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B CELL IMMUNITY 
 
  
 
Date: Monday, April 9, 2012 
 10:30 am– 11:30 am 
 LH190 
 

LEARNING GOAL 
You will be able to describe humoral (antibody) responses to T-dependent and T-independent 
antigenic challenges.    

 
OBJECTIVES 
To attain the goal for these lectures you will be able to: 
 

 Describe usual routes of immunization and adjuvant for B cell immunity 
 Describe T-dependent and T-independent antigens. 
 Describe three mechanisms by which antibodies protect the host from pathogens.   
 Describe the function of germinal centers in humoral immunity.    
 Describe the H chain gene rearrangements that occur during isotype switching. 
 Compare the mechanisms of DNA rearrangements in Ig V(D)J recombination with that in 

isotype switching. 
 Diagram the sequence of events that occur in germinal centers during T-dependent 

immune responses. 
 Diagram the sequence of events leading from interaction of a B cell with a T-dependent 

antigen to production of high affinity IgG antibody.    
 Compare and contrast primary and secondary immune responses. 
 Describe how Fc receptors participate in immune responses.   
 Describe how ITAMs of the BCR contribute to B cell activation. 

 
BACKGROUND READING  
Janeway, et. al., (2008), Chapter 9 and Appendix I:Immunization 

 
LECTURER 
Katherine L. Knight, Ph.D. 
 
 



Katherine L. Knight, Ph.D. 
Host Defense 2012 

B Cell Immunity 

 2

 
 
 
 
 
 
 

 
CONTENT SUMMARY 
  I.   Introduction 
 
             II.  Immunization 
                       Route of immunization 
                      Antigen dose 
                      Adjuvants 
 
 III.  B cell Activation:  T-independent responses 
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I. INTRODUCTION 
 

B cells develop in bone marrow and then migrate into the periphery and through the 
secondary lymphoid tissues.  Upon stimulation, B cells can further differentiate into antibody-
secreting plasma cells.  Antibodies contribute to immunity by binding to and neutralizing 
pathogens, by binding to pathogens and facilitating uptake of the pathogen by phagocytic 
cells either through Fc receptors or complement receptors on the phagocyte.    

 
                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
II.  Immunization 
     The magnitude and type of response depends of route of immunization:  subcutaneous; 
intradermal; intramuscular; intravenous; intramucosal.(Figure A.2).  Protein antigens usually 
require adjuvant, a substance that enhances immunogenicity- for human use, the adjuvant Alum, 
makes the immunogen particulate and readily ingested by antigen-presenting cells (Fig A.4). Too 
little immunogen results in no immune response (Figure A1). 
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III.  B Cell Activation:  T-independent response 
 
With T-independent antigens, the antibodies formed are usually IgM and are not somatically 
mutated.  Consequently, the antibodies are lower affinity than those of T-dependent antigens.  
They are however, important for antibody responses to bacterial polysaccharide antigens.  

 
T-independent antigens include:  Bacterial lipoppolysaccharide, polymerized flagellin, 
pneumococcal polysaccharide, natural polysaccharides, dextrans, levans, and hyaluronic acid.  
Many of these antigens are associated with bacterial products and a T-independent response 
likely allows a rapid response to bacterial infection.  These antigens are comprised of repetitive 
units and B cells may be triggered by these antigens by cross-linking the BCR.  These antigens do 
not generally promote production of memory cells. 
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IV.  B Cell Activation:  Intracellular signaling pathways. 
Cross-linking of BCR by antigen ultimately leads to the activation of nuclear 
transcription factors that turn on new gene expression and turn off genes expressed only 
in resting B cells. The intracellular signaling pathway begins with phosphorylation of the 
tyrosines in ITAMs (immunoreceptor tyrosine-based activation motifs) on the 
cytoplasmic tail of Ig and Igby the protein tyrosine kinases of the Src family, Fyn, 
Blk, and Lyn.   

 
         
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                
 
 
 
 
 
 
 
 
V. Destruction of antibody-coated pathogens.  
 
  Antibodies may or may not neutralize the pathogen. If antibodies do not neutralize the pathogen 
or its toxin, they can promote destruction of the pathogen by activating other effector mechanisms such as 
complement and Fc receptor-mediated killing.  Phagocytic cells (macrophages and neutrophils), NK cells, 
eosinophils, basophils and mast cells, all have Fc receptors (FcR) on their surface and the cells can be 
triggered by aggregation of the FcR.  These activated cells destroy the pathogen by ingesting and killing 
them, or by secreting destructive mediators.     
 
The activation of accessory cells by FcR aggregation requires aggregated Ig.   
 
 
 
 

The ITAMs which are 
phosphorylated when the receptor 
is cross-linked are also found in 
molecules associated with the 
TCR and with Fc receptors (see 
below). 
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Activation through FcR occurs through ITAM-containing chains. 
 
                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 VI.  B cell Activation:  T-dependent responses. 

 
Most B cell responses require T cell help for activation.  The BCR interacts with antigen; the 
antigen is internalized with the BCR and the antigen is degraded and peptides associate with MHC 
class II molecules and go to the surface of the B cell.  The TCR of the T cell recognizes the peptide in 
the context of MHC class II molecules and is stimulated to produce cytokines which in turn activate 
the B cell to proliferate and differentiate into antibody-producing cells (plasma cell).  

 
Activation of the B cell requires two signals:  For T-dependent responses, these two signals are: 1) 
interaction of BCR with antigen; 2) interaction of TCR with peptide/MHC complex and interaction 
between costimulatory molecules CD40 (B cell) and CD40L (T cell). 
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For T-independent antigens such as polysaccharides, the second signal can be provided by the 
antigen- no T cell is required. 
 
Activation of TH cells by interaction of TCR with peptide/MHC II complex triggers T cells to 
secrete B-cell stimulatory cytokines IL-4, IL-5 and IL-6 and to express CD40L.  These cytokines 
plus the interaction of CD40L on T cells with CD40 on B cells drives B cells into proliferation. 
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B and T cells must recognize the same antigen. 
For T-dependent antigens, the B and T cells must recognize the same antigen, although they don’t 
recognize the same epitope.  Consider the vaccine to Haemophilus influenza type B:  protective 
antibody is to the polysaccharides but infants do not make effective T-independent response to 
polysaccharides.  To circumvent this, the vaccine uses the H. influenza polysaccharide chemically 
linked to a protein (tetanus toxoid) (T-dependent response).  B cells bind the polysaccharide and 
present peptides of the tetanus toxoid to the T cells.  T cells can then interact with and stimulate 
the polysaccharide-specific B cells. 

                                
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primary and Secondary Antibody Responses:  Primary response to antigen is slow and is 
mostly IgM; secondary responses are rapid and mostly IgG; affinity increases as a result of 
somatic hypermutation at end of primary response.  Further, the antibody titer is higher in the 
secondary response. 
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 Isotype Switching.  While IgM is the major Ig of the primary response, IgG (and to a lesser 

extend, IgA and IgE) is the major Ig of a secondary immune response.  This phenomenon is 
called isotype switching and occurs by rearrangement of the CH gene.  Isotype switch occurs 
during T-dependent responses and is regulated by T-cell cytokines:  For example, IL-4 
induces switch to IgG1 and IgE; TGF- induces IgG2b (mouse) and IgA; IFN- induces IgG3 and 
IgG2a (mouse).     

