — S 5 3 5 — ¥ 2 3 —— — __F [ — 3 — 3 D)
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A -8
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Mock IHE3034 BAC Vector BAC pks ppt mutant

T
¥ 255




This cluster allows synthesis of a secondary metabolite:
A polyketide-peptide hybrid compound

DHG DHG

NRPS-PKS KS ? PCP ACP KS, AT PCP

i C A PCP KS AT KR ER ACP

Amidase
KS ? PCP Cy A OX PCP Efflux KS (AT) PCP
NRPS-PKS AmpC

’I
v s Ll N Y,

Predicted structure

NRPS

B H1p D> - rmcaza>-

Colibactin



Colibactin mode of action

e
WAYA

DNA DSB*

G, block Mitosis



The cyclomodulins
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Recombinant Immunotoxins for the
Treatment of Cancer.



Functional domains of

Pseudomonas Exotoxin A

Receptor binding Enzymatic Activity
o v

Translocation to the cytosol




Funin
Cleavag
0
9
Unfolding & 1

reduction

A =Lrp
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Oo = PE37
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Structure of Pseudomonas Exotoxin

[b loop

&
3
7



This is a 3-part problem.

« Antibody - recombinant fragment.

« Toxin - bacterial.

« Target - cell surface -allow internalization, not
shed and expressed on every cell.



Generation of recombinant antibody fragments.

ﬁﬁf? } /7




Antibody-toxin fusions - recombinant Immunotoxins

scFv-PE38 dsFv-PE38



Surface
Target

Lewis y
CD25

cbh22
Mesothelin
EGF-R (mut)

CD30

Recombinant
Immunotoxin

LMB1, LMB7 & LMBS
LMB2

BL22

SS1

MR1

27?

Cancer type

Epithelial cell Cancers
(colon, stomach, breast etc)
Leukemias

(ATL, CLL etc)

Leukemias & Lyphomas
(HCL, CLL, ALL, NHL etc)
Ovarian and Mesothelioma

Glioblastoma multiforme

Hodgkin's Disease



Surface
Target

EGF-R
IL4/IL13

NK1-R

Toxin
Agent

TGFo-PE38
TL4/13-PE38

SubP-PE35

Cancer-related
Target.

brain tumors
brain and kidney tumors

Neurons CNS - pain control



Clinical development of the recombinant

Immunotoxin,
BL22.



CD22 as a surface target.

Primarily a B-cell marker.

Expressed on mature B-cells and B-cell
malignancies but not on precursors/stem cells.

Lectin - involved in adhesion of activated B-cells.
Co-receptor with BCR.
Internalized efficiently - not shed.



Phase I trial - patient eligibility.

Diagnosis of B-cell leukemia/lymphoma

Failed standard treatments

CD22-positive malignant cells

Adequate hepatic, renal and pulmonary function
Absence of CNS disease

No pre-existing neutralizing antbodies



BL22 - summary.

Complete remissions were obtained in the majority of
patients with HCL.

Stable disease and partial remissions were seen with
CLL patients. CLL - fewer CD22 sites on their
leukemic cells.



THE YIN AND YANG
OF A BACTERIAL TOXIN

: ..
delivering

T cell

.vaccines

P. Sebo PRAGUE

Institute of Microbiology



or.

Drugs from Bugs...



Without Adenylate cyclase toxin
Bordetella pertussis is avirulent

B
4

4

bacteria

Colonisation of respiratory epithelium by B. pertussis
www.textbookofbacteriology.net



Adenylate cyclase toxin - cytolysin

AC domain

RTX hemolysin moiety

T25 T18

2 S
4

Principal CD11b/CD18
binding segment
—>
1000 1706

400 500 700
RININIR

[ IO TRMREESRIITIT I o Je

1
Nl N NN . |
I

1 CBS 1l Hydrophobic
segments

42 calcium binding repeats Secretion
X-(L/I/IF)-X-G-G-X-G-(D/N)-D signal

Palmitoylation
on K860 and K983

Guo Q. et al. (20005) EMBO J. 24, 3190-3201



ACT is an RTX
secreted by a type

Need to unfold and refold
on the way to target...




