Stanford Microbiology and Immunology 104/204:  Innate Immunology, Lecture 2

Strangers, Dangers and Toll




In the 1956 horror classic “Invasion of the Body Snatchers” alien pods replace the inhabitants of a small California town with replicas.  The replicas would be perfect except they lack emotion (Also they prefer to work for good of the alien community rather than for themselves.  The movie can be read as a metaphor about the spread of communism or about McCarthyism).  How can you tell the pod people from the original humans?  In a climactic scene, Miles kisses his girlfriend Becky and is horrified to learn that during his brief absence Becky had been taken by the pods. How does he know?  When Miles kisses Becky something is lacking and he knows instantly that this is not the Becky he knew and loved.  


This looks like innate immunity to me – except it seems like something is missing from the kiss and this is how Miles knows Becky is an alien.  This sounds like a model for NK cells and not pattern recognition.  To see a kiss model this sort of positive identification of a pathogen you have to look at a kiss from a movie like David Cronenberg’s Shivers.

Let’s start by describing what the immune system does from scratch, without using models or metaphors.  Metaphors constrain your thinking.  

What should an immune system do?


Prevent invasion by parasites


Kill parasites



Microorganisms are obvious targets



Cancer cells can also be included in this category

Kill infected cells


Remove and repair injured tissues

One can make a division and say “the immune system is involved in fighting and remembering infections”.  This eliminates wound-healing, cancer and simplifies the discussion; however, the same cells are used in all these processes and they are used throughout the animal world.  That suggests the animal does not make such a distinction.

How do you differentiate between self and non-self, out-of-control self, altered self and infected self?

Is the idea of “self” an outdated concept?

Immune Activation Models

The pattern recognition hypothesis

About 15 years ago, much of immunology focused on the mechanisms of T cell activation by antigen presenting cells (and things have changed since then?). 


To review, using our current understanding



A cognate T cell receptor is engaged by MHC carrying a peptide

T cell receptors are clonally derived and specifically recognize the peptide in the context of MHC.

This binding signal is not enough to activate the T cell


In fact presentation alone can lead to tolerance


Activation requires a second signal

This co-stimulation aspect of the biology was left on the side for some time until it could be dealt with.  

Initially it was assumed that antigen-presenting cells were constitutively active. 

Charles Janeway in 1989 reminded us about “immunologists’ dirty little secret” which was the use of adjuvant when making antibodies.  

If you inject a peptide on its own into a host – there is no immune reaction 


Must inject complete Freunds  - used experimentally


In humans – alum is the approved adjuvant.  

Unfortunately good adjuvants are associated with strong inflammation reactions.  These responses have to be considered when treating people.  Supperating injection sites would not be tolerated by the public.

Janeway suggested that it took a microbial signal to activate the Antigen Presenting Cells (APCs).  

He proposed there would be non-clonal Pattern Recognition Receptors PRRs that recognized PAMPs (pathogen associated molecular patterns)

An immediate problem with this proposal is the immune response is not pathogen specific. 

A microbe is only a pathogen if it causes disease (pathology). 

The idea was the APCs would have developed broad mechanisms for detecting microbes, focusing on microbial products that were microbe specific and highly conserved.   In this way, the APCs would be activated only by infection and not by self.  This explains why adjuvant is needed to start a RAG dependent immune response.

It is important to note that this model concerned activation of the adaptive immune response only.  At the time basic innate immune functions like complement activation by LPS, and neutrophil chemotaxis were being studied and thus it was clear that there were mechanisms to deal directly with microbes.  As it turns out, the receptors used in the innate immune system are the same receptors used to activate the adaptive immune system.  Alas, innate immunity is not where the excitement was in Immunology – you can see this today by looking at the composition of Immunology Departments.  Look at what most senior Professors study.  You can also see this by looking at current textbooks and immunology classes.  

This was a big step for immunologists as the field focused on the generation of antibody and T cell receptor diversity and the interaction of T-cell receptors with MHC.  

Infection was seldom studied by Immunologists. 


Instead– Immunology was based on freakshow science.

Transplantation experiments – something that bears little relationship to what the immune system does in the real world.

Looking back on this as an outsider, it is difficult to understand how century old work by Metchnikov on phagocytosis was left in the background and why the study of LPS signaling did not point out the importance of innate immunity.  Further, it was clear at this time many organisms without “specific” immune systems could defend themselves against infections.  These fields seemed to have been ignored by Immunologists.

