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Overview of immune responses to microbes

Specialised and distinct responses to different types of
microbes to most effectively combat these infectious agents

Survival and pathogenicity of microbes in a host are
influenced by their ability to evade or resist effector
mechanisms of immunity

Latent, or persistent infections are established by some
microbes, where the immune response controls but does not
eliminate the pathogen (e.g. herpesvirus, poxvirus and some
intracellular bacteria such as the pathogen causing
tuberculosis)

Tissue injury and disease may be caused by the host
response to the microbe other than by the microbe itself

5 main categories of pathogenic microorganisms:
extracellular bacteria, intracellular bacteria, fungi, virus,
protozoan, multicellular parasites

Microorganism count

Mice and humans lacking
innate immunity (PMN-, MAC")

SCID or RAG-deficient
mice and humans
(PMN*, MAC*, T/B")

Normal mice
and humans

Duration of infection




Virulence factors

Virulence factors: molecules useful for

invasion of the body and proliferation within Gram-negative bacterial cell

the host (pathogenicity) Chaperone%@@ @:‘D@@

e Uptake of essential nutrients

e Adherence to epithelium (binding to host
cell proteins)

e Evasion of immune responses

* Toxins

translocon

tip

Pathogenic bacteria use specialized

secretion systems (T3SS/T4SS) to inject ° e, b
virulence factors into host cells. A prominent ° o © molecules
target cell

example is Yersinia pestis (agent for plague),
which secrets YOPs into cells disrupting the

actin cytoskeleton and, thus, inhibiting
phagocytosis.



Immunity to extracellular bacteria

Can replicate outside the host cells, cause disease by:
- Inflammation-mediate tissue destruction
- Toxin production : exotoxin (whithin bacterial cell) or exotoxin (actively secrete)

Direct mechanisms of tissue damage by pathogens
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Figure 2.4 Janeway’s Immunobiology, 9th ed. (© Garland Science 2017)




Innate immunity to extracellular bacteria

- Complement (alternative and lectin) pathway activation (peptidoglycans and LPS)
facilitates bacteria phagocytosis, lysis and inflammation
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- Activation of phagocytes (Fc receptors, TLR): neutrophils and
Group 3 ILC:
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extracellular bacteria

- Macrophages activation (cytokine secretions, pro-inflammatory, \Y¥}
local and systemic effects (fever, acute-phase proteins activators O ; \(<

of the complement)) 7
- Neutrophils granule secretions, extracellular traps (NETs) form a
scaffold containing toxic granule proteins SO 4
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- ILC3 activation enhances epithelial barrier function and recruits
neutrophils
- NK cell cytokine secretions (IFN-y) activate macrophages

(feedback)



Adaptive immunity to extracellular bacteria
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Immunity to extracellular bacteria

Adaptive immunity:

- Humoral: antibody response directed against cell wall antigens and toxins to
neutralize (high affinity IgG, IgM and IgA), opsonise (IgG1 and IgG3) and
phagocytose, activate the classical complement pathway (IgM, IgG1, 1gG3)

- Cellular: helper T cells activated by protein antigens (mainly Th17, also Th1)
induce local inflammation, enhance phagocytic and microbicidal activities and
stimulate antibody production

Ty17 effector functions in infections by extracellular bacteria
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Figure 11.16 Janeway's Immunobiology, 9th ed. (© Garland Science 2017)




Injurious effects of innate immunity to extracellular bacteria

Local infection with Systemic infection with
Gram-negative bacteria Gram-negative bacteria (sepsis)
I—O Ca | | n ﬂ a m m atl O n I n d u Ced Macrophages activated to secrete Macrophages activated in the liver and
TNF-a in the tissue spleen secrete TNF-a into the bloodstream

by tissue damage as a
collateral eftect of
macrophage activation and
neutrophil activation. | 4
Sepsis refers to a condition,

