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Outlines

eFrom Drosophila to vertebrate: the story of TLR discovery
eMammalian PRRs

eHow discoveries in innate immunity have reshaped our
understanding of immune systems



Innate vs Adaptive Immunity

Innate Immunity

Conserved throughout evolution
Immediately active

No memory, no specificity

Phagocytosis, Natural Killer cells,
antimicrobial peptides, Complement
system ...

Adaptive Immunity

Unigue to vertebrates

Antigen receptors by
rearrangements of somatic genes

Memory and specificity




How do animals and plants recognize
infectious agents?
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The concept of Pattern-recognition receptor
(Janeway 1989) |

PAMPs (Pathogen-associated
molecular patterns)

PRR (Pattern-Recognition Receptors)

cytoplasm \
=

Charles Janeway
(1943-2003)

Immune cells

Co-stimulation

nucleus

Janeway. (1989). In Cold Spring Harbor symposia on quantitative biology. ~Adaptative Immunity
Medzhitov & Janeway. (1997). Cell.



The road to Toll: 1995-2002

Microbial elicitors (LPS, dsRNA, lipoproteins...)
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Extracellular

LRR: Leucin-Rich-Repeats

TIR : Toll/IL1IR domain
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Activation of immune genes



1980-81: the discovery of antimicrobial
peptides
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Antimicrobial peptides

1981: insect cecropins from insect hemolymph [Steiner et al. (1981). Nature.]

Hans G. Boman
(1924-2008)
with
Dan Hulmark
Ingrid Faye
Hakan Steiner

1980-1984: vertebrate defensins from phagocytic cells [Lehrer et al. (1993). Annual review of immunology.]



Common structural features of
antimicrobial peptides

AMPs are

* Short (12-50 amino acid)
* Positively charged (+2 - +9)
« Amphipathic structure

Mode(s) of action

Disruption of membrane integrity
*But some have specific targets

Detergents are amphipathic



The systemic antimicrobial response of Drosophila

Drosomycin 1994 Fungi

Metchnikowin 1995

Gram-positive bacteria

septic injury Defensin 1994

‘ Cecropins 1990

Massive production of antimicrobial
peptides by the fat body

Drosocin 1993
“ % Gram-negative bacteria
e Diptericins 1990

Hultmark and Hoffmann Labs



What regulates the expression of

antimicrobial peptides upon infection ?



Organization of the AMP gene promoter
(e.g. Diptericin)

enhancer

Coding sequence

Y

kKB-RE

Sun, Asling, & Faye. (1991). Journal of Biological Chemistry.
Kappler et al. (1993). The EMBO journal.
Engstrom et al. (1993). Journal of Biological Chemistry.



The transcription factors NF-kB

- Discovered in 1986
- Cloned in 1990

. TNF-R
-Activated by IL1 and TNF-a

- Regulate many
inflammatory genes

David Baltimore

(1938-2025)
Sen, & Baltimore. (1986). Cell.
Ghosh et al. (1990). Cell.

Kieran et al. (1990). Cell.



Drosophila Rel/NF-kB and IkB proteins

Rel domain

Nusslein-Volhard. (1979). In
Determinants of Spatial Organisation.
678 Steward. (1987). Science.

NLS

Dorsal




The Toll pathway in Drosophila
development

Christiane Eric F.
Nisslein- Wieschaus

Volhard

Kathryn V.
Anderson
(1952-2020)

Anderson, K. V. & Nusslein-Volhard, 1984
Anderson, K. V., et al., Cell 1985
Hashimoto, et al., Cell 1988



Conserved signaling pathways control
Dorsal and NF-kB nuclear translocation

Drosophila dorso-ventral patterning
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Gay, & Keith. (1991). Nature.
Schneider et al. (1991). Genes & development.



Searching for an immune function of the
Drosophila Toll:
from premise to demonstration



Fostering discovery: the
Drosophila community’s
ethos of sharing




1993-1995: No overt role of Toll pathway in
Drosophila immunity

But wild-type levels of induction of
Diptericin in dI" mutant
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Reichhart et al. CRAS, 1993
Lemaitre et al. EMBO J., 1995



Black cells



1994: serendipitous discovery of the first
immune deficiency mutation (Black cells)

Wild-type

Black cells Lab book: 17/1/1994

Diptericin-LacZ expression
6h post infection



1994: “imd” is not “Black cells”




