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The eradication of smallpox by vaccination

Sir Edward Jenner Number_ of 30
(1749-1823) countries
Vaccinia (cowpox) with one or
more cases
per month 15; smallpox
officially
eradicated
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Immunity

Host <

Innate Immunity:
Non-specific,
No Memoty.

Adaptive Immunity:

Specific with
Memory.

> Microorganisms



Typical time -
Response after infection to D:'e':t'o:s:f
start of response PO

Innate Inflammation, complement activation,
immune phagocytosis, and destruction of Minutes Days
response pathogen

Interaction between antigen-presenting

dendritic cells and antigen-specific T cells:

recognition of antigen, adhesion, Hours Days

co-stimulation, T-cell proliferation and

differentiation

Activation of antigen-specific B cells Hours Days

Formation of effector and memory T cells Days
Adaptive
immune Interaction of T cells with B cells, formation
response of germinal centers. Formation of effector Days

B cells (plasma cells) and memory B cells.

Production of antibody

Emigration of effector lymphocytes from A few days

peripheral lymphoid organs

EIiminat_ion of pathogen by effector cells A few days

and antibody

: Maintenance of memory B cells and T

::]nerg]u(?rgloglcal cells and high serum or mucosal antibody Days to weeks

levels. Protection against reinfection

Figure 1.7 Janeway’s Inmunobiology, 9th ed. (© Garland Science 2017)



Innate and Adaptive Immunity

Pathogens (Antigens)
Immune responses (innate vs. adaptive)
Life-long protective immunity (Antibodies)

Immunological recognition, immune effector
functions, immune regulation, immunological
memory.

Immune cells (leukocytes, myeloid, lymphoid)

Cell-mediated immunity, humoral immunity



Principles of innate immunity

Anatomic and chemical barriers are the first defense against pathogens

Skin, oral mucosa, respiratory epithelium, intestine
S Z

complement/antlmncrobnal proteins

C3, defensins, Regllly
< =
A

Innate immune cells

Macrophages, granulocytes, natural killer cells

B cells/antibodies, T cells

Figure 1.5 Janeway’s Imnmunobiology, 9th ed. (© Garland Science 2017)



Principles of innate immunity

The immune system is activated by inflammatory inducers that indicate the presence of
pathogens or tissue damage.

Inflammatory inducers

Bacterial lipopolysaccharides, ATP, urate crystals
< =
hV4

Sensor cells

Macrophages, neutrophils, dendritic cells

< =
4
Mediators

Cytokines, cytotoxicity

=
v
Target tissues

Production of antimicrobial proteins
Induction of intracellular antiviral proteins
Killing of infected cells

Figure 1.6 Janeway’s Immunobiology, 9th ed. (© Garland Science 2017)



The cellular components of the immune system

Lineage

Lymphoid lineage

pluripotent hematopoietic stem cell

Myeloid line
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Adaptive immunity

Innate immunity

Hematopoietic stem cell
(HSC)

Pluripotency

Progenitor cell (HPC)
Differentiation
Maturation

Questions:

1. How to define HSC?

2. How to define HPC?

3. How to define mature immune cells?

Immune cell subtypes:
Thl, Th2, Th17, Treg, ...
M1/M2 macrophage
N1/N2 neutrophils
ILC-1, ILC-2, etc.



Principles of innate immunity

The myeloid lineage comprises most of the cells of the innate immune system

Innate Immunity: Phagocytes, inflammatory cytokines

Myeloid Cells

Adaptive immunity: Ag-presentation cells (APCs)

Eosinophil

Killing of
antibody-coated
parasites

. | presentation

Basophil J
Dendritic cell Antigen uptake
Ll}tggnpheral Unknown
Antigen
1 presentation
| in lymph nodes
Neutrophil Mishodl Release of
d _ granules
Phagocytosis containing
and activation histamine
. %feg?‘gt;'s'ﬁgm and other active
agents




Principles of innate immunity

Sensor cells express pattern-recognition receptors that provide an initial
discrimination between self and nonself.

Macrophages express receptors

Innate immune for many microbial constituents

Recognition

mannose LPS receptor
receptor (CD14)

Pattern-recognition
Receptors (PRRs)

. TLR-2
Pathogen-associated

Molecular Patterns
(PAMPs)

glucan scavenger
receptor receptor

Figure 1.10 J y's | biology, 8ed. (© Garland Science 2012)




Principles of innate immunity

Sensor cells induce an inflammatory response by producing mediators such as

chemokines and cytokines

Inflammation

rubor (redness), tumor (swelling), calor (heat), and dolor (pain)

Bacteria trigger
macrophages to release
cytokines and chemokines

Vasodilation and increased
vascular permeability cause
redness, heat, and swelling

Inflammatory cells migrate
into tissue, releasing
inflammatory mediators
that cause pain

neutrophil
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Principles of innate immunity

Innate lymphoid cells and natural killer cells are effector cells that share similarities with lymphoid
lineages of the adaptive immune system.

Natural killer (NK)cell

Innate lymphoid cells (ILCs): Cytokine-producing
lymphoid cells important in the innate immune

responses.