N N
; : ' N <z
wherein viable bacteria or
Increased release of plasma proteins into Systemic edema causing decreased blood
. tissue. Increased phagocyte and volume, hypoproteinemia, and neutropenia,
ba Cte Il a | p rOd u Cts a re 'FO u N d lymphocyte migration into tissue. Increased followed by neutrophilia. Decreased blood
platelet adhesion to blood vessel wall volume causes collapse of vessels

in blood. is the
most severest form of sepsis
with often fatal outcomes.
The initial triggers of sepsis
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occlusion. Plasma and cells drain to leading to wasting and multiple
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that unfold systemic effects -
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Removal of infection
Adaptive immunity Death




Injurious effects of adaptive immunity to extracellular bacteria

Superantigens: bacterial toxins that bind to TCR and also || MHC molecules but

not to the peptide-binding cleft, thus activating many more T cell clones than
conventional antigens

-> induce large amounts of cytokine production that can cause systemic
inflammatory syndromes
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Injurious effects of adaptive immunity to extracellular bacteria

Indirect mechanisms of tissue damag

Immune Anti-host
complexes antibody

4 3 j@gf

A late complication of infection can &
P 3= A

be due to the production of disease

Ca USiﬂg antibodies. Examples Hepatitis B virus Streptococcus
_ ) Malaria pyogenes
include rheumatic fever or post- Streptococcus Mycoplasma
. ) o pyogenes pneumoniae
infection nephritis. Treponema
pallidum
Most acute
infections
Kidney disease Rheumatic fever
Vascular deposits Hemolytic anemia

Glomerulonephritis
Kidney damage
in secondary
syphilis
Transient renal
deposits




Immune evasion by extracellular bacteria
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Immune evasion by extracellular bacteria

Streptococcus pneumoniae

ojoj0j0]01030,

There are many types of S. pneumoniae, which
differ in their capsular polysaccharides

Subsequent infection

Individual infected . with a different type New antibody
with one type of Al;};ba(:gymrfeesc%?(;ﬁe of S. pneumoniae response clears
S. pneumoniae is unaffected by second infection

response to first type




Immunity to intracellular bacteria

Control of infection

Eradication
of infection

(relative values)

Number of viable bacteria -

Neutrophils Macrophages Macrophages
Innate immunity > Adaptive immunity >

0 7 14



Innate immunity to intracellular bacteria

Survive within phagocytes: inaccessible to circulating antibodies, their elimination
requires a coordinated cell-mediated immunity

Group 1 ILCs

intracellular bacteria viruses

- Phagocytes activation (TLRs and NLRs,
bacterial DNA induces type | interferon)

- NK cells (infected cells express NK cell-
activating ligands and cytokines) produce
IFN-y which activates macrophages

- ILC1 also secrete |[FN-y and TNFa to
activate macrophages




Adaptive immunity to intracellular bacteria
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Adaptive immunity to intracellular bacteria

Cell-mediated (!): IL-12 induced Th1 effector cells activate phagocytes (CD40

ligand, IFN-y), CD8* CTLs kill infected cells (requires transport of bacterial
antigens into the cytosol) and produce cytokines (IFN-y, TNFa, LTa)

Ty1 effector functions in infections by intracellular bacteria
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Kills chronically
infected cells,
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to be destroyed by
fresh macrophages

Alters balance of Ty1
versus Tgy differentiation
to favor Ty1;
supports expansion
of CD8 CTLs

Induces monocyte
differentiation in the
bone marrow

Activates endothelium
to induce macrophage
binding and exit from
blood vessel at site
of infection

Causes macrophages
to accumulate at site
of infection




Injurious consequences of immunity to intracellular bacteria

Partial removal of live M. tuberculosis

Insufficient killing of intracellular bacteria can
trigger chronic activation of macrophages
and Th1 cells leading to the formation of
granulomas. Whereas granulomas can
effectively contain the spread of pathogens,
they are associated with severe tissue
damage and reduced functionally
(tuberculosis).

mycobacteria

multi-
nucleated
giant cell
epithelioid
cell

T cells




Evasion of immunity by intracellular bacteria

Intracellular bacteria

Antigenic variation

Modulation of expressed
pili, fimbriae

Antibodies that block
bacterial attachment
become ineffective

Salmonella spp.