The adaptive immune system seems to have been considered a separate thing that operates in a different manner from the innate immune system.

The Danger Hypothesis

Another model – “the danger hypothesis” was proposed by Polly Matzinger about 1994.

This model was generated to help explain some remaining problems in activation of RAG dependent immunity


Why do some events not activate T and B cells?



Why do viruses stimulate immunity if they lack PAMPS?



What induces autoimmunity?

Why do pregnant women not reject the fetus or nursing women reject their breasts?



How do non-bacterial adjuvants work?



Why are some tumors spontaneously rejected?

This model suggests that APCs are responding to alarm signals rather than just pathogen products.

From an outsider’s point of view, all that has happened the group of molecules that can induce APCs has been increased to include some endogenous molecules.


This model could be described so that it encompassed the Janeway model.

Philosophically however this model represents a much larger step as the immune system is no longer described as differing between self and non-self but normal and pathological.  

As described, this model is still used to describe only the activation of the adaptive immune system.


Guard hypothesis



Put forward by Jones 

Suggests that a host cell is not prospecting for microbial products at all, rather it is guarding its physiology.  

If certain physiological disturbances take place – an immune response is initiated.  

None of these models are mutually exclusive and host-microbe interactions can be described with pieces of all of these.  

It might seem that these are two ways of describing the same thing but models drive you to do certain experiments.  You may not do certain experiments if you are follow one model or the other.

All of this is a tempest in a teapot when you consider organisms that do not have a RAG dependent immune response.  


Will look at some examples to demonstrate pattern recognition types of 

events, self-nonself events, infected self and danger types of signals in simple organisms.  

Start by looking at Toll signaling – the signal transduction event that brought these arguments to the fore.  

Let’s start with something that is unarguably a pattern recognition receptor:

Horseshoe crab clotting cascade

Crab hemocytes release granules in response to LPS.  The granules produce a gel that entraps bacteria.  This isn’t clotting to prevent bleeding; rather it is clotting to destroy bacteria.

Practical use:  forms the basis of the commercial test for LPS.  Anything you are going to put inside your body must be tested.  This requires large harvests of horseshoe crabs, which by the way pale in comparison the use of these animals as bait.  

Hemocytes degranulate – releasing large and small granules

LPS induces degranulation.

LPS activates clotting by binding and activating factor C, a protease.

Active C clips and activates Factor B

Factor B activates Proclotting enzyme

Coagulogen is cleaved to form coagulin

Beta- glucan, a cell wall component of fungi activates the pathway through factor G which feeds into proclotting enzyme




The mechanism controlling exocytosis was recently uncovered

Factor C is not only secreted but is found decorating the surface of unactivated hemocytes





LPS binding induces exocytosis





This appears to act through a protease activated receptor

These PARs are 7 pass transmembrane proteins that are cleaved by proteases.  Cleavage results in the display of an internal ligand, leading to activation.  This ligand can also be added exogenously.  The human ligand works on horseshoe crab hemocytes.  

Factor C appears to be a pattern recognition receptor as it recognizes LPS and initiates a signal transduction cascade.  It is not the molecule that transduces the signal rather it initiates the cascade.  This is a theme to be found among many PRRs.

Toll: dorsal-ventral patterning in the fly
Gene was identified in a forward genetic screen looking for mutants that affect embryonic patterning

Drosophila embryo has dorsal ventral differences on its cuticle

Tooth-like structures ventrally, hairs dorsally

DV pattern is controlled maternally

The mother sets up the DV pattern in the egg 

If the egg is not constructed properly, the embryo will not develop properly.

Signaling works in the following manner

Extracellular signal transduction cascade controls the process. 

Protease cascade that ultimately cleaves spaetzle 

Part of my graduate work was suggesting that spz was the signal

Purified factor defining ventral from perivitelline space

Assayed by injecting into this space in embryos.

Showed it was downstream of ea but required spz for presence and cross reacted with spz abs but couldn’t get enough to sequence 

Assumption was that spz was the Toll ligand but this was not shown definitively until last year by Nick Gay.

Toll is the receptor that transduces information across the membrane.

Dominant mutants have been identified

2 classes

Class 1 – constitutively activated


cys to tyr change next to membrane

Note that the protein is cleaved in these mutants producing a membrane tethered cytoplasmic domain that is constitutively active

Class 2 – truncated, secreted N terminus

Work as dominants only in trans to a wild type Toll

Still do not understand how these work

Intracellular signaling as of several years ago – 

Activation of membrane complex that leads to phosphorylation and proteolytic degradation of the protein cactus and the movement of the transcription factor dorsal into the nucleus.  