The three cytotoxic activities of ACT

adenylate cyclase toxin & pore-forming
hemolysin/Cytolysin

CR3 = Mac-1
C o B,-Integrin
Intoxication o

receptor
o CD11b/ \
3 b T\
= - - = CD]g
S = Cytoplasmic membrane
- ),
Translocation

ATP cAMP precursor

Oligomeric
Channel - Catiog-selective
Sebo et al. (1991) Gene 104:19 precursor

Sakamoto et al. (1992) J. Biol. Chem. 267, 13598 Channel
Benz et al. (1994) J. Biol. Chem. 269, 27231

Hackett et al. (1995) J. Biol. Chem. 270, 20250

Gray et al. (1998) J. Biol. Chem. 273, 18260

Osickova et al. (1999) J. Biol. Chem. 274, 37644

Basler et al. (2007) J. Biol. Chem. 282, 12419

Fiser R. et al. (2007) J. Biol. Chem. 282, 2808

Osickova et al. (2010) Mol. Microbiol. 75:15450-1562



ACT targets myeloid phagocytes bearing
ayB, Integrin CD11b/CD18

Like . p, subfamily

. . Domain
[-Domain_X)

complement receptor 3 (CR3), Mac-1,
Mo-1, au b,

monocytes, granulocytes,
macrophages, NK cells, neutrophils
and dendritic cells, certain B cell
subtypes

ACT first recognizes N-linked
glycans of CD11b/CD18

Morova et al. (2008) PNAS 105, 5355

orsubunit subunit Guermonprez et al. 2001, J Exp. Med.



ACT targets myeloid phagocytes bearing
ayB, Integrin CD11b/CD18

Like . p, subfamily

O\ Domain
[-Domain

\ ’ 9 complement receptor 3 (CR3), Mac-1,

Mo-1, au b,

Amino
Terminal
Repeats with
[3 Propeller
Structure

monocytes, granulocytes,
macrophages, NK cells, neutrophils
and dendritic cells, certain B cell
subtypes

— p—

ceukocyte
Plasma

embrane

z

o subunit  subunit Guermonprez et al. 2001, J Exp. Med.



Selectivity of ACT for the given ayp,
integrin IS, however, dictated by a
CD11b-specific segment ...

Radim Osicka — Poster No. 39



Mapping ACT binding site using CD11b/CD11c chimaeras

CD11b

coic [

bl-31c
b33-115¢

p120-105c LN
L

[ ]
—

b198-272c

b275-339¢ L
b342-424c [ ]
b427-462¢ ]
b465-538¢ ]
b540-611c |
b614-682¢ [ ]
b686-1153¢ ]




Construction of CD11c harboring residues 342-424 and/or 614-
682 replaced with homologous segments of CD11b

177 -]

CD11b-YFP

CD11lc-YFP

CD11c342-
424b-YFP

CD11c614- -
682b-YFP

614 682




The CD11c integrin with ‘transplanted’ residues 614-
682 of CD11b productively binds CyaA
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The CD11c integrin with ‘transplanted’ residues
614-682 of CD11b productively binds CyaA

CD11b-YFP | | yp |
X

CD11c-YFP YFP

CD11¢345.4245-YFP

CD11Cg14.6526-YFP

120 - * %

**k

Intoxication by cAMP (%)

CyaA-AC:- binding (%)

(=]
|
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O
Z
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. N
8
o
-
a
Y
©
(0]
@
£
©
S
Y

CD11b - residues 614-682
CD11b - residues 342-424

Proteinaceous segments
Specifically involved in CyaA
binding



CyaA RTX domain — binds with 3 x higher
affinity to ‘closed’ CD11b

Subversive toxin binding occurs without

integrin Syk/Src signaling activation...
(Radim Osicka — Poster No. 39 )




Adenylate cyclase toxin hijacks the B, integrin receptor into
lipid rafts to accomplish membrane translocation in two steps

‘translocation

intermediate’
il i
b JUY 44l

cAMP
_ 24 mobilization of CyaA into raft
receptor binding —_— Ca“” influx —_— translocation of the AC domain
membrane insertion talin cleavage across membrane

Bumba et al. (2010). PLoS Pathog 6(5): €1000901.