 
Somatic recombination (switch recombination): DNA loops out; intervening DNA is excised 
and is deleted from the genomic DNA.  Switch recombination allows a cell to switch from 
synthesis of IgM to synthesis of IgG, IgA or IgE.  This recombination requires the enzyme 
activation-induced cytidine deaminase (AID). The mechanism for switching to IgA and IgG is 
similar to that shown below for IgE. 

 
Switch sites = upstream repeat sequences with high degree of similarity between the different 
switch regions.  Switch sites and AID mediate the recombination.    

 
                                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mechanisms of heavy chain class (isotype) switching.  Heavy chain class (isotype) 
switching.  Deletion of CH genes, of which only Cμ and Cδ are shown, leads to 
recombination of the VDJ complexes with a 3' CH gene and expression of this gene (Cε 
shown in the example).  Switch regions are indicated by dark circles.  (Note that the Cγ 

genes are located between Cδ and Cε but are not shown.) 
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              Germinal centers are sites of B cell proliferation and differentiation. 
Germinal centers form during immune responses and here, isotype switch, somatic hypermutation 
of Ig genes and development of memory B cells/plasmablasts occur.  
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After hypermutation, cells with high affinity receptors for foreign antigen are rescued from cell death by 
antigen in the form of antigen-antibody complexes bound to follicular dendritic cells followed by B cell 
presentation of the antigen to TH cells.   

 
Primary B cell blasts enter the germinal center; cells leave as memory B cells or as antibody 
forming cells (plasma blasts). 

 
                                           
 
 
 
 
 
 
 
 
 
 
 
 
                   
  
 
 
 
Role of T cells in T-dependent immune responses. 
The maturation and differentiation of B cells and the switch from IgM to IgG is dependent on T cells.  
The T cells required for these processes are T helper lymphocytes (TH).  TH cells enhance antibody 
production by two means: 
 

 Precursor TH + APC  - activated TH cells 
o The APC takes-up the antigen, processes it and expresses peptides in the context 

of MHC II molecules;  
o The TCR recognizes peptide/MHC II complex and becomes activated 

 Activated TH cell + Ag-B cell - activation of B cells -- plasma cells + memory cells. 
o The TCR recognizes peptide/MHC II complex on B cell and the TH cells secrete 

cytokines which stimulate the B cell to proliferate and differentiate. 
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STUDY QUESTIONS 
 

1. Describe the steps by which B cells are activated to proliferate and differentiate in response to T-
dependent antigens. 

2. Describe how B cells are activated in response to T-independent antigens. 
3. Diagram the genetic events that lead to synthesis of α-heavy chains in IgA -producing 

plasma cells. 
4. Compare and contrast the DNA rearrangements that occur during VDJ gene joining with those 

during isotype switching. 
5. State the function of CD40L on T cells and consider the immunologic profile of a person with 

defective CD40L. 
6. Describe how Fc Receptors contribute to destruction of pathogens 
7. What isotype of antibodies are most likely to be made after repeated immunizations with 

pneumococcal polysaccharide and with tetanus toxoid. 
8. How do antibodies contribute to recovery from viral infections. 
9. Does Ig heavy chain class switching within one B cell change the V region expressed by that 

cell?  
Explain you answer. 

 
  
 
SAMPLE EXAM QUESTION 
 
Which of the following is characteristic of an immune response to protein antigens: 
 

A. The secondary response is characterized by high levels of IgM antibody 
B. The primary response occurs approximately 14 days after immunization 
C. Memory B cells are not expected to develop 
D. Germinal centers will develop 2 weeks after secondary immunization 
E. The B and T cells will recognize different epitopes of the protein 

 
 
Answers to above question:  E. 
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Alum is Common Adjuvant

T-Dependent & T-Independent 
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Activation
Motif

Antibodies
Activate 
Fc-
Receptor-
Mediated
Killing

Activation through
Fc-receptors

Requires
Aggregated

Ig



4

Activation 
through

FcR occurs
through ITAM-

containing 
chains

Interaction of B cells and activated TH

cells results in B cell proliferation
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Comparison
Of Primary

And 
Secondary
Antibody

Responses

ISOTYPE SWITCH

AID 

Somatic DNA rearrangements:
• V, D, J gene rearrangement- mediated by 

RSS and RAG1/RAG2;
• Isotype Switch-mediated by Switch 

regions- AID- (activation-induced cytidine
deaminase) is required.
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T cell Cytokines Regulate Isotype Switch

Figure 9-12 part 1 of 2
• Somatic 

hypermutation
• Class switch 

recombination
• Development of 

memory B cells

Germinal Center 

Figure 9-12 part 2 of 2
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Somatic Hypermutation of Ig Genes
Affinity Maturation

Germinal Center
Reactions

Antigen (immune complexes) Associated with FDC
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Precursor TH + APC Activated TH cells

• The APC takes-up antigen, processes it
and expresses peptides in context of MHC II

• The TCR recognizes peptide/MHCII complex and
becomes activated

Activated TH cell + Antigen-specific B cell Activation of 

B cells Plasma cells + memory B cells

• The TCR recognizes peptide/MHCII complex
on B cell and the TH cells secrete
cytokines which stimulate the B cell to
proliferate and differentiate

Activation of B Cells by TH Cells
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The Integrated Immune 
Response

The type of Infection dictates the 
type of Immune response

First- a quick review

All the players that you need to 
know to date

• Neutrophils
– The ultimate phagocytic, rapid response pathogen 

destroyer 
• Macrophages

– When activated, effective killer by both phagocytic 
and non-phagocytic mechanisms

• Dendritic cells
– The best professional APC

• NK cells
– Non-antigen specific killer

•  T cells
– Environmental interfaces
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All the players that you need to 
know to date

•  T cells
– CD4

• Helper
• Inflammatory-IL-17
• Regulatory- CD4,25 and IL-10

– CD8
• Antigen specific cytotoxic killer

• B cells
– Major APC for the antibody production system and 

the precursor to a PC
• Plasma cell

– Specific antibody producing cell

TMMI LOGIC
• Parasites over time became increasingly successful at surviving 

inside macrophages. Increased survival led to cell death and tissue 
destruction.

• TMMI is a survival response to pathogens that can survive inside 
cells

• The first upgrade that the immune system developed to cope with 
this threat was to provide a means by which the infected 
macrophage could signal that not only was it infected but also what 
it was infected with-this was the advent of the antigen presenting cell

• In parallel with this ability, it created the T lymphocyte, a cell that 
could specifically recognize the call for help and once activated 
could do something about it.

• These T cells developed the capability of activating macrophages
and making them more effective killers 

TMMI LOGIC

• Antibody responses will not be successful 
because the parasite is inside the cell and 
antibody won’t have access to it

• The availability of a helper T cell that could 
recognize a specific infection and then recruit
and activate many killer cells that, in turn, could 
phagocytize and kill the parasite was the only 
option

• The parallel ability to suppress any misguided 
attempts to mount a antibody response was 
developed to conserve energy
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A Dominant Th1 Response

M/M or DC

AG

INF-,Il-21

IL-12

.

#1

#1

#3

Th0 Th1
M/M

Activated M/M

INF-, 
Il-21

CD40/40L
CD28/B7

#2

#3

XX

IL-1,6,8
& TNF-

TLR

THE LOGIC OF CYTOTOXIC 
RESPONSES

• If a parasite can be phagocytized and its 
antigens re-presented to T cells then TMMI can 
be an effective response.