Natural killer (NK) cells:

Innate immunity (virus-infected cells).
Adaptive immunity (Cytokine-producing cells).

s -_— ’wﬁ i
Releases lytic granules that kill some
virus-infected cells
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Principles of adaptive immunity

The interaction of antigens with antigen receptors induces lymphocytes to acquire effector and
memory activity.

Adaptive immunity: Lymphoid Cells (lymphoid lineage)
B lymphoid cells, plasma cells. Immunoglobulins (Ig)/Antibody (Ab)

T lymphoid cells, T helper (Th) cells, cytotoxic T (Tc) cells

Lymphocytes are mostly small and inactive cells
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Schematic structure of antigen receptors

Ag recognition

B cell: Ab T cell: TCR (T cell receptor)

variable
region
(antigen-
binding site)

variable region
(antigen-binding site)

constant
region
(effector function)

constant
region

Figure 1-13 Immunobiology, 7ed. (© Garland Science 2008)



Principles of adaptive immunity

Antigen-receptor genes are assembled by somatic gene rearrangements of
incomplete receptor gene segments.

Clonal Selection: Lymphocytes that were activated by Ag give rise to clones of Ag-specific cells

A single progenitor cell gives rise to .
a large number of lymphocytes, each Pool of mature naive lymphocytes
with a different specificity

o || 999
FPR0Q0R| L

Proliferation and dif%éntiation of activated

Removal of potentlally self-reactive specific lymphocytes to form a clone
immature lymphocytes by clonal deletion of effector cells
9992988 Q0000
C [ O
self antigens self antigens Effector ceIIs ellmlnate antlgen

Clonal Deletion Immunological Tolerance



Coordination between innate and adaptive immunities

Dendritic cells form the bridge between
innate and adaptive immune responses
Innate immunity Adaptive immunity
Granulocytes
(or polymorphonuclear leukocytes)
CRR) o @@ @g@
%@@@g K Q=
@ o [7 'l‘ 0
neutrophil eosino- basophil monocyte dendritic cell B cell T cell
phil
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Principles of adaptive immunity

Adaptive immune responses are initiated by antigen and antigen-presenting cells in peripheral
lymphoid tissues.

Dendritic cells (DCs) are the most potent Ag-presenting cells (APCs)

Dendritic cells migrate via
afferent lymphatics to
regional lymph nodes

/ .
/antigen-specific LVfo'PI?_O:d
> lymphocyte oflicle
% S o
mature«, r,»
age ’\ A v‘
.l‘> S [N, dendritic D¢ s

Mature dendritic cell in
the deep cortex

Immature dendritic cells
reside in peripheral tissues

cell :
macropmosome Y '[,> = cortex
HEV a@& .
©
Q% regional Qp ©
lymph node . naive lymphocyte Medulla

Figure 1-13 Immunobiology, 6/e. (© Garland Science 2005)
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The lymphoid tissues/organs

Lymphocytes mature in the bone marrow or the thymus and then congregate in

lymphoid tissues throughout the body

Peripheral (Secondary) Lymphoid Organs:

Lymph nodes, Spleen, Gut-associated Central (Primary) Lymphoid Organs:
lymphoid tissues (GALT) Bone Marrow, Thymus

Presentation of Ag, Initiation of adaptive Maturation and differentiation of
immune cells

adenoid
tonsil

Immune responses

left subclavian vein

right subclavian vein thymus

lymph node heart
thoracic duct
kidney spleen

Peyer's patch in
small intestine

\@ large intestine

bone marrow
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Principles of adaptive immunity

Lymphocytes encounter and respond to antigen in the peripheral lymphoid organs

Lymphocytes and
lymph return to blood
via the thoracic duct

infected
peripheral
tissue

Cortex

cortical sinus

secondary
lymphoid follicle

(with germinal center)

afferent
lymphatic vessel

paracortical area
(mostly T cells)

germinal center

5’

Medulla

primary
lymphoid follicle
(mostly B cells)

medullary cords
(macrophages
and plasma cells)
medullary sinus
artery

vein

efferent
lymphatic vessel

senescent
germinal center

marginal sinus

Antigens from sites of infection

reach lymph nodes via lymphatics

Figure 1-18 part 1 of 2 Immunobiology, 7ed. (© Garland Science 2008)
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Organization of the lymphoid tissues of the spleen

The spleen

capsule

trabecular
vein

red pulp white pulp

Venous
sinus

trabecular

Phovtongraph courtesy bf N. M. Milicevic

Transverse section of white pulp

artery

. B-cell corona —|
| germinal center —

marginal zone |—

| perifollicular —|
zone

periarteriolar

Longitudinal section of white pulp

lymphoid sheath

— central arteriole
red pulp
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Principles of adaptive immunity

Mucosal surfaces have specialized immune structures that orchestrate responses to
environmental microbial encounters

Gut-Associated Lymphoid Tissues

70-75% peripheral lymphoid cells

Peyer’s patches are covered by an epithelial layer containing specialized cells
called M cells which have characteristic membrane ruffles

subepithelial
dome

follicle-associated

efferent
lymphatics

Figure 1-20 Immunobiology, 7ed. (© Garland Science 2008)
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Principles of adaptive immunity

Lymphocytes activated by antigen proliferate in the peripheral lymphoid organs, generating

effector cells and immunological memory

Primary immunization Secondary (booster) immunization

Antibody

4
(mg mi-" serum) 10

10

|

102 -
10" -
10° o
107" -

1072 4
response to
antigen B

1073 -

68 72
Days
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Immune balance

control of allergies, autoimmune disease, tumor, and the rejection of transplanted organs