Players – dMyd88, tube, pelle, cactus, dorsal

Dorsal is similar to NfkB and is kept inactive by sequestration in the cytoplasm

Outcome of signal transduction is a nuclear gradient of dorsal protein.

Toll and immunity

Dominant Toll mutants contain melanotic tumors and increased numbers of hemocytes (fly blood cells)

This was an early indication that this pathway played a role in immunity.


The immunity could have developed from several sources

The Rizki’s were very interested in hemocytes and parasitoid wasps but didn’t take a molecular approach to their studies.  They showed that Bc mutants had altered responses to wasp eggs but did not develop this.

A molecular genetic approach grew from work of Hans Boman, one of the discoverers of antimicrobial peptides in insects.


So, what regulates these peptides?

Workers found that promoters contained binding sites characteristic of NFkB.

Tony Ip found a dorsal –like protein in the fly and called it dif

Protein localized to nucleus upon infection.

No functional link – no mutant – no demonstration that it was required for immunity.  

Function came from Bruno Lemaitre in Jules Hoffmann’s lab– 

Mutation – imd (immune defective) 

Found that it did not induce antibacterial peptides in mutant background but antifungals were unaffected.  

Example of an immunocompromised fly.

Not actually the first – Rizkis had shown that Black cell flies were unable to melanize eggs of parasitic wasps.

Outstanding methodology in Bruno’s paper is often missed. 

Bruno started by looking at Bc and found it was immunocompromised.  The defect was due to a background mutation in imd, not Bc.  The two genes are less than two map units apart.  It would have been very easy to publish the gene as Bc and miss the closely mapping imd. 

Toll’s immune function was also discovered by Bruno

Found that Toll is required for anti-fungal signaling

Toll mutants signal bacterial but not fungal infections and are susceptible to fungal but not bacterial infections

This demonstrates specificity in the innate immune response.

The innate immune response was thus not simply a fire alarm, sending all resources to put out the fire.  Energy was conserved and only appropriate responses were made.

Wu and Anderson published the first genetic screens to look specifically for immunocompromised mutants

The screen involved infecting flies and then monitoring the induction of lacZ under an immune inducible promoter.  This screen will give you elements involved in the signal transduction cascade as well as those required for the formation of the inducing tissue.  

Pathway has filled in substantially

For the Toll pathway most of the intracellular players had been identified by patterning screens.

The exception was Myd88 – homology pointed out in 1994 by Hultmark.  The immune function was actually published before the patterning function because the authors were looking at partial loss of function alleles and did not see a patterning defect. 

Upstream of Toll the story appears quite different from DV patterning


The only Toll ligand identified to date is spz

Activation is not dependent upon easter and the other upstream proteases used during embryogenesis– loss of function does not prevent spz activation.  

Does this mean that these proteases are not involved in immunity – 

no  - there is a possibility of redundancy

Spz activated through at least two pathways


1 induced by fungal products


2 induced by gram positive bacterial products


PGRP and GNBP are the receptors for the signals


These appear to activate proteases (Persephone and ?)

This results in the cleavage of spz – and the activation of Toll

So -  is Toll a pattern recognition receptor in this pathway?  NO!
Imd pathway

Filled out by mutant hunts and comparison to vertebrate signaling pathways

Quite similar to TNF signal transduction pathway in vertebrates.

This of course opens an interesting question – what is the TNF signal transduction pathway in flies?

Signal appears to be received again by a PGRP – this time a transmembrane protein

Found by several groups “simultaneously”


By mutation by Anderson’s and Hoffmann’s groups

By RNAi inhibition of phagocytosis by Ezekowitz’s group

Mutagenesis approach has already been discussed.  

Ramet in the Ezekowitz lab used RNAi from a random sample of 1000 clones to treat cultured cells

Measured changes in phagocytosis

>3% of the genes tested had phenotypes

PGRP LC RNAi blocked E.coli phagocytosis


PGRP mutant was immunocompromised

Is Toll the only Toll in the fly – no there are 9 others

Toll9 functions constitutively – looks like a Toll dominant mutation

18wheeler – suggested that it is involved in fatbody development rather than immunity per se.  

Await analysis of the others
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