ACT/cAMP signaling breakes the hell loose...
and supresses TLR signaling of the bug...

! ciliary beating

defensins and other
antimicrobial peptides:
hBdefensin2 ,
d Bdefensinl,

signal transduction events:
NF-kB, + MAPK - p38, ERK, [NK

expression and ! cathelicidin
upregulation of TLR:
TLR1-6, 9, TLR4, TLR2 mucin: MUC2, MUCSAC 1 other soluble factors:

{0, NO, T PGE2

cAMP
other cells
cytokine and chemokines: expression of costimulatory x
IL-1e, TIL-1B, T1L-6, T 118, inhibitory molecules: T CD80, CD86, 4
TIL-10,  TNFa, | IFNB, TGF-B, CD40, { CD54, B7-H2, B7-H3 x T FasL,

4 GM-CSF, MCP-1, 4 MIP-1¢, PD-L1, PD-L.2
RANTES,..



Death of CD11b* cells induced

by ‘high’ ACT doses (>50 ng/ml)

100
ATP depletion 75 |
Cell __ =
° — + lﬁ_-
lysis =
pore-forming 25 .
activity
0

ATP depletion and pore-forming activity

50 |

ATP

100 ng CyaA

cAMP

100 15 20

time (min)

synergize in killing of CD11b* cells

Basler et al., 2006, Infect. Immun., 74, 2207-2214. .

25

r 400

- 200

- 100

0
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High toxin dose - Emmentaler...

(>100 ng/ml of LPS-free ACT)
induces vacuolization of J774A.1 cells

AC* 200 ng/ml-90 min AC 200 ng/ml - 90 min

- . : " lf\ 4 7‘
: 1,3' ;_“
N '
‘. . “ !
. 4‘ "_‘ ‘ » /"\‘

Basler et al., 2006, Infect. Immun., 74, 2207-2214. .




CyaA-induced morphological rearrangements

Mouse Buffer, 5 min CyaA, 10 ng/ml 5 min

macrophage-like
cell line
J774 A.1:

CyaA-AC, 10 ng/ml, 5min  db-cAMP, 2mM, 10 min

Kamanova et al. (2008)
J. Immunol. 181, 5587-97







ACT at low doses ablates
complement-mediated phagocytosis

A =2
[0}
:_ 1000 1 010 ng/ml
g B 100 ng/ml
E 100 1
(o)
cAMP = 10
- 7
= .
< 1
S s |
= 0 5 20 30 60
Time (minutes)
B
— 150 7 O FcR-mediated phagocytosis
£ B CRrR3-mediated phagocytosis
S
[}
° 3 - *
phagocytosis 2 1% u * *
@ * x
(%]
S
g 50 .
& * %
£ *
0
Buffer control + - - - - - -
CyaA (ng/ml) - 1 5 10 50 100 -
- - - - - 100

CyaA-AC- (ng/ml)
db-cAMP (mM)



ACT transiently inactivates RhoA

e Q&
CyaA 10 ng/ml  CyaA 100 ng/ml Buffer control < ,;9 S 08
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The bug really needs ACT
for knocking down innate immunity:
All Bordetellae pathogenic to mammals produce adenylate cyclase toxin-hemolysin
(Except for certain B. bronchispetica lineages)
ACT sequences are highly conserved in B. pertussis isolates

Strains not producing ACT have not been isolated from patients, so far (in contrast to PT,
FHA or pertactin, which all are dispensable)

ACT is an extremely potent toxin that knocks-down phagocytes in 30-60 seconds (PT
needs > 30 min (12 h) for that)

ACT instantaneously blocks oxidative burst of neutrophils at pM conc. in 30 seconds

ACT blocks uptake of complement-opsonized particles at pM conc.