• What about infections of non-APC type cells and 
mutations of host cells?- here the TMMI strategy 
might not be effective

• The first line of defense against mutated or 
infected cells was the development of the natural 
killer lymphocyte that could recognize the 
normal MHC on the cell surface was no longer 
normal 

NK cells

• NK cells bridge innate and adaptive immunity and are 
highly plastic

• NK cells sample cell surfaces and as long as they sense 
a normal MHC-I they keep their inhibitory receptors “on”

• Absence or abnormal conformations of the MHC-I 
however turn the inhibitory receptors “off” and turn on 
their cytotoxic modes

• NK kill by direct cytotoxicity and also by using…NEW 
CONCEPT.. FcR  that can sense that a specific antibody 
has bound to a cell-this signals the immune system 
recognizes something on that cell as an antigen and the 
cell needs to be eliminated. (this mechanism was likely 
an “add-on later in the scheme of things)  
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T Cell Cytotoxicity

• The advent of viruses, with their capability of 
infecting almost every somatic cell in the host, 
forced the issue of needing something better 
than the NK cell.

• Somatic cells (lung, gut,etcetera) don’t display 
MHC-II. Evolution forced to find another way to 
present antigen

• That upgrade was the development of the CD8 T 
cell- a cell that reflects all the characteristics of 
the adaptive system.

• The CD8 also exploited the availability of the T 
helper cell to amplify its killing efficiency

INITIATION OF CD8 
CYTOTOXICITY  

NK

CD8

DC

CD4

CD8

INF-,
IL-2,21

40/40L,
CD28/B7

CROSS-PRESENTATION
BY MHC I & ii

VIRUS

INF-

MHC-1

TLR

1

4

2

3

VIRAL INFECTED
SOMATIC CELL

INF-,

The Integrated Immune 
Response

The type of Infection dictates the 
type of Immune response
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The B Cell Response is a dominant 
Th2 response

• Antibodies are required in infections or disease where 
the pathogen and/or toxins are not readily phagocytosed 
by APC and are not produced endogenously and 
displayed on cell surfaces. This type of infection is called 
extracellular.

• The B cell was developed to counter this threat. This cell 
captures antigen in the extracellular environment by 
displaying its specific antigen receptor on its cell surface

• Exploiting the existing concept of T cell helper functions, 
the B cell internalizes the captured antigen, redisplays it 
in MHC-II and activates Th2 helper cells that were built 
to  strongly promote antibody production and suppress 
any misguided attempts at Th1 reactions which will not 
be helpful against an extracellular threat

Huge
Drawing 
Error! 

TH2-B CELL RESPONSE

TH0

CD40/40L

B CELL

TH2

B CELL

IL-4R

IL-
4,21

IL-10

B CELL GROWTH &
DIFFERENTIATION

B CELL PC

TH1

(SUPPRESS)
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Th17 immunity

• Generated by certain organisms

• Activated by unique trio of cytokines

• ID by unique nuclear activating factor

• Chronic inflammation & autoimmunity

• Expression tightly linked to T 
regulatory activity

Th17 immunity

DC

DC

Mac

Th17

Endo-
thelial

Neutro-
phil

Chond-
rocyte

Osteo-
blast

Th0 IL-17

Certain Fungi &
bacteria

“IL-17” TLR

IL-23

IL-6, 
TGF-beta

Fibro-
blast

The general rules of Immunoregulation

• Polymorphisms of the MHC, cytokine receptors and 
TLRs influence the type and intensity of an immune 
response

• Type of TLR engagement determines the cytokine profile

• Th1 cytokines suppress Th2 and vice versa. Th17 is 
strongly suppressed by Th1 & Th2 cytokines and T 
regulator cells

• (inducible)Tregs are induced during a normal immune 
response as a brake mechanism on lymphocyte 
proliferation

• Antigen stimulated T cells that do not receive co-
stimulatory signals CD80, 86 from APC have 3 options: 
inactivation, convert to Tregs or commit suicide
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T regulator lymphocytes

• There are “n” T regs, “I” T regs and IL-10 T-regs.

• Most T regs have a unique transcription factor is 
FoxP3 and are CD3,4,25+ and express cytotoxic 
T lymphocyte antigen CTLA-4 

• CTLA-4 can suppress T cell activation by 
competing with CD28 and down regulating 
CD80/86 on DC

• CTLA-4 expression is controlled by FoxP3 and 
CTLA-4 gene is highly polymorphic

The T regulator lymphocyte

• T regs can arise in the thymus, in regional lymph 
nodes and other peripheral sites (especially the 
gut).

• Th0 cells are converted at peripheral sites 
during ongoing immune reactions when local 
cytokine concentrations begin trending to TGF-
and less IL-6 & IL-1- so-called inducible T regs

• As TGF- becomes dominant, FoxP3 
upregulated CTLA-4 then shuts down APC

• An orphan subset, IL-10 T regs,  also develop in 
the periphery and precise function not well 
understood
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Just imagine what can be done 
by the physician who can control 

T regs!
The following is an example

Viral Infection-The Ultimate Test

• Viruses pose the ultimate challenge to the 
host because they infect a wide range of 
somatic cells and APC, and can 
disseminate infection either cell to cell or 
via the blood.

• The immune system invokes all its 
strategies to combat viral infections
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Viral Infections
The basic strategy

• Use NK cells as a first line of defense
• Employ a short burst of TMMI in response to viral 

infection or uptake by DC.
– This will jump start the helper system but is risky because 

protracted TMMI has the potential for widespread collateral 
damage

• Activate the CD8 system that will target infected cells 
only

• Activate the B Cell system to produce anti-viral antibody 
that will suppress blood borne viral dissemination

• Promote development of T and B cell memory systems 
that will prevent significant re-infection with the same 
virus

CYTOSOL

CD8

NK

B

Th2

PC

PC

UNINFECTED
CELL

Why a B cell response is necessary in a viral infection
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CD 8 Memory T cells

• What is known is:
– After activated CD8 T cells have eliminated infected cells, they 

no longer encounter APC antigen presentation and no Cd 80/86-
this leads to apoptosis via Fas/FasL

– a T memory subset survives by invoking unknown mechanisms-
and they can survive for at least 50 years! (obviously antigen 
persistence is not a requirement)

– Memory CD8 T cells alter their homing patterns to be in place for 
a rapid response mechanism to a re-infection

– Once they re-encounter their antigen they rapidly regain effector 
function and are exquisitely sensitive to IL-21. They require 
much less co-stimulation and have increased rates of division. 
The increased proficiency is mediated by IL-21

ADAPTIVE MEMORY

DC DC

SKIN

LN
LN

NAÏVE
RECIRCU-
LATION

ANTIGEN
SPECIFIC
T CELLS

FIRST ENCOUNTER
REPEAT EXPOSURE

Fig. By J. Robinson, MD

T cells: the classic monolithic view
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Some final thoughts about T cells

• Everything you have learned about T cells relate 
to how you should understand them for Boards 

• In reality, T cells are much more complex

• It turns out that T cell subsets are not monolithic, 
are not terminally differentiated into Th1, Th2, T 
regs, Th17 and T follicular helper cells and are 
not terminally committed to the production of one 
“master regulator”

The immune system is so complex that is inevitable and totally 
impossible to resist trying to design constructs that simplify it. 
One of those constructs is that T helper cells can be neatly 
divided into well defined subgroups that 
do specific things at specific times in specific circumstances. 
Another is that each subset can be defined by a master 
regulator and that the subset is terminally differentiated. 
I can almost guarantee you that many of the constructs will be 
proven at least partially wrong by the time you are residents….
but that’s the fun of immunology!