1994: “Two” pathways regulates
antimicrobial peptides

Lydia Michaut

a L3 63
| | |

o Beimd orfR Be,imd

0 4 0 4 0 1 6 24 0 1 6 24h

¥ ¥

Diptericin

Drosomycin



July 1995: checking induction of AMP genes
in Toll deficient mutants




Toll regulates the Drosophila antifungal
response

Wild-type Toll
~ 1h 6h 24h- 1h 6h 24h

|

(antifungal)
Diptericin

(antibacterial)

I Rp49

Susceptibility of Toll
deficient mutants

- : control
h : hours after infection



Cell, Vol. 86, 973-983, September 20, 1996, Copyright ©1996 by Cell Press Se pte m ber 1996

The Dorsoventral Regulatory Gene Cassette
spatzle/Toll/cactus Controls the
Potent Antifungal Response in Drosophila Adults

Bruno Lemaitre, Emmanuelle Nicolas, Lydia Michaut,
Jean-Marc Reichhart, and Jules A. Hoffmann

Institut de Biologie Moléculaire et Cellulaire

UPR 9022 du Centre National de la Recherche
Scientifique

15 rue René Descartes

67084 Strasbourg Cedex

France

Lydia Michaut



Why two pathways? Specificity of innate
iIimmune responses

Mixture of Gram-
negative bacteria (E.
coli) and Gram-
positive bacteria (M.
luteus)




Drosophila immune responses are
adapted to the pathogen:

Natural infection by B. B. bassiana

bassiana : orR T : TID'OI":
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Gram-positive bacteria Gram-negative bacteria
& Fungi
v

Dorsal/Dif Relish

) ] ) ) Hendegren et al. (1999). Molecular cell.
Lemaitre et al. (1995). Proceedings of the national academy of sciences. Manfruelli et al. (1999). The EMBO journal.

Lemaitre et al. (1996). Cell. Meng et al. (1999). Genes & development.

. . . . Rutschmann et al. (2000). Immunity.
Lemaitre et al. (1995). Proceedings of the national academy of sciences. Leulier et al. (2000). EMBO reports.



The Toll and Imd
pathways:

a paradigm of
innate immunity



1997-1999: the mammalian chapter of the
TLR story



July 1997

| e~
s Wz
LRR CD4 Ig domain %@ , -;.::, V4
[ i | -rl.nn ’?\ 1-: : .
But the ligand of hToll/TLR4 was unknown E,. gaii i
. Charles Janeway
TIR : Toll-IL1R Ruslan Medzhitov
domain

Cells expressing a chimeric construct CD4-hTOLL induce the expression of genes

encoding IL-1, IL-8, B7.1 via NF-kB

» Conservation of Toll/NF-kB pathway in immunity

» Role of Toll in the activation of adaptative immune response

Medzhitov et al., (1997) Nature. Received 17 March 1997: Accepted 21 May 1997: Published 24 July 1997



Mapping of the mouse LPS locus by reverse
genetics

PAF
LPS —> —— INF y _é. Kinins __, oeptic
Cytokines Leukotriens Shock

Macrophages Other cells ROS
(Granulocytes) Proteases
NO ...

* Higher susceptibility to Gram-negative bacterial infection

Mouse Ips locus
(1977-79) * Higher resistance to endotoxin (LPS)

Several groups were involved in the mapping of the Lps gene

Danielle
Malo

Stephanie
Vogel

Bruce
Beutler




December 1998

Submitted 3 September 1998;
Accepted 3 November 1998;
Published 11 December 1998

Bruce Beutler

Submitted 25 November 1998;
Accepted 7 December 1998; )
Published 15 February 1999 Danielle Malo




April 1999: Knock-out of TLR4 block the

host response to LPS

Cutting Edge: Toll-Like Receptor 4
(TLR4)-Deficient Mice Are

Evidence for TLR4 as the Lps Gene
Product'

Katsuaki Hoshino,*™¥ Osamu Takeuchi,**

Taro Kawai,*3 Hideki Sanjo,*3 Tomohiko Ogawa,*
Yoshifumi Takeda ' Kiyoshi Takeda *% and
Shizuo Akira®*%

Submitted 15 December 1998;
Accepted 19 January 1999;
Published 1 April 1999

Hyporesponsive to Lipopolysaccharide:

Shizuo Akira



1998-2004: Toll-like receptors (TLRs) and their
respective ligands

Tri-acyl Di-acyl : Lropathogenic Imidazoquinolines Cp3E DNA
lipopeptide lipopeptide LPS Flagellin bacteria dsRNA ssRMA Hemozoin
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Different localizations of TLRs and distinct signaling cascades via
the recruitment of disctinct TIR domain adaptors

Boehme & Compton, 2004

Ahmad-Nejad...Wagner. Euro J. of mmunol 2002



Molecular Basis of TLR-Ligand Interaction (2007)