Quantification of AC Toxin from Bordetella
pertussis in vitro and during infection of
Baboon/Human Infants

Eby, Gray, Warfel, Paddock, Jones, Day, Bowden, Poulter,
Donato and Hewlett

* NP secretions with B. pertussis (108/ml) —

infant baboons 1-5 ng/ml ACT

human infants - 12-20 ng/ml ACT
* B. pertussis cultured to 108/ml in vitro produces
~60 ng/ml in 6 hours and centrifugation onto host
cells increases intoxication 4-fold

Infection and
Immunity, 2013



ACT is a SWIFT SABOTEUR of immune responses

low ACT (CyaA) concentrations make a difference on respiratory mucosa...

ATP  cAMP
Intoxication

Phagocytic functions
Phagocytosis
Superoxid production l L,lB

1 1L-12, TNFq, cCL3

Mucus layer
- — [T 7 —~
Respiratory iliated cells Nonciliated cells Cilliated cells
epithelium ;
@ @ (Gcﬁet cills, Aﬁ)sorptlvi:ells) ]
/ Submucosa \L IL 8
= . L o - ]
" B.pertussis ° IL;.6 o
secreting CyaA \/ e
Immature )
dendritic cell : Macrophage
Neutrophil

Dendritic cell
T IL-10, IL-6, IL-1beta, IL-17 Neutrophil
(Semi-mature state of DC ?) Macrophage

@ B cell

l Apoptosis

T regulatory response ? Cell lysis

Osickova et al., (1999) J. Biol. Chem. 274, 37644)

Vojtova et al., 2006, Curr. Op.. Microbiol. 9, 69-75
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ACT (CyaA) skewes
TLR-stimulated
cytokine production
in DC
towards tolerance?

n =4, * P< 0,05; 100 % urea + LPS (buffer) Irena Adkins



CcAMP signaling of ACT dampens and skews adaptive immunity towards initial
T,./T,,-mediated tolerance of colonizing Bordetellae followed by delayed
T../Th7 mediated clearance?

CyaA + DC

(in the presence of LPS
and other TLR ligands)

1

cAMP CD4*CD25'Foxp3 *
/ Th2/Tr1 regulatory cells
¥ MHC class I
_> + o =
Epac PKA loading CD4*T cell prollferatlon*
CD80, IL-10
" d - - bl 13 + % %
* H-2K9, CD40, TNF-a, IL-12p70 * IL-1B/L-17 CD8*T cell prollferatlon*
Relman lab: Boschwitz et al. (1997) JID 176:678 Human MoDCs
Guiso lab:  Njamkempo et al. (2000) J. Cell. Physiol. 183:91 Human Monocytes
Lewis lab: Bagley et al. (2002): J. Leukoc. Biol. 72:962 Human MoDCs
Mills lab: Ross et al. (2004) Infect. Immun. 72:1568 Mouse BMDCs
Mills lab: Boyd et al. (2005) J. Immunol. 175: 730 Mouse BMDCs
Ausiello lab: Spensieri et al. (2006) Infect. Immun. 74:2831 Human MoDC
Mills lab: Hickey et al. (2008) J. Leukoc. Biol. 84:234 Mouse BMDCs
Ausiello lab: Fedele et al. (2010) PLoS One. 5(1): e8734 Human MoDC

Sebo lab: Adkins et al. unpublished BMDC and Human MoDC



cAMP signaling of ACT promotes migration of DC
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cAMP signaling of ACT promotes migration of DC

Outmigration of tolerogenic
DC from mucosa
into lymph nodes
to hamper antigen-specific
T cell respo

O
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The toolbox: A panel of mutations characterized that block
ACT activity at each individual step of toxin action

(D(DG
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/
© - ©
() (]

@; CaM
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Basler et al., (2007) J. Biol. Chem. 282, 12419
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So, this appears to be real...