Some philosophical musings about T cells and master regulators.

Musings about T cells: flexibility & 
plasticity
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Some final thoughts about T cells

“Although T cells preferentially express particular transcription factors, 
recent insights suggest that it is more accurate to to view the process of 
Th cell differentiation in the context of  varying ratios of transcription 
factors, whose expression is by an array of extrinsic and intrinsic factors. 
T cell subsets can express more than one master regulator and they may 
have different functions during their life span……….plasticity may be an 
intrinsic feature of helper T cells.”

O’Shea J and Paul W. 2010 Science 327;1098-1102

Lab tests- quick review for test 

• Microarray- gene interactions
• ELISA

– Used to measure serum antibody to specific antigens
– Can be somewhat non- specific and used a screening

• FACS (AKA Flow) 
– used to detect cell surface markers and determine clonality (by 

light chain analysis)
– Requires intact cells

• Immunofluorescence
– Used to detect antigens in tissue

• Serum Protein Electropheresis
– Used to detect presence and clonality of antibodies

Polyclonal
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COMPLEMENT   
 

Date: 4/10/12 
Reading Assignment:  Janeway’s Immunobiology, 7th Edition, pp. 54-55, 61-82, 
406-409, 514-515. 

            Figures: (Unless otherwise noted) Janeway’s Immunobiology, 7th Edition, 
            Murphy et al., Garland Publishing. 
 
 
KEY CONCEPTS AND LEARNING OBJECTIVES 
You will be able to describe the mechanism and consequences of the activation of the 
complement system.   
 
To attain the goals for these lectures you will be able to: 
 

a. List the components of the complement system. 
b. Describe the three activation pathways for complement. 
c. Explain the consequences of complement activation. 
d. Describe the consequence of complement deficiency. 
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CONTENT SUMMARY 
 
Introduction 
 
Nomenclature 
 
Activation of Complement 

The classical pathway 
The mannan-binding lectin pathway 
The alternative pathway 
 

 
Biological Consequence of Complement Activation 

Cell lysis and viral neutralization 
Opsonization  
Clearance of Immune Complexes 
Inflammation 

 
Regulation of Complement Activation 
 
Human Complement Component Deficiencies 
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Introduction 
 
The complement system is a group of more than 30 plasma and membrane proteins that 
play a critical role in host defense.  When activated, complement components interact in 
a highly regulated fashion to generate products that: 

 
Recruit inflammatory cells (promoting inflammation). 

 
Opsonize microbial pathogens and immune complexes (facilitating antigen 
clearance). 
 
Kill microbial pathogens (via a lytic mechanism known as the membrane attack 
complex). 
 
Generate an inflammatory response.   

 
Complement activation takes place on antigenic surfaces.  However, the activation of 
complement generates several soluble fragments that have important biologic activity. 
 
There are three distinct pathways of activation of complement: the Classical, the MB-
lectin, and the Alternative Pathways. See Figure 1. 

 
 

 
 

Figure 1. The three pathways of complement activation. 
 

Text Figure 2.24 
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Nomenclature 
 
The components of the classical pathway are designated by the letter C followed by a 
simple number designation, e.g. C3.   
 
Many complement components are proteases that become active following proteolytic 
cleavage.   
 
When the components are cleaved during activation, the resulting fragments are given 
lower case letter designations, such as C3a and C3b.   
 
Components of the alternative pathway are named by capital letters, such as factor B and 
factor D.   
 
For the MB-lectin pathway, components are designated by acronyms, such as MASP-1 
(Mannan binding lectin-Associated Serine Protease-1) 
 
The lower case “i” is added to indicate that a component is inactive, e.g. iC3b. 

 
 
Activation of Complement 
 
Activation of the CLASSICAL PATHWAY: 
 
Classical pathway activation is initiated after immune complex formation. 
 
Complement component C1 recognizes the antigen-antibody complex.  
 
The binding of antibody to antigen induces a conformational change in the antibody 
constant region.  This exposes a site on the Fc portion that can be bound by the first 
complement component of the classical pathway, C1.  
 
C1 is a macromolecule that consists of C1q (comprised of 6 globular heads and extended 
tails) in complex with C1r and C1s (the C1qrs complex). See Figure 2. 
 
Activation of the C1qrs complex occurs when at least two of the C1q globular heads are 
simultaneously bound to antibody.  See Figure 2. 
 
For this to occur, two Fc portions need to be in within close molecular proximity of each 
other on the antigenic surface.  
 
In contrast to IgG, the pentameric nature of IgM allows a single molecule of antigen 
bound IgM to activate C1. 
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Figure 9.28 of the text. 

 
Figure 2. Complement component C1.                                                                      

 
 
Once C1q is bound to antibody, C1r undergoes a conformational change and becomes 
enzymatically active.   
 
C1r then cleaves C1s, which after cleavage is enzymatically active as well.   
 
 
Activation of the MB-LECTIN PATHWAY: 
 
Activation of the mannan binding lectin pathway is similar to the classical pathway. 
 
Except that the MB-lectin pathway is initiated by a protein, Mannan Binding Lectin 
(MBL), which is homologous to C1q.  
 
MBL binds to mannose and certain other complex carbohydrates that are found on the 
surface of many microbial pathogens.  See Figure 3. 
 
MBL is physically associated with two serine proteases, MASP-1 and MASP-2 (mannan 
binding lectin-associated serine protease-1) that are similar to C1r and C1s.   
 
When MBL binds to the pathogen, MASP-1 and MASP-2 become activated.   
 
 
 

Text Figure 2.27 
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Figure 3. Mannan binding lectin (MBL). 
 
Further complement sequence progression. 
 
Activated C1qrs (or separately MBL activated MASP-1 and MASP-2) cleaves C4, and 
the C4b fragment becomes bound to a cell surface (e.g. microorganism).  Bound C4b 
fragment binds C2.  See Figure 4. 
 
Once bound to C4b, C2 is also cleaved by C1s, forming the C4b2a complex, which 
remains bound to the cell surface. (For MB-Lectin Pathway activation, MBL can be 
substituted for C1q, substitute MASP-1 and MASP-2 for C1r and C1s in Figure 4). 
 
C4b2a is a C3 convertase, capable of cleaving C3 into C3b and C3a.  This is a major 
point of amplification of the pathways, since one C3 convertase can cleave up to 1000 
molecules of C3.   
 
C3b, bound to the antigenic surface, acts as a powerful opsonin and enhances the uptake 
of antigenic particle by phagocytes.   
 
 
 
 
 

Text Figure 2.30 
Text Figure 2.15 



Host Defense 2012 Complement  
 Herbert L. Mathews, Ph.D.   
                    

 Page 7

 
 
 
 
 
 
 
 
 

 
 
 

Figure 4. C3 convertase and C5 convertase generation. 
 
C4b2a3b complex, also called C5 convertase, cleaves C5 into C5a, which is a soluble 
inflammatory mediator, and C5b, which is capable of complexing with additional 
complement components.  The generation of C5b initiates the final phase of complement 
activation, which is the formation of the Membrane Attack Complex (MAC). See  
Figure 5.    
 
The MAC is identical for all pathways of complement activation. 
 
C3a and C5a remain soluble and produce local inflammatory effects.  

Figure 5. Membrane attack complex, C5-C9. Text Figure 2.41 
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Activation of the ALTERNATIVE COMPLEMENT PATHWAY: 
 
The alternative pathway depends upon the slow hydrolysis of C3, which spontaneously 
occurs in plasma.   
 