Self Non-self Self Non-self

— \Non_self Self/

: Effect of response to antigen

Antigen
Normal response Deficient response

Infectious agent Protective immunity Recurrent infection
Innocuous substance Allergy No response
Grafted organ Rejection Acceptance
Self organ Autoimmunity Self tolerance
Tumor Tumor immunity Cancer

Figure 1-32 Immunobiology, 6/e. (© Garland Science 2005) 23



The response to an initial infection

occurs in three phases

+ Tnnate immunigy b : Recognition by Removal of
(immediate: Infection preformed, infectious agent
0-4 hours) nonspecific effectors
T QO  ——
[g5pons Infection microbial-associated activation of infectious agent
(early: 4-96 hours) molecular patterns effector cells
Transport of Recognition Clonal expansion Removal
response Infection antigen to by naive and differentiation - of
(late: >96 hours) lymphoid organs BandT cells to effector cells infectious agent

24




Table 12-3.

Components of Innate Immunity

Components Principal functions
Barriers

Epithelial layers Prevent microbial entry
Defensms Microbial killing
Intraepithelial lymphocytes Microbial killing

Circulating effector cells

Neutrophils

Eary phagocytosis and killing of microbes

MacrOphages

| Efficient phagocytosis and killing of microbes.

secration of cytokinas that stimulate inflammation

NK cells

Lysis of infected cells, activation of macrophages

Circulating effector proteins

Complement

Killing of microbes, opsonization of microbes,
activation of leukocyles

Mann;)se-blncllng Opsonization of microbes, activation of complement
lectin {collectin) {lectin pathway)

C-reactive protein (bantraxiﬁ) Opsonization of microbes, activation of complement
Coagulatlon factors : Walling off infected tissues

Cytokines

TNF, IL-1, chemokines Inflammation

IFN-a.-ﬂ D ) Resistance to viral infection

.i.I.=N-1 """" Macrophage activation

= N oicid6Eih by MK cale and T oals
s Proliferation of NK cells

IL-10, TGF-J Control of inflammation
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Anatomic barriers and initial chemical defenses

Epithelial surfaces of the body provide the first barrier against infection

Mucosal immune system Mucosal epithelia  Mucin glycoproteins

Skin Gut Lungs Eyes/nose/oral cavity
Stratified Single cell layer |  Upper airway: Pseudostratified
epithelium of columnar pseudostratified co_lum_nar
epithelium columnar epithelium
epithelium
Lower airway:
single cell layer
of columnar
epithelium
Epithelial cells joined by tight junctions
Mechanical
Longitudinal flow | Longitudinal flow Movement of Tears
of air or fluid of air or fluid mucus by cilia Nasal cilia
Pulmonary .
Faty acids Low pH e Enzymes in tears
Chemical and saliva
Enzymes (pepsin) (lysozyme)
: a-defensins
La[?r-lgﬁ;?n;(l)g?es (cryptdins) a-defensins Histatins
Cathelicidin Reqlll (lecticidins) Cathelicidin B-defensins
Cathelicidin
Microbiological Normal microbiota

26



Pattern recognition by the immune system

Table 12-1, Specificity of Innate and Adaptive Immunity

Innate immunity Adaptive immunity

Specificity For structures shared by classes of For structural detail of microbial

microbes ("melecular patterns”) molecules (antigens):
may recognize nonmicrobial
antigens
Different Different
microbes \[ microbes-[
Identical /{ |
mannose - S h e N\
receptors s R R Distinct e
2 N . antibody
. 1 & _/( & molecules
k/‘ &

Receptors Encoded in gemline; limited diversity Encoded by genes produced by
somatic recombination of gene
sagments; greater diversity

@h

3
g’
|

N

LPS 2

raceplor r’::g?l:gg;i Mannose Scavenger

receptor receptor  receplor
Distribution Nonclonal: identical receptors on Clonal: clones of lymphocytes

of receptors

all cells of the same lineage

with distinct specificities express
different receptors

Discrimination
of self and
nonself

Yes: hast cells are not recognized or they
may express molecules that prevent innate
immune reactions

Yes; based on selection against
self-reactive lymphocytes; may
be imperfect (giving rise to
autoimmunity

27



Heat-sensible components responsible

} o : Humoral immuni
for the lytic activity of antiserum ty

The complement system and innate immunity

Stages of complement action

Pattern-recognition trigger

N

Jules Bordet
The Nobel Prize in

Protease cascade amplification/C3 convertase
Physiology or Medicine

1919

N
N\

Inflammation

Phagocytosis

Membrane attack
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The complement system and innate immunity

The complement system recognizes features of microbial surfaces

and marks them for destruction by coating them with C3b

Pathways

Activation

Functions

CLASSICAL PATHWAY

Antigen:antibody
complexes

Lectin binding to
pathogen surfaces

Pathogen surfaces

U

J 1

)

J

v
Complement activation

|

Jz

S Z

o)

Recruitment of
inflammatory and
immunocompetent cells

Opsonization
of pathogens

N\ L
A

Killing
of pathogens
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The Complement System