Derived from Ishii and Akira, Cell
host and Microbes

Crystal Structure of the TLR1-TLR2 2008

Heterodimer Induced by Binding of
a Tri-Acylated Lipopeptide

Jinetal., Cell 130 1071-1082



PRR Sensing is a multistep mechanism

LPS

LPS sensing by
TLR4/MD2, with the
help LBP and CD14

LPS

LRRI .
TIR

TLR4

39



Relevance of TLRs in Human host defense

Science 2007

Detection of Toll-like receptor 2 (TLR2)
mutation in thelepromatous leprosy
patients

Tae-Jin Kang, Gue-Tae Chae *
Institute of Hansen's Disease, Department of Pathology, College of
Medicine, The Catholic University of Korea, 505 Banpo-Dong, South

Korea
First published online 29 May 2001



Implication of TLRs in auto-immune diseases (2021)

Identification of a missense TLR7Y2%*H variant in patients with lupus.
The TLR7Y%%*H variant selectively increased sensing of TLR7 ligand
LR7Y254H is sufficient to cause lupus when introduced into mice.

TLR7 localization on the X would explain the predominance of Lupus in

women



Other membrane bound PRRs: C-type
lectin Receptors (CLRs) 2007

Dectin 1 bind to R-glucan of fungi
Dectin-2 recognizes a-mannan
structures

Mannose Receptor

Involved in phagocytosis

High number of membrane-bound
and secreted lectins

Contribute to host defense, and
have implicated in psoriasis, atopic
dermatitis, and tumors



The Nod Like Receptor family

- Nod1 and Nod2

43



The NLR protein family

Cytosolic proteins

Contains

-a LRR recognition domain
-a nucleotide-binding
Oligomerization Domain
(=NACHT/NOD)

-an effector binding domain

(signaling)

-shares similarity with R
proteins of plants

-Involved in PAMPs sensing,
activation of inflammatory and
apoptotic caspases

NALP = NLRP (Pyrin)
NOD = NLRC (Card)

Effector
binding
domain

Oligo- Ligand
merization recognition
domain domain

44
Inohara et al An. Rev. Bioch. 2005



Nod1l and Nod2 are intracellular PRRs for
peptidoglycan

. &5
~/

I-xB

2003

Nod

gg RICK/RIP2
¥

Dana Philppot \«— —
Stephan Girardin IKKy
(& Gabriel Munez) NF-xB

= =

Pro-inflammatory cytokines.:



NOD1 and NOD 2 recognize bacterial peptidoglycans

NOD1 binds meso-diaminopimelic acid (DAP, NOD2 binds muramyldipeptide
Gram negative bacteria and bacillus) (MDP, all bacteria)

Girardin et al, JBC 2023
Girardin et al., Science 2003 46
Chamaillard et al., Nature Immunol 2003



Nod2: Major susceptibility gene in Crohn’ s
disease (and Blau syndrome)

Card NOD LRR

T T Teeeseseaas®

-NOD2 mutations are found in 20% of Caucasian
population

-Loss-of-function mutations in NOD2 are implicated
in 10% of case. Hypothesis: an initial failure in
bacterial clearance resulting in a more severe
inflammation...

-Gain of function allele of Nod2 are linked to Blau

Syndrom (inflammation of joints, eye) 4



The Nod Like Receptor family

NLR and Inflammasome

48

Structure by CryoEM



Basics of innate immunity: Capturing
danger, identifying microbes

[microbes] ]
PAMPS ARl T
Stress and on " Loe
Danger DAMPS

[ PRR Sensors ] ciqnale

......

TLRs, NLRs RLRs...

( Effectors

[Immune response}




Multiple Function of Interleukin-1 (1984)

- IL-1is a generic name for IL-1a and IL-1b

- Engages the IL1-Receptor that activate NF-xB

- Activate local and systemic response

- Produced by macrophages and dendritic cell upon microbial recognition
- Maturation of prolL-18 (31kDa) to its 17kDA active form by Caspase 1

Activates vascular

dilatation \

Activates lymphocytes

Production of IL-6

/

increases body
temperature (i.e. causes
a fever)

Causes drowsiness -
reduces the body's
energy usage

50



2002: the discovery of inflammasome

Jurg Tschopp
(1951-2011)

Fabio Martinon

Martinon, Burns and Tschopp Molecular cells 2002



Activation of NLRs




Expression and Maturation of

Three levels:
-1. Priming: IL1 gene expression (by TLRs)
-2. IL1-Maturation by caspase 1(by inflammasome)

- 3. IL-1 Secretion through Gasdermin D pore (by inflammasome)
Activation
High ATP

Acid Uric
Nigericin

Macrophages
Cellules
dendritiques

IL-18



The Inflammasome NLRP3 maturates both
IL1 and Gasdermin D
Gasdermin D

GSDMD /

NT-GDMD

Membrane pore

prionisation de ASC
Clivage de GSDMD et pyroptose..