Production of

Block detection of

L. monocytogenes

Inhibition of MAMP peptidoglycan hydrolase | peptidoglycan by NODs
;?gr?glri]riltéon/ __Secretion of MA%Olgﬁahslzlél?g?gljing Y. pestis
intracellular toxins pathways
de%?;&?ﬁig 'E,g;ﬁg"aZ;S Cleavage of AMPS Y. pestis
En?glrzt&r;f%;gt?ggg Modulation of cell funpgﬁgﬁgfsintgggggg’of Salmonella spp.

membrane phospholipids

AMPs in cell membrane

Inhibition of fusion of
phagosome with
lysosome

Release of bacterial cell
wall components

Inhibits phago-
lysosomal fusion

M. tuberculosis,
M. leprae,
L. pneumophila

Survival within
phagolysosome

Waxy, hydrophobic cell
wall containing mycolic
acids and other lipids

Resistance against
lysosomal enzymes

M. tuberculosis,
M. leprae

Escape from
phagosome

Production of hemolysins
(e.g., listeriolysin 0)

Lysis of phagosome;
escape into cytosol

L. monocytogenes,
Shigella spp.




Immunity to fungi

Opportunistic fungi
Buddlng yeast
Candida
albicans /
e Live in extracellular tissues or within ﬁ Pseudohypha
phagocytes Parent
. . yeast ceII Germ tube
* Some are opportunistic and cause mild or
no disease in healthy individuals but may — < Hypha
cause severe disease in immunodeficient
] o Cryptococcus
individuals neoformans
Aspergillus

umigatus




Immunity to fungi infections (mycoses)

Fungi
TLR

: S Dendritic cell or
Innate immunity: - ) macrophage
- Macrophages and DCs sense fungi via response, i O ) \Of;ds%‘gg;%
' ISI - IL-23
dectins (receptors recognising B-glucan ?ﬁi‘w oy L2 3%
I | IL-1 IL-1
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Immunity to viruses

e Obligatory intracellular pathogens that require the host machinery to replicate
e Can infect various cell types by endocytosis upon binding to surface molecules
e Can infect via all possible body surfaces

e Contain either DNA or RNA (important in terms of detection)

Overview of

S Viral infections
meningitis  Common cold—._ ‘, Eye infections
- JC virus - Rhinoviruses ‘l( " - Herpes simplex virus
- Measles - Parainfluenza virus [ Ty - Adenovirus
- LCM virus - Respiratory syncytial - Cytomegalovirus
:Qartz;:us e r—Paromls Pneumonia

- Mumps/ - Influenza virus,
Pharyngitis”  Gingivostomatitis vius/  Types Aand B
-Adenovirus - Herpes simplex type 1 23 /- Parainfluenza
- Epstein-Barr virus ! virus
- Cytomegalovirus - Respiratory

syncytial virus

Cardiovascular - Adenovirus

- Coxsackie B virus - SARS coronavirus

Hepatitis

- Hepatitis virus Mg: l.i::r‘ims
types A, B,C,D, E : - HTLV-I

Skin infections -—

- Varicella zoster virus : _ e Gastroenteritis

- Human herpesvirus 6 -y - Adenovirus

- Smallpox ', ‘ - Rotavirus

- Molluscum contagiosum %7, . - Norovirus

- Human papillomavirus - Sexually transmitted - Astrovirus

- Parvovirus B19 diseases - Coronavirus

- Rubella - Herpes simplex type 2\

- Measles - Human papillomavirus  — Pancreatitis

- Coxsackie A virus - HIV - Coxsackie B virus

L — —



Virus: Pattern recognition receptors

Converge to NFkB to elicit a strong type | IFN production and release and inducing
many IFN stimulate genes (ISGs). IFN receptor (IFNAR) are present on almost all
cells of the body.