The protein members of the complement system

1
Initiators
(C1q, MBL, ficolins)

Convertase activators

(C1r, C1s, C4b, C2a)

and enzymatic mediators

(C3 convertase, C5 convertase)

Group of serum proteins circulating

in inactive form

Once activated, multiple possible

outcomes

Target cell membrane lysis

Chemotaxis

Opsonization to enhance

phagocytosis

Inflammation

attack complex

3 4 5
QOpsonins (C3b) ‘ QAnaphylatoxins (CSa)‘ ?Membrane

6
Complement receptors
(CR1, CR3)

Inflammation

Degrade complement
components

) —>

7
Q Regulators (factor 1) |

Prevent
deposition of
components

/7

Functional protein classes in the

complement system
Binding to antigen:antibody
complexes and pathogen Ciq
surfaces
Binding to mannose MBL
on bacteria
Cir
Cis
- C2b
Activating enzymes Bb
D
MASP-1
MASP-2
Membrane-binding Cdb
proteins and opsonins C3b
Peptide mediators ggg
of inflammation Cda
C5b
C6
Membrane-attack proteins Cc7
Cc8
c9
CR1
CR2
Complement receptors CR3
CR4
CigR
C1INH
Cdbp
621
: MCP
Complemenl regulatory DAF
proteins H
|
P
CD59

30



The complement system and innate immunity

The complement system recognizes features of microbial surfaces
and marks them for destruction by coating them with C3b

| LECTIN PATHWAY ] ‘

CLASSICAL PATHWAY

‘ l ALTERNATIVE PATHWAY |

Mannose-binding lectin (MBL) and ficolins
recognize and bind carbohydrates on
pathogen surface

C1q interacts with pathogen surface or with
antibodies bound to surface

C3 undergoes spontaneous hydrolysis to
C3(H,0) to initiate eventual deposition of
C3 convertase on microbial surfaces

ficolin MBL
MASPs

Cliq

: Cir Cls

factor D ' factor B
,03“_'20) g properdin

52

All pathways generate a C3 convertase,
which cleaves C3, leaving C3b bound to the
microbial surface and releasing C3a

,C3 , ®

n i

| |
Pea P ®

Pathogen
surface
< = =z N
MBL/ficolin, MASPs C1g, C1r, C1s ¥§E§85 g
c4 G4 properdin
2 C2 C3
U T ]J
d L

S

3

oL

C3a and C5a recruit phagocytic cells to the

Phagocytes with receptors for C3b engulf

All pathogens generate a C5 convertase

oC3a <

= Infected tissue ¢

site of infection and promote inflammation and destroy the pathogen that leads to formation of a
E y the pathog membrane-attack complex (MAC), which
disrupts cell membranes
3,

Phagocyte

complement
receptors
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Lectin pathway

Pathogen-associated molecular patterns (PAMPS)
Pattern-recognition molecules (PRMs)
Mannose-binding lectin, Collectins, Ficollins

Do you know of any other type of lectin molecules? and their functions?

MBL monomers form trimeric Ficolins are similar in structure to
5 . . = X clusters of carbohydrate-recognition MBL but have a different
N-linked glycoproteins of yeasts contain many terminal mannose residues, domains carbohydrate-binding domain
whereas glycoproteins of vertebrates have terminal sialic acid residues i ccllaGen

helices helices

Yeasts Vertebrates

carbohydrate-recognition domains fibronectin domains
o o < =

QJ MBL binds with high avidity to Ficolins bind oligosaccharides

mannose and fucose residues containing acetylated sugars
[N O O
A O @
n O O Q O

@ @

@ glucose © mannose [ N-acetylglucosamine @ sialic acid Ogalactose A fucose

Figure 2.15 Janeway’s Inmunobiology, 8ed. (© Garland Science 2012)



Three major activation pathways of the complement system

Classical pathway Lectin pathway Alternative pathway
.Antlgen-antlbody PAMP reco.gmtlon Spontaneous hydrolysis
immune complexes by lectins

Initiation

(s —— (P c3H,0Bb

h Ocs
Antibody &%
Ga) ®
C3bBb (c3b
08 o
Factors B, D,
properdin
Amplification
(:. C4b2a a C3bBb Zymogen: proteins activated
by proteolytic processing.
P
\ WV
( @ |cab2a3b OPO)|c3bBbC3b C> Ca (small fragment),
Cb (large fragment).
i
O @ .@ @ Activation sequence:
a3 5 C5b @ Cc1,4,2,3,5,6,7,8,9
Termination J, \/ \‘
Inflammation Opsonization Lysis Inflammation
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he membrane

Assembly of the membrane-attack complex (MAC)
generates a pore in t

(a)

of the membrane-attack

10 nm

\

Cell membrane

V) 'Bljor e

‘aIpIsu| A13A0SIQ RPN 4gS ‘UIySaly X3[y pue uolbuippr] 3oy sig

< “GLL=/ ‘6961 3ybLAd0) ‘|| awnjop ‘Abojounwius up spupApy

“upyysewnnoq pue [ ‘aiydwny woy 4
] rA—»n l\. " \‘.&u

(b)

woy patunday uawajdwod £q pasned sauLIGUIAW |13 Ul SUOIS3| 3] ‘6961 “Y

paysiqnday

34



The complement system and innate immunity

Stages of complement action

7 Pattern recognition trigger

N

Protease cascade amplification/C3 convertase

<

h 4
Inflammation

Phagocytosis

Membrane attack
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Pathogen recognition by cells of the innate immune system