Bright field Nucleus ASC



Mutations in the NLRP3/cryopyrin gene are
associated with auto-inflammatory diseases

NRLRP3/CyroPyrin

CAPS (CryoPyrin-associated Periodic Syndrome)

- Familial cold autoinflammatory syndrome (FCAS, FCU)
- Muckle-wells syndrome (MWS)
- Chronic infantile neurological cutaneous and articular syndrome (CINCA, NOMID)  ss

Journal of Allergy and Clinical Immunology 2020 1451254-126



NALP3 and Muckle-wells syndrome (MWS)

- Autosomal dominant mutation in
NALP3

- Periodic fever, rash, arthritis,
conjunctivitis...
- Spontaneous production of IL1

Traitment with
| Anakinra (IL1ra)

Canakinumab

56
Agostiniti-Tschoop Immunity 2004



Several inflammasomes with various triggers

MSPC: Multiple palmoplantar carcinoma;

FKLC: Familial keratosis lichenoides chronica;

NAIAD: NLRP1-associated autoinflammation with arthritis and dyskeratosis;

MWS: Muckle—Wells syndrome;

FCAS: familial cold autoinflammatory syndrome; MDS: myelodysplastic syndromes
CINCA/ NOMID: chronic infantile neurological cutaneous and articular

PAAND, pyrin associated autoinflammation with neutrophilic dermatosis

FMEF: familial mediterranean fever;

PAPA: pyogenic arthritis, pyoderma gangrenosum, and acne;
MKD: mevalonate kinase deficiency;

AIFEC: autoinflammation and infantile enterocolitis; NLRC4-|
syndrome; CKD, chronic kidney disease



Cytoplasmic Nucleic Acid Sensors

58



The type | interferon response to viruses

1957: interferon by
Isaacs and
Lindenmann

59
Rehwinkel & Gack, Nat Rev Immunol 2020



The helicase proteins RIG-l1 and MDAS5 senses
cytoplasmic viral RNA  ,..,500¢

Mitsutoshi Yoneyama
and Takashi Fujita (RIG-I)



Sensing of cytoplamsic DNA by the cGAS-

STING System e

dsDNA

DNA l

cGAS

l Zhijian “James”
cyclic GMP-AMP Chen
(cGAMP)

|

STING

l

Type | interferons,



Loss-of-function TREX1 mutations cause
interferon-driven diseases (Aicardi-Goutieres
syndrome, lupus...)



Pattern recognition receptor-targeting
therapeutic strategies
* PRRs stimulate both innate and adaptive immune responses to

combat pathogens, but also induce the production of
inflammatory cytokines, that can lead to tissue damage.