Different receptors recognise different viruses.
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Virus recognition: STING-cGAS pathway

Dead cells ONA vrus Hetrov ras Bactera

cGAS = sensor Xy, SN
\ '/' -
. . . ; |
cGAMP = intermediate metabolite (can — | | |
mambrane ¥ v v v

signal to surrounding cells via gap junctions
and other means of extracellular secretion)

STING = activation leads to strong type | Damages
mitochoncria
IFN response (autocrine and paracrine
- : — RN~
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Type | interferons (IFNs) and IFN-A

Type | interferon IFN-L
am! &Y V3
IFNAR1 (\ ‘.&‘14'/ w IFNARZ IL-10RB { ' IFNLR1
v-\‘\- o N

Antiviral
protection

| FN-A mediates critical
‘antiviral effects - non-
redundant to type | IFNs

- at mucosal epithelial

barriers

Time



Type | interferons (IFNs) and IFN-A

e e Virus-infected host cells
Key in initiation of responses to alert the

immune system with some cells more

efficient producers of IFN (pDCs) @ virus

e [nterferon-stimulated gene (ISG)

production Nz
e Direct antiviral action IFN-0, IFN-B
* Block transcription ~Z

Activate STAT1 and STAT2, which combine with

* Enhance viral recognition IRF9 to form ISGF3

* Promote the activation of innate an , , —
Induce resistance to viral replication in all cells

adaptive immune cell subsets (maturation, by inducing Mx proteins, 2'-5'linked adenosine
. ey oligomers, and the kinase PKR
cytotoxicity, effector capabilities)

Induce expression of IFIT proteins, which
suppress the translation of viral RNA

Increase MHC class | expression and antigen
presentation in all cells

Activate dendritic cells and macrophages

Activate NK cells to kill virus-infected cells

Induce chemokines to recruit lymphocytes




Immunity to viruses

Innate immunity:

- Infected cells and pDCs produce type |
IFNs (TLR, RIG-like receptors and STING
pathway) to inhibit viral replication

- NK cell killing via NK-ligand/absence of
class | MHC (potentiated by IFNs)

Adaptive immunity:

- Humoral: high-affinity and T-dependent
AB block effective during extracellular
stages block viral entry in host cells
(initial infection and cell-to-cell spread),
opsonise viral particles to promote their
clearance by phagocytes and activate
the complement

- Cell-mediated: CTLs kill infected cells
presenting virus antigens usually with
help from CD4* helper T cells, all
nucleated cells express MHC-| (increase
by interferons)

Y
Infected cell

Magnitude of response/infection =»-

“Innate immunity Adaptive immunity
NK Virus-spedfic
ceolls

Antibody
IFNs
Virus 7/ -
titer /

/ S

01 2 3 456 7 8 9 101112

Days after viral infection >
' Innate imn‘unity' 'Adaptwe immunity:
Type | IFN.
B col Antibody %4 :
) e Protection
& _\ /"'> against
Z,@Q) infection
Vnrus
Amlvlral e
state b
&
L
— ‘ > Eradication
NK ¥h ) =% | of established
cel "+ Killing of infection

CD8* |nfects UQ Killing of
infected CTL el infected
cell cell




Cross-presentation activates effector T cells

Often DCs are not infected, but they can acquire exogenous antigen and load them
onto their MHC-I molecules (crucial for CD8* immunity)

Transfer of antigen from the periphery onto a DCs to activate T cells.