B,-integrin

Intoxication receptor
(CD11b/
CD18)
o)
5
lg‘ Cytoplasmic membrane

Translocation
ATP cAMP precursor

Osickova et al., (1999) J. Biol. Chem. 274, 37644
Basler et al., (2007) J. Biol. Chem. 282, 12419

Fiser R. et al.(2007) J. Biol. Chem. 282, 2808



AC domain is not translocated across the CyaA pore

>
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T +Z.zaA+M15’.(7)° into cells without permabilizing he cell membrane

Toxin concentration (ng/ml)

Osickova et al. (2010) Mol. Microbiol. 75:15450-1562



AC B. pertussis is avirulent and

pore-forming (hemolytic) activity contributes virulence

AC* Hly*

log CFU/AUNGS

% survival

Hemolytic (pore-forming)
activity contributes
to pathology (LD50)

CcAMP signaling of ACT = B partussis 18323
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In conclusion:

The pore-forming (hemolytic) activity of ACT is important for B.
pertussis virulence, contributing to inflammation that will
eventually help to clear the infection (in mice)

The cAMP signaling of ACT,

however, prevails and

knocks down the innate immunity

and

dampens the adaptive immune
response

In order

to enable host colonization



Explaining why is it so important
to add the AC toxoid
Into the aP vaccine

If we are serious about

breaking the vicious circle

of epidemic whooping cough
spread in the most developed
countries ...



THE YIN
OF A BACTERIAL TOXIN™




Not suprisingly, hence,
ACT Is a protective antigen

INFECTION AND IMMUNITY, Sept. 1993, p. 3583-3589 INFECTION AND IMMUNITY, Sept. 1995, p. 3309-3315 Vol. 63, No. 9
o' P Vol. 61, No. 9 0019-9567/95/304.00+0

0019-9567/93/093583-07$02.00/0
Copyright © 1993, American Society for Microbiology Copyright © 1995, American Society for Microbiology
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Log CFU/lungs

Highly purified CyaA-AC- protects on its own

Al Infection and Immunity 81.:
Journals ASMorg 2761_2767 (20 13)
The Bordetella pertussis Type III Secretion System Tip Complex

Protein Bsp22 Is Not a Protective Antigen and Fails To Elicit Serum
Antibody Responses during Infection of Humans and Mice

Rodrigo Villarino Romero,? llona Bibova,® Ondrej Cerny,® Branislav Vecerek,® Tomas Wald,® Oldrich Benada,® Jana Zavadilova,® A \ A \ et * Y
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Addition of CyaA-AC- improves
performance of the aP vaccine

I I r, Dec. 2006, p. 6797-6805 7 .
ISSSETORB00+0 okl 128ALOL L0 Vol 74, No. 12 one-eighth of human dose of DTaP/ACV
Copyright © 2006, American Society for Microbiology. All Rights Reserved. (lnfanrix G SK) + Cya A‘ AC_ 2 X |p

_ _ challenged with 4 x 10® B. pertussis 18.323 i.n.
Effect of Different Forms of Adenylate Cyclase Toxin of