After entering tissues, many microbes are recognized, ingested, and killed by phagocytes

Macrophages have phagocytic receptors Bound material is internalized in
that bind microbes and their phagosomes and broken down in
components phagolysosomes
mannose complement bacterium

receptor receptor
Fc receptor y lipid
receptor
Dectin-1 \_, ;
recepton) receptor
mannose
receptor

CTLD scavenger receptors

(SR-A I/ll, MARCO)

Fc

complement receptor
Dectin-1 receptor

lysosome ﬁ
lipid

receptor CTLD: C-type lectin—like domain
(CD36)

CRD: carbohydrate-recognition domain
36




Bound material is internalized in
phagosomes and broken down in
phagolysosomes

bacterium

Macropinocytosis: uptake
of fluids and soluble

molecules.

Phagocytosis: receptot-
mediated endocytosis.
Opsonin mediated,
Non-opsonin mediated.

Phagosome: endosome.
Phagolysosome: fusion of

phagosome and lysosome.
Microbial killing mechanism.
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Phagocytosis

FcR and complementR-mediated phagocytosis
(Opsonin-dependent).

Opsonin-independent.

Distinction and Recognition of self and non-self
/altered self.

Pathogen Associated Molecular Patterns (PAMPS).
Pattern Recognition Receptors (PRRs).

Clearance of pathogens and apoptotic cells
Phagocytic synapse.

E. Metchnikoff

A B C D93 [Clq Rp)

L J A v a AIM ‘ry o3
;:b cé &3 W
DNGR- licl c9A E / 4 Phosphatidyl sering
Annexin
PMN \V""vvvvv SEARSL
Surfac
CR3

(SREC]
Wvuw-. b ©
& ()
SIRPa ““1.\0’ L3
(CD11b/CD18) CEACAMs
Receptors

PMN Cytoplasm Jf”/ 2
TREM2/DAP12 .
I Pilus ’ LOS A c3

[ITITI

C4_b|nd|ng Kexto Domainy ‘ Lectin domain = s’t'p"‘s"w'z'_s”"’ ? Mueindeman ) ‘l Partial epidermal growthfactor (EGF)
M Opa * S|3|Y| group - rotein C Immunoglobulin domain ’EGF-I\ke domila NIl domain i T Spacer domain
P FA— (l) AN N-terminalrepeatsw & Hon d m 38

##5% ahelicalcoiled coil M Fy foe A g Shmen
Pori : =] iled coi I-doman .
oy Glycosylatedmucin hromt intype 1repeats & Fascidin-l
. orin Antlbody . Factor H 2 Creinerchdomsin l doraal I-like domain ppz b nd g-ne tif and proline-richregio D HA binding domain




Recognition of pathogens

Microbe $
Chemokines Lipid /@g
mediators
N-formylmethionyl
peptides X ’L{ CD14 E
A9 |
f:‘ 1 Toll-like | ._ﬁ____ S
, Seven a—hgllcal receptor|_ _ B
= y | transmembrane et
Recognition Mannose

receptors receptor |
of microbes, - . ! plor |-
mediators s i
f &

‘V v / )

Cellular Increased integrin Production of cytokines; Phagocytosis
avidity; cytoskeletal reactive oxygen of microbe into
response changes intermediates (ROIs) | phagosome
\2;’;'_2-,,__-
%-"‘."-I“-:_._ o :
e
Functional Migration Killing of Killing of

outcomes into tissues microbes microbes




Pathogen recognition by cells of the innate immune system

!

Microbial ligands: Pathogen-associated molecular patterns (PAMPs)

mannose
receptor CRD: carbohydrate recognition domain

CRD scavenger receptors
(SR-A 1/1l, MARCO)

I lipid
) complement receptor
Dectin-1 receptor (c DgG)

: Mannose Receptor (MR),

Dectin-1, DC-SIGN.

CD3o.

. SR-A 1/1T, MARCO,

. CR-1, CR3.
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Pathogen recognition by cells of the innate immune system

Toll 1s required for anti-fungal responses in Drosophila

Toll-like receptors (TLRs) represent an ancient and evolutionary
conserved pathogen-recognition system

Photo courtesy of J.A. H'oftmann

; Jules A. Hoffmann Bruce A. Beutler
Cell. 1996 2011 Nobel Prize Physiology/Medicine
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Mammalian Toll-like receptors (TLRs) are activated by many

different pathogen-associated molecular patterns

Innate immune recognition by mammalian Toll-like receptors

Toll-like receptor

Ligand

TLR-1:TLR-2 heterodimer

TLR-2:TLR-6 heterodimer

Lipomannans (mycobacteria)

Diacyl and triacyl lipopeptides (bacteria)
Lipoteichoic acids (Gram-positive bacteria)
Cell-wall B-glucans (fungi)

TLR-3 Double-stranded RNA (viruses), poly I:.C

TLR-4 LPS (Gram-negative bacteria) "
TLR-5 Flagellin (bacteria)

TLR-7 Single-stranded RNA (viruses)