CD8* cells: greater clonal expansion than CD4* cells, high and robust response
against viruses, change surface markers to leave the LN and go the periphery,
increase expression of cytokines, INF, cytotoxic granules



Immunity to viruses

Latency: state of balance between infection and immune response
- viral DNA persists in the host but the virus does not replicate or kill infected cells
- CTLs control but cannot eradicate the infection (e.g. Epstein-Barr virus)

Tissue injury: caused by CTLs in some infections

- Persistent infections induce the formation of circulating immune complexes (viral
antigens + specific antibodies) that get deposited in blood vessels and lead to
systemic vasculitis

- Some viral proteins resemble self-antigens and can lead to response to self
antigens via molecular mimicry

Chronicity:

- insufficient immune response

- Very aggressive virus (hiding from the immune system)

- Interference with antigen presentation (MHC degradation, Tap blockage)

- Mutations after infections to alter antigen motifs for T and B cells (e.g. HIV)
- Promotes the development of T cell exhaustion



Immune evasion by viruses

- Antigenic variation: mostly surface glycoproteins recognised by antibodies and T-
cell epitope

- Inhibition of class | MHC prevents protein antigens recognition by CD8* CTLs

- Production of molecules that inhibit responses (bind to cytokines, chemokines)

- CTL response failure called exhaustion occurs in chronic viral infections via the
upregulation of inhibitory receptors (e.g. PD-1)

- Infection of immunocompetent cells (eg. HIV surviving in CD4* T cells and causing
their gradual elimination)

Inhibition of  Block in MHC synthesis
proteasomal activity.  and/or ER retention:
EBV, human CMV adencovirus, human CMV

cDs*
- TAP CTL

\,
) <;'° ~d T2 | s

4 I e
\} j‘(? a Té-

( :‘1 \* ’( | ‘})
Cytosolic Proteasome NK
protein > /ﬁ}’ cell S
~D) o)
Class | MHC pathway Vlrus f .

Block in Removal of Engagement of NK cell inhibitory
TAP transport: class | from ER: receplors by "decoy” viral
HSV CMV class |-like molecules: murine CMV




Genetic variations allow repeated infection with influenza virus A

Antigenic drift

Antigenic shift

Neutralizing antibodies against
hemagglutinin block binding to cells

Antigenic shift occurs when RNA segments
are exchanged between viral strains in a
secondary host

ale
P Q

JERCAC e

N

Mutations alter epitopes in hemagglutinin so
that neutralizing antibody no longer binds

< =
No cross-protective immunity to virus
expressing a novel hemagglutinin

1o




Immunity to parasites

* Includes single-celled protozoa, complex multicellular worms (helminths) and
ectoparasites (e.g. ticks and mites)

e Cause of major health problems in developing countries

* Many parasites go through complex life cycles (part of which occurs in humans)

* Many parasitic infections are chronic because of weak innate immunity and ability
of parasites to evade or resist elimination by adaptive immune responses.

Innate immunity:

- Phagocytes are activated by the PRRs
(TLR) sensing surface molecules

- Eosinophils release granules to destroy
worm integuments (often resistant to
cytocidal mechanisms of neutrophils and
macrophages, and too large the be
engulfed)

- May activate alternative pathway of the
complement



Adaptive immunity to parasites

BALB/c mice are infected with Leishmania

B PrOtazoa IIVIﬂg Wlthln macrophages rely Of major, either with or without treatment
. . ith tibody that blocks IL-4
Th1 cytokines to activate macrophages, s
whereas activation of Th2 increases parasite

Leishmania
ajor

survival a E%Idigc
-> dominance of Th1/Th2 responses
determines disease resistance/susceptibility antibody P
BALB/c
mouse

< =

N/
Untreated BALB/c mice develop a Ty2
response and fail to cure the infection, and die.
Mice treated with anti-IL-4 antibody develop

a Tyl response and eliminate the parasite

Th1 cell
| = | IFN-y, TNF
Naive

Coe \ Percentage
T cell Inhibits Macrophage survival | - |
activation: mice treated with anti-IL-4 antibody

classical 100
cell-mediated
macrophage immunity |
activation —I_L

| IL-10, IL-4, IL-13
Th2 ceu"a___\&‘—"'[ ]

untreated mice

( Infection IResponse IOutcome ]
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Leishmania Most mouse strains: Th1=> Recovery . 20 0 6|0 o
major BALB/c mice: Th2 = Disseminated infection Days after infection




Immunity to parasites

- Cytopathic protozoa stimulate specific antibody and CTL response

- Malaria: parasitic infection with plasmodium species: Parasite resides in red blood
cells or hepatocytes (see below). Genetically attenuated parasites can be
engineered as live vaccines to provide protective immunity.