Hydrolyzed C3 can bind Factor B, and the resulting C3 (H2O) Bb complex is a C3 
convertase that generates additional molecules of C3b.  See Figure 6. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 
 
F 
 
 
 
 
 
 

Figure 6. Alternative complement pathway activation. 
 

C3b is rapidly degraded, unless stabilized by attachment to certain favorable pathogenic 
surfaces.   
 
Once attached, C3b binds Factor B, and Factor B is cleaved by Factor D, forming bound 
C3bBb.   

Text Figure 2.32 
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When stabilized by Factor P (properdin), the C3bBb complex acts as a C3 convertase, 
analogous to C4b2a of the classical pathway.    
 
When another molecule of C3b associates with C3bBb (forming C3bBbC3b), a C5 
convertase is formed.   
 
This C5 convertase is analogous to C4b2a3b of the classical pathway.  From this point 
(the cleavage of C5), the alternative and classical pathways converge, leading to the 
formation of a MAC complex as in Figure 5. 

 
 

The three pathways of complement activation are summarized in Figure 7. 

Animation: MAC  (double click) movie showing complement activation 
Figure 7. Integration of the three pathways of complement activation. 



Host Defense 2012 Complement  
 Herbert L. Mathews, Ph.D.   
                    

 Page 10

Biological Consequence of Complement Activation 
 

Cell lysis and viral neutralization.  The MAC complex (C5b9) creates a pore in the 
cell membrane, and disrupts cell homeostasis, by cellular lysis (e.g. Gram-negative 
bacteria).  Certain viruses with a membrane coat can also be lysed in this manner.  See 
Figure 8. 
 
 
 

 
    
 
 
 
 
 
 

Figure 2.41 in your text. 
Figure 8. Pore in a cell membrane as a consequence of MAC. 

 
Opsonization.  Phagocytic leukocytes, including neutrophils and macrophages, carry 
receptors for C3b (CR1).  When an antigenic particle is coated with C3b, C3b (also C4b) 
assists in the adherence and ultimate ingestion of the particle by the phagocytic cell.  The 
C5a fragment also enhances phagocytosis by stimulating phagocytic cells to ingest C3b 
coated antigens.  See Figure 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Opsonization and phagocytosis via C3b and CR1. 
 

Text Figure 9.32
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Clearance of Immune Complexes.  The removal of antigen-antibody complexes from 
the circulation depends upon C3b.  Via C3b, antigen-antibody complexes bind to 
complement receptors on circulating red blood cells.  As the RBCs pass through the 
spleen and liver, the coated complexes are stripped off of the RBCs by resident 
phagocytes. See Figure 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Clearance of immune complexes. 
 
 
Inflammation. The soluble fragments that are produced during complement activation 
play several roles in inflammation.  See Figure 11. 
 

Chemotaxis.  C5a is an important chemoattractant for neutrophils, eosinophils, 
basophils, and monocytes.  The development of a C5a gradient at sites of 
complement activation assists in the recruitment of leukocytes to the area of 
antigenic challenge.   
 
Vascular Changes.  The fragments C3a, C4a, and C5a are capable of binding to 
specific receptors on mast cells and basophils, triggering granule release by these 
cells.  The release of histamine leads to vascular changes, including increased 
vascular permeability.  Because of this property, C3a, C4a and C5a are called 
anaphylatoxins.   
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Figure 11. Inflammation mediated by complement. 
 
 
Regulation of Complement Activation 
 
A series of proteins serve to protect host cells from accidental damage by acting 
at various different stages of complement activation and dissociating complexes 
or catalyzing enzymatic degradation of covalently bound complement proteins. 
If not regulated, activated complement can cause excessive inflammation and 
tissue damage. See below with summaries in Figures 12, 13 and 14. 

 
 

Regulation by protease inhibition. See Figure 12. 
 
 

  C1 inhibitor (C1INH) 
 
 

Text Figure 2.39

C1r:C1s C1r, C1s
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Regulation by catalytic cleavage. See Figure 12. 
 
 
 
 
 
 
 

 
 
 

Factor I: catalyzes the cleavage of surface bound C3b or C4b. 
 

CD46:  binds either C3b or C4b and promoting inactivation by Factor I.   CD46 
therefore functions to limit C3 and C5 convertase activity, and provides regulation 
for the classical, MBL and alternative pathways. 

 
Factor H: binds C3b and serves as a cofactor for the cleavage of surface bound C3b 
by Factor I.   
 
 
 

C1r

C1 INH factor I and CD46 
factor H 

 
 

Figure 12. Complement regulation. 

C3b 

factor I and CD46 
factor H  

iC3b

C4b 

factor I and CD46  

C4c, C4d
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Regulation by decay acceleration. See Figure 13. 
 
 
 
 
 
 
 
 
 
 
CD55: a membrane protein that serves to disengage C2a from C4b in the classical 
and MBL pathways and Bb from C3b for the alternative pathway.  In both cases, 
CD55 inhibits convertase activity. 

 
  
 
 

C1r

C1 INH factor I and CD46 
factor H 

CD55

 
 

  Figure 13. Complement regulation. 
 
 
 

C3bBb C3b, Bb

CD55 

C4bC2a C4b, C2a

CD55 
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Regulation by inhibition of lysis. See Figure 14. 

 
 
 
 
 
 
CD59:  prevents the assembly of C5b-9 at the final C8/C9 stage.  
 
 
 
 

CD59

 
 

Figure 14. Complement regulation. 
 

 
 
 
 
 
 
 
 
 

C5b-C9 MAC inhibition

CD59 
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Human Complement Component Deficiencies 
 
 
Deficiencies of components. Deficiencies of complement components are very rare.  
Defects in the early components of the classical pathway do not lead to overwhelming 
infection, as the MBL and alternative pathways can bypass this defect. See Figure 13. 
 
 

 
 

Figure 15. Complement deficiency consequences. 
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Complement Deficiencies and Associated Disease 
 
Hereditary Angioneurotic Edema – C1 INH deficiency – failure to regulate C1 
resulting in fluid accumulation, epiglottal swelling. 
 
Paroxysmal Nocturnal Hemoglobinurea – CD55 and CD59 failure to function – 
lack of complement regulation leads to RBC lysis.  
 
A deficiency of the early components of complement results in poor clearance of 
immune complexes resulting in increased immune complex disease. 
 

 
STUDY QUESTIONS 
 
1. Compare and contrast the Classical, MB-Lectin, and Alternative pathways of complement 

activation. 
 
2. Match individual complement components with their specific biological activities. 
 
3. Identify complement regulatory proteins and their effect on specific complement 

components. 
 
4. Describe the significance of individual complement component deficiencies.  
 
 
 
 

 
 

 
EXAMPLE OF TEST QUESTION 
 
A deficiency of complement component C9 results in susceptibility to: 
 
A. Pyogenic bacteria. 
 
B. Neisseria spp. only. 
 
C. Immune complex disease. 
 
D. Reduced immune complex clearance. 
 
E. No phenotype. 
 

 
CORRECT ANSWER TO ABOVE QUESTION: B 
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COMPLEMENT 

Herb Mathews

hmathew@lumc.edu

Introduction

The complement system is a group of more than 30 plasma and membrane 
proteins that play a critical role in host defense.  When activated, complement 
components interact in a highly regulated fashion to generate products that:

Recruit inflammatory cells (promoting inflammation).

Opsonize microbial pathogens and immune complexes (facilitating 
antigen clearance).