TLR-8 Single-stranded RNA (viruses)

TLR-9 DNA with unmethylated CpG (bacteria and DNA viruses)

TLR-10 (human only)

Unknown

TLR-11 (mouse only)

Profilin and profilin-like proteins
(Toxoplasma gondii, uropathogenic bacteria)

TLR-12 (mouse only)

Profilin (Toxoplasma gondli)

TLR-13 (mouse only)

Single-stranded RNA (bacterial ribosomal RNA)
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Table 12-2. Examples of Molecular Patterns of Microbes and Pattern Recognition Receptors of

Innate Immunity

Molecular pattern of | Source Pattern recognition | Principal innate
microbe receptor of innate immune response
immunity
dsRNA Replicating viruses Toll-like receptor? Type | interferon production
by infacted cells
LPS Gram-negative bacterial | Toll-like receptor/CD14 Macrophage activation
cell wall
Unmethylated CpG Bacterial DNA Toll-like receptor Macrophage activation
nucleotides
N-formylmethionyl Bacterial proteins N-formylmethionyl Neutrophil and macrophage
peptides peptide receplors activation

Mannose-rich glycans

Microbial glycoproteins
or glycolipids

1. Macrophage mannose
receptor

2. Plasma mannose-binding
lectin

1. Phagocytosis

2. Opsonization, complement
activation

Phosphorylcholine
and related molecules

Microbial membranes

Plasma C-reactive protein

Opsonization, complement
activation

Abbreviations: dsBNA, double-stranded RNA; LPS, lipopolysaccharide.
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TLR signaling can activate

(NFkB, AP-1, IRF)

to induce the expression of (IL-1, I1.-6,
TNF-a) and type I interferons (IFNs)
Dimerized TLRs recruit IRAK1 TRAF-6 and NEMO are TAK1 associates with IKK and IkB is degraded, releasing

and IRAK4, activating the E3
ubiquitin ligase TRAF-6

polyubiquitinated, creating a
scaffold for activation of TAK1

phosphorylates IKKB, which
phosphorylates IkB

NFkB into the nucleus to induce
expression of cytokine genes

?E:j Mal
%F][?i%

v

@

1
S ‘ i\ TAK1

o e

S

ﬁq 1
pes g IkB
p50

%

M & => by

v]

IxB
NF«B degradation

—

(: TAB1/2
NFkB
IRAK1 IRAK4 ubiquitin
TRAF-6 () (E3 ligase) IKKv (NEMO IKKa ;
TRICAT ) (E2 ligase) Y ( ) e IKKB s cytokine genes
Adapters: MyD88, MAL, TRIF, TRAM (! [, domains)

Signaling intermediates: IRAK1, IRAK4, TRAF-6, TAK1, TAB1/2
NEMO (IKK), NFkB.

Pro-inflammatory cytokines: Type-I interferons, IL-1, IL-6, TNF-o
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TLRs and Human Diseases

Nat Immunol. 5: 975-979, 2004

45



The RIG-I-like receptors detect cytoplasmic viral RNAs and activate
MAVS to induce type I interferon production and pro-inflammatory cytokines

RIG-I: retinoic acid-inducible gene I.
RNA helicase-like domain
and CARD domain.

MDA-5 (helicard): dsRNA.
Type I interferons production.

Cytoplasmic replication of Viral RNA alters conformation of RIG-1 and

induces binding and aggregation with MAVS Aggregated MAVS recruits TRAFs and induces the
virus produces uncapped Aok w
RNA with a 5'-triphosphate ina mann:; m::::lg I:(63 linked activation of the IRF3 and NFkB pathways
RIG-I

Y > triphosphate
virus dsRNA

.‘.\%
CARD TBKA IRF3
RIG-I >
helica_se CTD ’ @
oAt D IKKy heB
MAVS Pt <« TRas g (NEMO) ‘e
CARD Riplet K63 polyubiquitin » u

NF«B

KKa: IKKB

~ N7 ™A
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cGAS i1s a cytosolic sensor of DNA and signals through
STING to activate type I interferon production

TN

2000000¢ dsDNA

@O cGAMP

@30 c-di-GMP

i i @@ c-di-AMP

bacterium

type |
interferon genes

47



The NOD-like receptors (NLRs) act as of bacterial infection
NLRs comprise a large family of intracellular sensors with diverse functions

NOD: Nucleotide-binding oligomerization domain
CARD: caspase recruitment domain. LRRs.

NOD1: iE-DAP (Gram-). NOD2: muramyl dipeptide.
Crohn’s disease (NOD2 loss-of-function)

Blau syndrome (Gain-of-function)

. el Bacterial ligands induce NOD protein
c "f,’ lia[)sr:lt?:'n:nr?::‘i;im tfgfm aggregation and recruitment of RIP2, which
Y activates TAK1, leading to NFxB activation
4~ 00
intracellular
bacteria, -
LRR domain mggx:}dlpeptlde,
NOD
[N
CARD
NOD IZ
CARD RIP2 polyubiquitin
RIP2
0 A
& DD
TAB12 @@ 5 NEMO
XIAP . i
CIAP1/2 TAK1 (O KKa e
Alopesin KKp N \FB 1B 48




Certain NLR proteins react to infection or cellular damage by forming
an inflammasome that induces cell death and secretion of inflammatory cytokines