Bordetella pertussis on Protection Afforded by an

. . . . v - e
Acellular Pertussis Vaccine in a Murine Model o = 9.5 .
Gordon Y. C. Cheung,' Dorothy Xing,* Sandra Prior,” Michael J. Corbel,” = 8
Roger Parton," and John G. Coote'* - g
Division of Infection and Immunity, Glasgow Biomedical Research Cenire, University of Glasgow, Glasgow," and Division of h - [ —I—
Bacteriology, National Institute of Biological Standards and Control, South Mimms, Hertfordshire,” United Kingdom U ...",: —
78
Received 14 July 2006/Accepted 12 September 2006 E =1 I} 6.3 f T
=
Four recombinant forms of the cell-invasive adenylate cyclase toxin (CyaA) of Bordetella pertussis were %ﬁ = 55 +
compared for the ability to enhance protection against B. pertussis in mice when coadministered with an —
acellular pertussis vaccine (ACV), The four forms were as follows: fully functional CyaA, a CyaA form lacking & 45
adenylate cyclase enzymatic activity (CyaA®), and the nonacylated forms of these toxins, i.e., proCyaA and f=d W T
proCyaA®, respectively. None of these forms alone conferred significant (P > 0.05) protection against B. - -
pertussis in a murine intranasal challenge model. Mice immunized with ACV alone showed significant (P < a & 35
0.05) reductions in bacterial numbers in the lungs after intranasal challenge compared with those for control E
mice. When administered with ACV, both CyaA and CyaA* further reduced bacterial numbers in the lungs of Z .
mice after intranasal challenge compared with those for ACV-immunized mice, but the enhanced protection 2.5 .
was only significant (P < 0.05) with CyaA*. Coadministration of CyaA* with ACV caused a significant (P <
0.05) increase in immunoglobulin G2a antibody levels against pertactin compared with those in mice immu- ACV + ACV+ ACV+ ACV PBS
nized with ACY alone. Spleen cells from mice immunized with ACV plus CyaA* secreted larger amounts of 25 g 12 5 g 625 ng
interleukin-5 (IL-5), IL-6, gamma interferon (IFN-y), and granulocyte-macrophage colony-stimulating factor CvaA* o *
(GM-CSF) than did cells from mice immunized with ACV plus CyaA or ACV alone after stimulation in vitro ¥ C:\'?aA C}"E-A-

with a mixture of B. pertussis antigens. Spleen cells from mice immunized with ACV plus CyaA* also secreted . .

larger amounts of IFN-y and GM-CSF than did cells from mice immunized with CyaA* alone after stimulation Immunisation g rou P §
in vitro with CyaA®, Macrophages from mice immunized with ACV plus CyaA* produced significantly (P <

0.05) higher levels of nitric oxide than did macrophages from mice immunized with CyaA* alone, ACV alone,

or ACV plus CyaA after stimulation in vitro with a mixture of B. pertussis antigens or heat-killed B. pertussis

cells. These data suggest that the enhancement of protection provided by CyaA* was due to an augmentation

of both Th1 and Th2 immune responses to B, pertussis antigens.




Make ACT to a tool of the immunologist:

* ACT targets the a,,B, integrin CD11b/CD18

specifically present on professional antigen presenting cells:
- dendritic cells
- macrophages

e Use DETOXIFIED dACT- AC to a novel tool for antigen
delivery to dendritic cells:

—for vaccination against infections
—Immunotherapy of certain tumors
—diagnostics of infections and cancer

Exploit for antigen delivery to DCs...



dACT as a novel antigen delivery tool
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Immunization with CyaA-LCMV affords protection
against a lethal challenge by LCMV

A. DAY 28

Percent Survival

0 25 50 75 100

v [

CyaA224L.CMV+alum \ \ \ \ 23/24
CyaA224LCMV-E5+alum | 1619
CyaA w.t.+alum 0/18
PBS+alum 0/20
B. DAY 63
Percent Survival
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I 1 1 1 ]

v [
N
CyaA224LCMV+alum \\\\\ 14/15

8/10

CyaA224LCMV-E5+alum|

CyaA w.t.+alum 0/13

Saron, M. F. et al. (1997) Proc. Natl. Acad. Sci. USA 94, 3314-3319



dCyaA constructs allow induction of

POLYVALENT

CD8* CTL responses
LCMV
Insertion point CTL induction
SSLAHGY" VR-V3-LCMV-OVA-VH HTAVDL +++
LKEYIG® VR-V3-LCMV-OVA-VH *5QQRGEG +++

SEATGG?2 VR-V3-LCMV-OVA-VH 23.DRERI T+

Mice are protected against an LCMV challenge

Fayolle et al. (2001) J. Virol. 75, 7330-8



Tumor area [mm?]