Kill microbial pathogens (via a lytic mechanism known as the membrane 
attack complex).

Generate an inflammatory response. 

Figure 2-18The complement system
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Nomenclature

The components of the classical pathway are designated by the letter C followed 
by a simple number designation, e.g. C3.  

Many complement components are proteases that become active following 
proteolytic cleavage.  

When the components are cleaved during activation, the resulting fragments are 
given lower case letter designations, such as C3a and C3b.  

Components of the alternative pathway are named by capital letters, such as 
factor B and factor D.  

For the MB-lectin pathway, components are designated by acronyms, such as 
MASP-1 (Mannan binding lectin-Associated Serine Protease-1)

The lower case “i” is added to indicate that a component is inactive, e.g. iC3b.

Activation of Complement

Activation of the CLASSICAL PATHWAY:

Classical pathway activation is initiated after immune complex formation.

Complement component C1 recognizes the antigen-antibody complex. 

The binding of antibody to antigen induces a conformational change in the antibody constant region.  This exposes a site on 
the Fc portion that can be bound by the first complement component of the classical pathway, C1. 

C1 is a macromolecule that consists of C1q (comprised of 6 globular heads and extended tails) in complex with C1r and C1s 
(the C1qrs complex). See Figure 2.

Activation of the C1qrs complex occurs when at least two of the C1q globular heads are simultaneously bound to antibody.  
See Figure 2.

For this to occur, two Fc portions need to be in within close molecular proximity of each other on the antigenic surface. 

In contrast to IgG, the pentameric nature of IgM allows a single molecule of antigen bound IgM to activate C1.

Activation of the MB-LECTIN PATHWAY:

Activation of the mannan binding lectin pathway is similar to the classical pathway.

Except that the MB-lectin pathway is initiated by a protein, Mannan Binding Lectin (MBL), which is 
homologous to C1q. 

MBL binds to mannose and certain other complex carbohydrates that are found on the surface of many 
microbial pathogens.  See Figure 3.

MBL is physically associated with two serine proteases, MASP-1 and 
MASP-2 (mannan binding lectin-associated serine protease-1) that are 
similar to C1r and C1s.  

When MBL binds to the pathogen, MASP-1 and MASP-2 become activated.  
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Further complement sequence progression.

Membrane Attack Complex (MAC)

Activation of the ALTERNATIVE COMPLEMENT PATHWAY:



4

Animation: MAC  (double click) movie showing complement activation

Biological Consequence of Complement Activation

Cell lysis and viral neutralization. The MAC complex (C5b9) creates a
pore in the cell membrane, and disrupts cell homeostasis, by cellular lysis
(e.g. Gram-negative bacteria). Certain viruses with a membrane coat can
also be lysed in this manner.  

Opsonization. Phagocytic leukocytes, including neutrophils and 
macrophages, carry receptors for C3b (CR1).  When an antigenic 
particle is coated with C3b, C3b (also C4b) assists in the adherence 
and ultimate ingestion of the particle by the phagocytic cell.  The C5a 
fragment also enhances phagocytosis by stimulating phagocytic cells 
to ingest C3b coated antigens.  
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Clearance of Immune Complexes. The removal of antigen-antibody 
complexes from the circulation depends upon C3b.  Via C3b, antigen-antibody 
complexes bind to complement receptors on circulating red blood cells.  As the 
RBCs pass through the spleen and liver, the coated complexes are stripped off of 
the RBCs by resident phagocytes. 

Inflammation. The soluble fragments that are produced during complement activation play several roles in 
inflammation.  

Chemotaxis. C5a is an important chemoattractant for neutrophils, eosinophils, basophils, and monocytes.  
The development of a C5a gradient at sites of complement activation assists in the recruitment of leukocytes 
to the area of antigenic challenge.  

Vascular Changes.  The fragments C3a, C4a, and C5a are capable of binding to specific receptors on mast 
cells and basophils, triggering granule release by these cells.  The release of histamine leads to vascular 
changes, including increased vascular permeability.  Because of this property, C3a, C4a and C5a are called 
anaphylatoxins.

Regulation by protease inhibition.

C1 inhibitor (C1INH)

C1r:C1s                                              C1r, C1s

.

Regulation of Complement Activation

A series of proteins serve to protect host cells from accidental damage by acting at various different stages of 
complement activation and dissociating complexes or catalyzing enzymatic degradation of covalently bound 
complement proteins. If not regulated, activated complement can cause excessive inflammation and tissue damage. 

Regulation by catalytic cleavage.

C3b iC3b

C4b C4c, C4d

factor I and CD46 
factor H 

factor I and CD46 

Factor I: catalyzes the cleavage of surface bound C3b or C4b.

CD46:  binds either C3b or C4b and promoting inactivation by Factor I.   CD46
therefore functions to limit C3 and C5 convertase activity, and provides
regulation for the classical, MBL and alternative pathways.

Factor H: binds C3b and serves as a cofactor for the cleavage of surface bound 
C3b by Factor I.
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C1r

C1 INH factor I and CD46 
factor H 

Regulation by decay acceleration.

C3bBb C3b, Bb

C4bC2a C4b, C2a

CD55

CD55

CD55: a membrane protein that serves to disengage C2a from C4b in the classical pathway 
and Bb from C3b for the alternative pathway.  In both cases, CD55 inhibits convertase 
activity.

Regulation by inhibition of lysis.

C5b-C9 MAC inhibition

CD59: prevents the assembly of C5b-9 at the final C8/C9 stage.

CD59

C1r

C1 INH factor I and CD46 
factor H 

CD55
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CD59

Human Complement Component Deficiencies

Hereditary deficiency of C1 inhibitor (C1 INH)

• Congenital deficiency of functional C1 INH
• Clinically manifests as hereditary 

angioedema         
• C1-INH is central to the regulation of the 

complement 

• Clinical symptoms: 
swelling, 
abdominal attacks, 
edema of the upper airway

• Treatment:
acute attacks - C1-INH concentrate;
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Complement Deficiencies and Associated Disease

• Hereditary Angioneurotic Edema – C1 INH deficiency – failure to regulate 
C1 resulting in fluid accumulation, epiglottal swelling.

• Paroxysmal Nocturnal Hemoglobinurea – CD55 and CD59 failure to 
function – lack of complement regulation leads to RBC lysis. 

STUDY ACTIVITIES

1. Compare and contrast the Classical, MB-Lectin, and Alternative pathways
of complement activation.

2. Match individual complement components with their specific biological
activities.

3. Identify complement regulatory proteins and their effect on specific 
complement components.

4. Describe the significance of individual complement component 
deficiencies. 
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Date:  Wednesday, April 11, 2012 
Time: 8:30 AM – 9:30 AM 

LTH 190 
 
Learning Goal 
Understand the mechanisms and logic of immunologic tolerance. 
 
 
Objectives: 
You will be able to: 
  

• understand the necessity for the host to distinguish between self and non-self 
 

• identify the major mechanisms used by the immune system to initiate and 
maintain tolerance to self 

 
• identify the need for, and mechanisms of, fail-safe tolerance 

 
• Predict the clinical consequences of breakdown in tolerance by  

 
Background Reading: 
Sci Am. 2006 Oct;295(4):56-63. 

Peacekeepers of the immune system. 
Fehervari Z, Sakaguchi S. 