* PRR agonists to boost immune responses: vaccin,
immunotherapy

* PRR antagonists to inhibit inflammatory and auto-immune
diseases



Many molecules in clinical trials

Table 3. Treatment with PRAs' agonists and antagonists in clinical triaks
Disease type Category of PRRs  Agonists Study typephase Cllricaﬁ'riaisgw identifier
Cancers
Acute myelogenous leukemia TLRs GNKG1EE Interventionaliphase 1 NCTD 743807
Acute lymphoblastic leukemia TLR7/8 I qquinmiod Interventionaliphase 2 NCTD3559413
Breast cancer TLR7 i qquinniod Interventionaliphase 2 NCTOI421017
NCTOOES9574
NCTOISEZ004
WNCTDOEZ 1964
TLR? B52A Interventionaliphase 2 NCTOO319748
TLR7/B BDC-1001 Interventionaliphase 2 NCTD5954143
Colorectal cancer TLR7 Innid quinnod Interventionaliphase 3 NCTDOTES 122
NCTOZ2135419
NCTDOTES 122
NCTOZ6000M9
TLRS IMO 2055 Interventionaliphase 2 NCTOOT 19199
Cutaneous T-gell ymphoma TLR3 Poly ICLC Interventionaliphase 1 NCTOZ0E1 449
NCTD1 976585
TLR4 G100 agent Interventionaliphase 2 NCTO3ITA2EDS
TLR? I qquiniod Interventionaliearty phase 1 NCTO3116659
WNCTOZ301 494
NCTDSEIRSGG,
TLR7/8 Resiquimod Interventionaliphase 1 NCTD1676831
Manitle cell hymphioma TLRS PF-03512678 Interventionaliphase 2 NCTOO4S0529
B-cell lymphoma TLRS S0 Interventionaliphase 2 NCTOZ254772
NCTO2927964
Chronic lymphooytic leukemia TLR? I qquiniod Interventionaliphase 2 NCTOO596336
Endometrial cancer TLR7 B52A Interventionaliphase 2 NCTDD31 9748
Head and neck cancer TLRS Entolimod Interventionaliphase 1 NCTD 728480
TLR& Motolimod Interventionaliphase 1 NCTO3906526
Pancreatic cancer TLR3 Rintatolinod Interventionaliphase 1 NCTDS927142
TLR2 S0 Interventionaliphase 1 NCTOMOS00ES
Melanoma TLR3 Paly-ICLC Interventionaliphase 2 NCTDM364230
TR MELSD Interventionaliphase 2 NCTD21 26579
TLR4 GLA-SE interventionaliearly phase 1 WNCTOZ320305
TLR7/& Resiquimod Interventionaliphase 2 NCTDOSE0T52
NCTON 748747
TLR7/8 I quiniod Interventionaliphase 1 NCTOAOT 2000
NCTO32 76832
NCTOO453050
NCTDO651 703
NCTDOZT3910
NCTDOZ73910
WNCTD1 264731
WNCTO1191034
NCTDOT18313
NCTOOMTO3 79
NCTDOEZ 1652
TLRS beatinod Interventionaliphase 2 NCTOSD81017
TR MELSE Interventionaliphase 1 NCTO1585350
Lentigo mal ignant TLR7/B Innid quinnod Interventionaliphase 3 and phase 4 NCTOZ3%4132
NCTO1161EBE
NCTO 720407
NCTO10EETIT
NCTOOTOT174
Oral cancer TLR7/8 I quiniod Interventional’earty Phase 1 NCTOMEEIEBAS
Crvarian canoer TLR3 Ampligen Interventionaliphase 2 NCTD1312389
TLR7 i qquinniod Interventionaliphase 2 NCTOOT99110
TLR? B52A Interventionaliphase 2 NCTOO319748
TLR& WTH-2337 interventionaliphase 1 WNCTO 254293
NCTD 666444
NCTD2431559




1989-2024: a revolution in immunology

 |dentification of the PRR
receptors that sense microbial
infection

* Immunity is an universal
phenomenon in all living things.
Adaptive immunity (Band T
cells) is a fascinating but tiny part

of immunity. Netea et al., N Engl J Med 2011:364:60-70

* Innate immunity is diverse and
complex, local and systemic



1989-2024: a revolution in immunology

* The concepts of "memory" and "specificity" have been found
to be generally applicable to innate immunity.

* Immunity goes far beyond simply defending against
pathogens: role in tissue homeostasis, symbiosis, and
implication in many non-immune diseases

 Many other processes cooperate with the immune system in
host defense: tolerance mechanism, symbiont-mediated
immunity, and behavioral immunity

Pradeu, T.; Thomma B.; Girardin S. &, B. Lemaitre (2024). The conceptual foundations of innate
immunity. Immunity 57(4):613-631.



Immunology & psychology of science

Acknowledgments
Marie Meister
Lydia Michaut

Raymonde Syllas
Reine Clock
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Jules Hoffmann lab

The road to Toll (2004) Nature

Science, narcissism
Reviews Immunology 4 (7), 521-527 The con.ceptual. 7
foundations of innate and the quest for
immunity. visibility (2017) FeBs
BBC: Interview on the Toll story Pradeu , Thomma, Girardin, journal. 284:875-882

Lemaitre (2024) Immunity.
57(4):613


https://www.bbc.co.uk/programmes/w3ct4r4r
https://www.bbc.co.uk/programmes/w3ct4r4r

Innate versus adaptative

« Perhaps the most radical conceptual transformation in the

field has been the questioning of the definition of innate immunity as
such. Innate immunity was originally defined by what it was seen to
lack: memory and specificity. This vision has perished

as these concepts have been found to be generally applicable

to innate immunity. Thus, reconceptualizing innate immunity is
a necessity. In our view, the two terms “specific”’ and “adaptive’
are not adequate to distinguish the innate immune system from
the adaptative immune system, except when taken in the implicit
sense of the clonal selection of a repertoire of immune genes.

b

Pradeu T, Thomma BPHJ, Girardin SE, Lemaitre B. (2024) The conceptual foundations of innate immunity: Taking
stock 30 years later. Immunity. 57(4):613-631.
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