Liver-stage development of the malaria parasite

sporozoite hepatocyte liver stage merozoite

SIS

parasitophorous nucleus
vacuole membrane

Kills host

Genetically attenuated parasites can provoke an immune response but infection does not progress

e R
p52-/p36- \ &
A - Induces

I
protective
Y Y |
s & X
J NS

immunity
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Immunity to helminths

Mostly do not replicate in their hosts

Multi-cellular organisms that are too large to be ingested by cells

Infections in humans are often chronic - the host can reduce pathogen burden, but
not completely

Disease results from undernutrition (competing with the host for essential nutrients
in the gut) or through tissue damage

The whipworm Trichuris trichiura embeds in the
surface epithelium of the colon, leaving its
posterior free in the lumen

Infection with the whipworm stimulates
mucus production in the gut




Immunity to helminths

Ty2 cell effector functions in helminth infections

T42 cells produce IL-13,
which induces epithelial
cell repair and mucus

IL-13 produced by T,2

cells increases smooth

muscle contractility that
enhances worm expulsion

Ty2 cells recruit and
activate M2 macrophages
via IL-4 and IL-13

IL-5 produced by T2 cells
recruits and activates
eosinophils

Ty2 cells drive mast cell
recruitment via IL-3, IL-9.
Specific IgE arms mast
cells against helminths
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Increased cell turnover and
movement helps shedding
of parasitized epithelial
cells. Mucus prevents
adherence and accelerates
loss of parasite

Increased contractility of
mucosal smooth muscle
enhances worm expulsion

Products of arginase-1
expressed by M2
macrophages increase
smooth muscle contraction
and enhance tissue
remodeling and repair

Eosinophils produce MBP,
which Kills parasites. They
can also mediate ADCC
using parasite-specific Ig

Mast cells produce
mediators such as histamine,
TNF-a, and MMCP. These
recruit inflammatory cells
and remodel the mucosa




Immune evasion by parasites

Different ways to reduce their immunogenicity and inhibit host immune
responses:

- Resistance to immune effector mechanisms (e.g. schistosome larvae develop a
tegument resistant to damage by complement and by CTLs)

- Conceal themselves from the immune system by living inside host cells,
developing resistant cyst, residing in intestinal lumen or shedding antigens

- Inhibit host immune responses: induce T cell anergy, Tregs, generalised
immunosuppression with immunosuppressive cytokines production and defects
in T cell activation



Immune evasion by parasites

- Antigenic variation: during life cycle (stage specific

in malaria parasite) or continuous variation (target

surface antigens in African trypanosomes)

-> challenging for vaccine development

- Trypanosomiasis (sleeping sickness):

Infection cause by Trypanosoma brucei
Antigenic variation: variant-specitic glycoprotein
(VSQ) is expressed on the surface

The trypanosome genome contains 1000 VSG
genes, which encodes for proteins with different
antigenic properties

Only one gene is expressed at a time

Under the pressure of immunity, few pathogens
with a different VSG survive and multiply

This leads to a recurrent disease symptoms
Cycles of inflammation triggers by AG-AB
complexes trigger neurological damage,
resulting in coma (hence sleeping sickness)

There are many inactive trypanosome VSG
genes but only one site for expression
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Inactive genes are copied into the
expression site by gene conversion
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Many rounds of gene conversion can
occur, allowing the trypanosome to
vary the VSG gene expressed
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The clinical course of trypanosome infection
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