 

Lecturer 
 
Makio Iwashima, PhD 
 
 

I. Immunological tolerance 
 A. Immunological tolerance means non- responsiveness to specific antigens.  

B. Well known examples of tolerance: antigens from the self tissues, non-self 
antigens: foods, commensal bacterium, pregnancy.  
C. The clinical implications of loss of tolerance to self antigens are manifest in a 
wide spectrum of autoimmune diseases. 

http://www.ncbi.nlm.nih.gov/pubmed?term=peacekeepers%252C%20sakaguchi
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Fehervari%20Z%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Sakaguchi%20S%2522%255BAuthor%255D
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D. Tolerance against antigens we are exposed commonly (food, commensal 
bacterium) is important to maintain homeostasis of the immune system and 
prevent autoimmune disorders such as IBD or hyper-immune disorders (allergy). 

 E. The development of tolerance to pathogen antigens can be catastrophic for the 
 host, not being able to mount effective responses. 

F. Chronic infection often accompanied by immunological tolerance against the 
infectious agents, leading to recurring infections. 

 
II. Tolerance mechanisms 
Tolerance is induced by ate least four distinctive mechanisms. 
 A. Central. Discussed in Thymic Maturation.  This is based on elimination of T 
cells that are reactive to antigens present in the thymus=self antigens. 
 B. Peripheral.  

1. regulatory T cells—professional T cells that are designed to impose 
suppression to other T cells and accessory cells. 
2. Myeloid Derived Suppressor cells: A group of myeloid cells become potent 
immunoregulatory cells when exposed to inflammatory cytokines such as IFN-
gamma and kill activated T cells to prevent further stimulation.  
3. Inappropriate or insufficient co- stimulation of a T cell in the presence of its 
antigen. When T cells are stimulated in a manner that are not “complete, cells 
become non-responsive to further stimulation.  This mechanism is called “anergy” 

 
III. Central tolerance 
 

A. Intrathymic clonal deletion during the maturation process of thymocytes 
eliminate cells that have high affinity to antigens present in the thymus. 
B. AIRE gene enables thymic stromal cells to express non-thymic genes (e.g. 
pancreas specific genes) and present self antigens to developing thymocytes. 
C. an anatomical curiosity- Hassall’s corpuscles—is now defined as the site for 
generation of regulatory  T cells.  Cells that have intermediate affinity to self-
antigens and not eliminated by negative selection mature into Foxp3+ Tregs 
(discussed in the next section). 

  
 
IV. Nature sometimes provides the window to understanding mysteries 
 A. Patients with AIRE mutations 
 B. Patients with mutations that interfere with Tregs formation 
 
V. Peripheral tolerance 

A. Enforcement by “professional” T regulators, aka “nTregs”.  These are cells 
generated in the thymus.  Hence, their antigen diversity is limited mostly to “self-
antigens”.  

 B. Enforcement by “inducible” Tregs (iTregs) 
1. These Tregs can be manipulated by the environment (food), commensal 
organisms, pathogens and tumors 
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2. Like many other immune reactions, the cytokine milieu drives the 
differentiation of a naïve T cell in the presence of its antigen. In this case, the 
presence of dominance of TGF-β and IL-2 plays critical roles.  Presence of 
inflammatory cytokines such as IL-6 is inhibitory for induction of iTregs.  iTregs 
are induced by antigen presentng cells that are present in the mucosal 
environment such as intestine. Vitamin A fucntions as a co-factor to induce iTregs. 
IL-10 also plays an important role in induction of iTregs in vivo, most likely by 
dampening general immune responses. 

 C. The role of another type of suppressor cells 
Tr1 cells:  These cells produce immunosuppressive cytokine IL-10.  TGF-b plus 
IL-27 induces development of these cells. They are not Foxp3+ and categorized 
as a different subset of T cells.  High levels of IL-10 presence is sufficient to 
generate these Tr1 cells.   

 
VI. Peripheral tolerance based on anergy (cell intrinsic mechanism of suppression). 

A. Anergy refers to the state of T cells that are unresponsive to antigen 
stimulation. 
B. When naïve T cells are presented antigens in the absence of the crucial “second 
signal (stimulation from CD28), cells get partially activated and undergoes the 
process that is dominated by degradation of signaling molecules required for 
activation and becomes non-responsive to further stimulation. 
C. Ligand (CD80, CD86) for CD28 is expressed by a limited group of antigen 
presenting cells.  Therefore, when antigen is presented by other type of cells (e.g. 
tumor cells), cells become anergic in vivo. 

 
VII. The central role of CTLA-4 
 

A. CTLA-4 is expressed by T cells after activation and competes with CD28 for 
B7 binding and will ultimately win the contest because it has higher affinity for 
B7 than does CD28.  CTLA4 also recruits signaling molecules that suppress TCR 
signaling and blocks antigen-activation. 

 B. In the natural sequence of antigen activation of T cells, there is progressive 
 increasing production of CTLA-4 as a regulatory mechanism to prevent runaway 
 T cell proliferation.   

C. CTLA4 mediated suppression plays a critical role in immune homeostasis 
evidenced by lethal autoimmune disorders observed in CTLA4 gene knock out 
mice. 
D. Perturbation that increases the rate and intensity of CTLA-4 expression  will 
inhibit T cell activation more rapidly than “normal”.  CTLA-4 can also work in a 
“trans” manner to block T cell activation form the outside. This is accomplished 
by the use of the man made biologic modifier CTLA4-Ig, which is now tested in 
clinical trial to treat autoimmune disorders. 
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Cellular basis for 
immunological tolerance

Makio Iwashima

Dept. Microbiol. Immunol

Main topics of the lecture

• How is immunological tolerance established?

1   Central tolerance
2.  Peripheral Tolerance
– Tregs
– Clonal anergy

Janeway textbook: Chapter 8

Immunological tolerance

Immunological tolerance is defined as the state of 
immunological un-responsive state to specific antigens.
These antigens are either self- or non-self origin. Like 
adaptive immune responses,immunological tolerance is 
established by antigen-specific mechanisms that control 
survival and functions of T cells.
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T cells are the key regulator (and 
effectors) of the adaptive
immune responses.  They are essential 
for induction of antibody production 
for many antigens (T-dependent 
antigens), cell mediated pro-
inflammatory responses, and cytotoxic 
response against intracellular 
pathogens.  A subset of T cells (called 
regulatory T cells) are required for 
tolerance against self-antigens.   

T cells--A key player in adaptive 
immunity

Exp. Evidence 
In 1953, Peter Medawar showed that exposure to foreign tissues 

during neonatal development caused mice to become 
immunologically unresponsive to these tissues.

Three major mechanisms of 
immune tolerance

Central Tolerance
1. Clones that recognize antigens during the 

early stage of thymic ontogeny die (clonal 
selection: negative selection) 

Peripheral Tolerance 
1. A group of T cells can transfer immunological 

tolerance in a dominant manner to other cells 
(regulatory T cells)

2. Antigen recognition without co-stimulatory 
factor causes unresponsive (de-sensitized) 
state called anergy by cell-intrinsic manners.
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1. Central tolerance

Negative selection and AIRE

Burnett’s clonal selection theory explained why neonatal tolerance 
happens. :Developing lymphocytes that are potentially self-reactive 
are removed before they can mature.  The theory was tested to be 

true using genetically modified mouse models in 90s.  

Clonal selection of self-reactive cells

antigen 
recognition

Cell death

maturation

no 
antigen

How are non-thymic antigen 
reactive cells eliminated?  