Prime/Boost Immunotherapy of HPV16-induced tumors
by combimations of CyaA-E7 and MVA-E7 vaccines

(higher challenge dose)
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Mackova et al. (2006) Cancer Immun. Immunother.55, 39-46



Therapeutic vaccination with recombinant HPV16-E7 CyaAs
allows eradication of established tumors and mice survival
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Induction of protective immunity

against mouse malaria

Mice immunized with: infected % protection
PBS 10/10 0%
a-CTLA-4 5/5 0%
ACT-CSP 9/9 0%
ACT-CSP + o-CTLA-4 4/10 60%

— prime/boost immunisation with ACT-CSP does not induce protective immunity

— blockade of CTLA-4 during boost immunisation leads to significantly enhanced protection

against P. berghei challenge
Tartz et al., 2006, Infect. Immun.



dACT allows induction of antigen-specific T cell responses

CD8* Antigens CD4* Antigens
OVA MalE

LCMV MAGE

Apa, Cfp ESAT-6, CFP10
gp120 TB-10.4

E7 Ag85A

CSP

Melanoma tyrosinase
ESAT-6, CFP10

TB-10.4
Sebo et al., 1995, Infect. Immun. HIV, LCMV in vitro
Fayolle et al., 1996, J. Immunol. HIV
Saron et al., 1997, Proc. Natl. Acad. Sci. U.S.A. LCMV in vivo
Osicka et al., 2000, Infect. Immun. permisive sites
Fayolle et al., 2001, J. Virol. polyvalent CTL response
Loucka et al., 2002, Infect. Immun. CD4* T cell response
Schlecht et al., 2004, J. Immunol. Mechanisms
Mackova et al., 2006, Cancer Immunol. Immunother. Tumor immunotherapy
Tartz et al., 2006, Infect. Immun., protection against malaria
Wilkinson et al. 2005 Infect Immun. Improvement of LTBI detection
Anderson et al. 2006 Am. J. Crit. Care Resp. Med. Improvement of LTBI detection
Maijlessi et al., 2006, Infect. Immun., IFNy and immunity against MTB

Hervas-Stubs et al., 2006, Infect Immun IFNy and immunity against MTB



G GENTIC

GENTLE T CELI-

o
i\ . ajs

September 2012 - Genticel S.A. completed Phase | clinical trial for
HPV16/18-induced cervical carcinoma

Using a cGMP batch of the adenylate cyclase (CyaA-AC>)
toxoid for delivery of HPV E7 antigen as immunotherapeutic vaccine

safe, immunogenic, inducing CD8* CTLs and HPV 16/18 virus load
reduction demonstrated

...Heading for phase Il trial = will be of interest to see pertussis incidence Iin
CyaA-E7 toxoid treated woman...



Even the AC toxoid can exhibit immunomodultory activity
through calcium signaling, cell permabilization
and inflammasome activation and other?...

B,-integrin
receptor
(dD11b/
_CP18)

Intoxication

Cytoplasmic membrane

Translocation

no cAMP precursor . :
Ch I Oligomeric
r:cnunrgor ~_ " Cation-selective
Osickova et al., (1999) J. Biol. Chem. 274, 37644 P Channel
Osickova et al. (2010) Mol. Microbiol. 75:15450-1562 Inflammasome
activation!!!

Fiser R. et al.(2007) J. Biol. Chem. 282, 2808
Dunne et al. (2010) J. Immunol. 2010, 185: : 1711-1719



Current status of dACT-antigen delivery technology

1997 - Protective immunity against a virus (LCMV)

1999 - Immunotherapy of transplanted tumors in mice

2004 - Enhanced detection of latent tuberculosis

2005 - Protective immunity against Plasmodium (mouse malaria model)
2005 - immunotherapy of experimental tumors (such as HPV16 — induced)

(US Patent No. 5,503,829, No. 5,679,784, No. 5,935,580, EU Patent application No. 03291486.3, US Prov
03495, 6094 (2003) )

It flies or it dies?

tell you next time...







dACT as a novel antigen delivery tool
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