NLR, ASC, pro-caspase 1, IL-1p3, IL.-18, gasdermin D

The assembled inflammasome
NLRs respond to PAMPs or recruits and activates caspase 1,
which in turn cleaves pro-IL-1p,

Formation of a gasdermin D pore

A priming step (TLR stimulation
allows release of IL-1p and IL-18

induces expression of the pro-forms | | pathogen activities and oligomerize

of IL-1p and IL-18) into an inflammasome pro-IL-18 and gasdermin D and induces pyroptotic cell death
Trigger -
A PAMP or Al
pathogen activity

gasdermin D

NLR pore
inactive ‘ b
caspase 1 A
cleaved
active gasdermin D,
pro-IL-1f @@= caspase 1 IL-1p and IL-18

pro-IL-18 @

gasdermin D

inflammasome

— -
= &=
IL-1 and IL-18 genes \s) o« @(~
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NALP3 (NLRP3, cryopyrin): pyrin domain (CARD-like domain)
Sensors of cellular stress/damages.

Activation of caspase-12 Inflammasome =2 pro-inflammatory
Cytokines (IL-1, IL-18).

Gout. Familial cold inflammatory syndrome. Muckle-Wells syndrome

Potassium efflux induces
dissociation of chaperones
that keep NLRP3 in an

NLRP3 forms oligomers with
ASC causing proteolytic
cleavage of pro-caspase 1

Caspase 1 releases mature
inflammatory cytokines such
as IL-1 and IL-18 from their

pyrin
domain

inactive conformation proproteins
K+
K+ % ;;——’_.?
) inflammasome A‘
bacterial <
toxin
LRR
domain
[N
HSP90
oy
IL-18 @D~ cytokine
IL-1p -_< proproteins

t

CARD
ASC e/ domain active
caspase 1 caspase 1
pro- cleavage
caspase 1

Figure 3.19 Janeway’s Inmunobiology, 9th ed. (© Garland Science 2017)
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Pathogen recognition by cells of the innate immune system

The microbicidal respiratory burst in phagocytes is initiated by

activation-induced assembly of the phagocyte NADPH oxidase

Neutrophils engulf and kill the
microbes to which they bind

primary
granule

secondary
granule

lysosome

Bacterial fMet-Leu-Phe peptides activate
Rac, and bacteria are taken up into
phagosomes

Phagolysosome: Microbial killing
: Lysozymes, Defensins
: NADPH oxidase,
Respiratory burst, Reactive oxygen species

(ROS), Reactive nitrogen species (RNS).

Phagosomes fuse with primary and secondary granules. Rac induces assembly of a
functional NADPH oxidase in the phagolysosome membrane, leading to generation of 0,.
Acidification as a result of ion influx releases granule proteases from granule matrix

lysosome

phagosome

oxidase

secondary primary
granule granule
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Antimicrobial mechanisms of phagocytes

Class of mechanism

Macrophage products

Neutrophil products

Acidification

pH ~ 3.5-4.0, bacteriostatic or bactericidal

Toxic oxygen—derived products

Superoxide 0,", hydrogen peroxide H,0,, singlet oxygen '0,°,
hydroxyl radical *OH, hypochlorite OCI~

Toxic nitrogen oxides

Nitric oxide NO

Antimicrobial peptides

Cathelicidin, macrophage
elastase—derived peptide

a-Defensins (HNP1-4), B-defensin
HBD4, cathelicidin, azurocidin,
bacterial permeability inducing
protein (BPI), lactoferricin

Enzymes

Lysozyme: digests cell walls of some Gram-positive bacteria
Acid hydrolases (e.qg., elastase and other proteases):
break down ingested microbes

Competitors

Lactoferrin (sequesters Fe?*), vitamin
B,,—binding protein

Oxygen-independent

Bl Oxygen-dependent
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Antimicrobial species generated from oxygen and nitrogen

Reactive oxygen species (ROS) NADPH

-0, (suberoxida anion} phagosome Superoxide
2 & : oxidase dismutase Myeloperoxidase
OH: (hydroxyl radical) 0, >0, > H,0, 5 HCIO™
H,0, (hydrogen peroxide) Oxygen Superoxide Hydrogen Hypochlorite
ClO™ (hypochlorite anion) anion peroxide
crr
Chloride
ion

Reactive nitrogen species (RNS) ONOO™

s Peroxynitrite
NO (nitric oxide)
NO, (nitrogen dioxide)
ONOO™ (peroxynitrite)

NO > NO,
Nitric oxide | Nitrogen dioxide

Nitric oxide is produced by nitric oxide synthase, iNOS2. Superoxide is
produced by a multicomponent, membrane-associated NADPH oxidase.
The activation of NADPH oxidase is accompanied by a transient increase in
oxygen consumption (respiratory burst).

Chronic Granulomatous Disease (CGD). Defects in Cyt gp91Phox; Cyt gp67phox
or Cyt gp22phox,

-

Impetigo
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Neutrophil Extracellular Traps
(NETs)

Raf-MEK-ERK pathway

1 4
NETosis trigger 2 &f
P e
Q @
/'\
( mex )
N

—| T |0COee

a
| | — -« )
! ; / >

e
NET release Mixing of cytoplasmic Chromatin decondensation

Antimicrobial effects and nuclear contents Nuclear membrane

Interference with invasion disintegration

PAD mediated histone citrullination

Photo courtesy of Arturo Zychlinsky
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Microbial recognition and tissue damage
initiate an inflammatory response

Inflammation:

Redness (Rubor), Swelling (Tumor), Heat (Calor), and Pain (Dolor).