AIRE (Autoimmune regulator)

• AIRE is a transcription factor that is 
expressed mainly in the medulla of the 
thymus.  AIRE induces expression of a wide 
range of genes expressed by other organs 
(e.g.  endocrine gland). This leads to negative 
selection of thymocytes reactive to these self 
antigens.

• Mutations in AIRE gene causes severe 
autoimmune disorder called Autoimmune 
polyendocrine syndrome type 1 . 
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Finding of Foxp3

• Patient with Immunodysregulation, 
Polyendocrinopathy, and Enteropathy, X-
linked  (IPEX) suffer from multiple tissue 
damages caused by self-reactive T cells.  The 
cause of this disease is mutations in a gene 
called foxp3.  Foxp3 was found being 
expressed by a small fraction of CD4 T cells 
and lack of this gene caused loss of this 
fraction of T cells, suggesting the significance 
of Foxp3+ T cells for immune regulation.

2. Cellular basis for Peripheral 
Tolerance

Regulatory
cells

Effector
cells

1. Dominant suppression: imposed by professional regulators

2. Cell intrinsic inactivation: change of the state of T cells 
(become unresponsive to antigen stimulation)

Unresponsive state
(anergy, exhaustion, death)

Active state

suppression
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Dominant suppression by naturally 
arising regulatory T cells

• One of two major mechanisms that mediate tolerance 
and operate in periphery (in other words, not due to 
thymic selection) is mediated by regulatory T cells.  
There are at least three types of regulatory T cells 
(see fig.).  Naturally arising Tregs (nTregs) are those 
generated in the thymus due to their reactivity against 
self antigens.  They express a transcription factor 
called Foxp3.  Foxp3 is essential for generation 
and/or maintenance of Tregs survival and functions.  
Mature nTregs also express CD25, IL-2R alpha chain. 
IL-2 is an essential factor for the maintenance of 
nTregs.

How nTregs suppress immune 
responses

• Direct cell-cell contact is essential for nTregs to 
suppress target cells.  CTLA-4 plays a significant role 
in the suppression by nTregs.

• Soluble factors (TGF-beta, IL-10) enhances nTregs 
functions.

• Adenosine is another effector molecule generated by 
nTregs to suppress other lymphocytes.

• nTregs are generated in the thymus and mainly 
reactive with self-antigens.
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Hassall's corpuscles
• A group of thymocytes that 

have reactivity against self-
antigens are converted into 
nTregs.  This takes place in 
the structure called Hassall’s 
corpuscles.

• Hassall's corpuscles are 
groups of epithelial cells 
within the thymic medulla. 
Human Hassall's corpuscles 
express thymic stromal 
lymphopoietin (TSLP) and 
help  differentiation of 
FOXP3+ regulatory T cells 
via activation of a subset of 
dendritic cells.  

Inducible Tregs (iTregs)
• iTregs (inducible Tregs) share many features with 

nTregs, except that these Tregs are generated in 
extra thymic environment.  Thus, iTregs can be 
generated against both self- and non-self antigens 
(e.g. infectious agents, food,  transplant).  When 
naïve CD4 T cells encounter antigens in the 
presence of TGF- and IL-2, but not of IL-6 or other 
pro-inflammatory conditions, T cells express Foxp3 
and some differentiate into iTregs.

• Some chronic infectious agents actively use this 
mechanism to establish their state of infections.

Environmental factors that 
augment differentiation of

iTregs
• Infectious agents (e.g. virus, bacterium) produce 

factors that can generate iTregs that recognize them.  
This causes antigen specific tolerance against 
infection and enables chronic infections.

• Food/nutrition: Vitamin A  (retinoic acid) has been 
shown to be a potent co-factor to induced Tregs.  

• Environmental hormone:  Aryl hydrocarbon receptor 
ligands (e.g. dioxin, benzopyrene) are potent inducer 
of Foxp3 by activated T cells.
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Tr1 cells 
• There are groups of T cells that produce IL-

10, a potent immuno-suppressive cytokine, 
and play important roles in the maintenance 
of tolerance.  These cells are Foxp3- and 
imposes their suppressive function via IL-10 
on T- and non-T cells.  

• Tr1 cells develop in response to antigenic 
stimulation when TGF-beta and IL-27 are 
present in the environment. Vitamin D 
upregulates IL-10 production and is linked to 
generation of Tr1 cells.

• IL-10 gene is highly polymorphic and has 
been associated with several autoimmune 
diseases (e.g. SLE, MS).

Overall summary of the naïve CD4 T 
cell response

TGF-

Tregs Th17

Are they related?

IL-6
RORt

RA
Foxp3
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Summary:Different subsets of  
Tregs

• nTregs:Foxp3+, cell contact dependent suppression, 
intrathymmic development.  Stable.

• Foxp3+ iTregs: induced by TGF-beta and retinoic acid, 
extrathymic development, nTreg like function.  

• Tr1 cells: Induced by IL-10.  Extrathymic development.  Impose 
its suppressive function mainly by secretion of an 
immunosuppressive cytokine IL-10. 

2. Anergy--- suppression by cell-

intrinsic mechanisms

• Clonal anergy is a state of 
T cells that are 
unresponsive to antigenic 
stimulation. Anergy is 
induced when antigen is 
presented in the absence 
of co-stimulatory signal 
(CD28).  Ligand of CD28 
are B7.1 (CD80) and B7.2 
(CD86). 

Antigen presentation 
by B7(+) APCs 

Antigen presentation by
B7(-) APCs

TCR CD28 TCR

Induction of
activation process

Induction of
silencing process

Degradation of
signaling molecules
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CTLA4 and cell inactivation
• Activation of T cells induce expression of CTLA4 

(CD152).  This molecule competes against CD28 for 
ligand binding (B7) and blocks co-stimulation.  
Indeed, CTLA-4 has a higher affinity than CD28 
toward B7 molecules.  Thus, even when T cells are 
activated by B7+ APCs, T cells no longer receive the 
co-stimulatory signal.

• CTLA4 has an intracellular domain containing a 
peptide motif called ITIM ( Immunoreceptor Tyrosine-
based Inhibitory Motif) that recruits a group of 
proteins that suppress cell activation.  There are 
several other proteins that has ITIM.  When these 
proteins are engaged by their ligand, activation 
process of lymphocytes are turned off.

CTLA4-Ig as an 
immunomodulatory drug

• CTLA4-Ig is a chimeric protein between the 
extracellular domain of CTLA4 and 
immunoglobulin constant regions.  This 
protein is soluble and works as an inhibitory 
molecule of T cell activation, mainly by 
inhibiting the interactions between CD28 and 
B7 molecules and inducing clonal anergy. It is 
currently under a clinical trial for use in 
human patients.
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Summary: Keywords
1 Central tolerance--Negative selection mediated by non-thymic antigen 

induced by AIRE
2 Peripheral Tolerance

– nTregs: A major player in self-tolerance.Thymic differentiation of 
self-antigen reactive cells expressing Foxp3 in Hassall's 
corpuscles.

– iTregs: nTregs like but develop extrathymically from naïve CD4 T 
cells by TGF- plus IL-2.  Foreign antigen reactive.

– Tr1: A major IL-10 producer in periphery.  Induced by IL-27 and 
TGF-.

– Clonal anergy: When antigens are presented without CD28-
mediated co-stimulation, T cells become non-responsive.

– CTLA4: An essential surface antigen for homeostasis of T cell 
responses as an inhibitor for both intracellular and extracellular 
events. Competes against CD28 for the ligand (CD80/86). Clinical 
potentials. 
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