Activated Phagocytes: Cytokines (pro-inflammatory), Chemokines.
Vascular permeability, activation of leukocytes and endothelium, cell

adhesion molecules, extravasation, edma, coagulation system.
Prostaglandins, leukotrienes, TNF-o

Cytokines and lipid mediators
produced by macrophages
cause dilation of local small
blood vessels

Leukocytes move to periphery of
blood vessel as a result of
increased expression of
adhesion molecules by
endothelium

Leukocytes extravasate at site
of infection

Blood clotting occurs in
the microvessels

microbe  macrophage
-

Ry

)

= =

S
D
£,

= -
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Macrophages and DCs activated by pathogens secrete a range
of that have a variety of local and distant effects

Activated macrophages secrete
a range of cytokines

Autocrine Pro-inflammatory

. T.ocal
Paracrine

Endocrine =  Systematic Anti-inflammatory

vV v V v VY

£l

N\ 4 A 4
Local effects
Activates vascular Activates vascular Lymphocyte activation Chemotactic factor Activates NK cells
endothelium endothelium Increased antibody recruits neutrophils, Induces the
Activates lymphocytes and increases vascular production basophils, and T cells differentiation of CD4
Local tissue destruction permeability, which leads to site of infection T cells into Ty1 cells
Increases access of to increased entry of IgG,
effector cells complement, and cells

to tissues and increased
fluid drainage to

lymph nodes
< = o = < =
A £ v b4
Systemic effects
Fever Fever Fever
Production of IL-6 Mobilization of Induces acute-phase
metabolites protein production
Shock
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Important cytokine and chemokine receptors in innate immunity

Receptors for erythropoietin and growth hormone

2020

Receptors for IL-3, IL-5, GM-CSF share a common chain, TANG PRIZE
CD131 or B¢ (common B chain)

Receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 share a
common chain, CD132 or y. (commony chain). IL-2 receptor Charles Dinarello/11.-1
also has a third chain, a high-affinity subunit IL-2Ra (CD25)

Marc Feldman/TNF
IL-1 family receptors

Tadamitsu Kishimoto/IL.-6

Receptors for IL-13, IFN-a, IFN-B, IFN-y, IL-10

Tumor necrosis factor (TNF) receptors | and I,
CDA40, Fas (Apo1, CD95), CD30, CD27,
nerve growth factor receptor

CCR1-10, CXCR1-5, XCR1, CX3CR1
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Innate lymphoid cells (ILCs) provide
protection 1n eatrly infection

The major categories of innate lymphoid cells (ILCs) and their properties

Innate lymphoid subgroup

Inducing cytokines

Effector molecules produced

Function

NK cells IL-12, IL-18, type | IFN IFN-y, perforin, granzyme Immunity against viruses, intracellular pathogens
ILC1 IL-12,1L-18 IFN-y Defense against viruses, intracellular pathogens
ILC2 IL-25, IL-33, TSLP IL-5, IL-13, amphiregulin, IL-4 Expulsion of extracellular parasites, tissue repair

ILC3 (LTi cells)

IL-1B, IL-23

IL-17, IL-22

Immunity to extracellular bacteria

58




Virus-infected host cells Type I interferons induced by viral
infection make several contributions

@ virus to host defense

Interferons are antiviral proteins produced

‘—l\/'_’ by cells in response to viral infection
IFN-oi, IFN-B
IFN-/
= = iy
\/

Activate STAT1 and STAT2, which combine with

IRF9 to form ISGF3 _~ IFN-a/ receptor

Induce resistance to viral replication in all cells
by inducing Mx proteins, 2°,5-linked adenosine
oligomers, and the kinase PKR

2’-5-oligo-adenylate dsRNA-dependent
: i . . : synthetase protein kinase
Enhance sensing of viral infection by increasing ’
expression of PRRs and signaling components 2-5(A) synthetase PKR (inactive)

+ ATP and
Induce expression of IFIT proteins, which AQA PKR (activate d)>dsRNA
suppress the translation of viral RNA -5(A)

Increase MHC class | expression and antigen Inacmve - { lati
presentation in all cells osphorylation

RNAse L RNAseL ofelF-2

Activate dendritic cells and macrophages l J,
Degradation of elF2-GDP

ly(A)mRNA functional
_Activate NK cells to Kill virus-infected cells_ PoliIAl® 7""‘ tonal
Induce chemokines to recruit lymphocytes
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NK cells are activated by interferons and macrophage-derived

cytokines for early defense against intracellular infections

NK cell-
mediated T cell-
production killing of mediated
of IFN-a, infected cells killing of

IFN-B, TNF-a, and production

infected cells
and IL-12 of IFN-y '

Virus titer

1 2 3 4 5 6 7 8 9 10
time after viral infection (days)

IFN-o, IFN-B, I1.-12

-

[ NK cells = IFNvy

\ 20-100X

Virus-infected cells

CD4 Th cells
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