Immunology Overview
Points to consider:

Innate vs. adaptive immunity

Complement

Neutrophils vs Macrophages vs NK cells

T-cells vs. B-cells

Lineage

Maturation and activation of each cell type

Signaling, including different signals, receptors, adapters, and downstream results
Lecture 2 – Innate Immunity 1: Cells, Pattern Recognition, and Receptor Signaling

Jim Mahoney, Ph.D.

Innate (immediate, broad, stereotypic, genomic) vs adaptive (slow, specific, somatically generated, sometimes anti-self) immunity. Innate is evolutionarily older than adaptive (only exists in vertebrates after jawed fishes). All circulating blood cells of all types come from pluripotential hematopoietic stem cells (PHSC) in bone marrow and fetal liver. Macs, PMNs, basos, eosinos are all derived from the myeloid progenitor (downstream of PHSC). T and B cells are from the lymphoid progenitor.
Innate


1) Barrier functions include tight junctions/epithelial barrier, mucus layers, and antimicrobial peptide secretion (disrupting bacterial membranes). Antimicrobial peptides act by inserting into the bacterial membrane or by acting as chemoattractants. α-defensins are found in neutrophils and NK&B cells, especially in response to TLR and NOD activation. β-defensins are expressed in the epithelium. Histatins are in the saliva.


2) Recognition of pathogenic structures (PAMPs, recognized by PRRs) is done stereotypically (i.e., against structures that the pathogen needs in order to survive, such as CpG DNA, dsRNA, LPS, yeast cell wall, N-formyl-Met, etc.).


3) Effector mechanisms are recruitment, opsonization, phagocytosis, intracellular killing, and ‘sounding the alarm’.
Innate Immune Cells

Neutrophils (70% of WBCs), macrophages (7%), NK cells, γδ T cells. 
Neutrophils live for just a day, are active in acute inflammation, and kill via radical oxygen. Immature neutrophils are band cells, and high numbers of these generally indicate a bacterial infection. PMNs have azurophilic granules (lysosomes and defensins) and specific granules (complement receptors, adhesion molecules). These sentinel cells phagocytose professionally. 
Macrophages live for weeks/months, are active in chronic inflammation, present antigen, release cytokines, and use radical oxygen and NO to kill. Immature macrophages are called monocytes, and high circulating levels of these may indicate a viral infection. After phagocytosis, monocytes may exhibit tolerogenic or immunogenic signals.
NK cells, by releasing cytotoxic granules, kill host cells that have become infected or tumor-ish. They recognize via ‘activating receptors’ (often chemokine receptors) but are inhibited by MHC-I.
Finally, some γδ T cells release cytokines for inflammation. B-1 cells make natural (nonspecific) serum antibodies that target PAMPs broadly. NK T cells recognize bacterial lipids, not proteins, and release cytokines in response.
PAMPs and PRRs

PAMPs are never expressed in the host, since this is not a somatic-timescale adaptation. PAMPs must be required for a pathogen’s survival or pathogenicity. They are rarely proteinaceous, and they often consist of repeated structural motifs. Think LPS.


PRRs can be extracellular, endocytic, or signaling. Extracellular PRRs typically opsonize or activate complement. Opsonizing, soluble PRRs include C-reactive protein (to phosphocholine) and mannin-binding lectin. Mindin is a nonsoluble PRR that somehow opsonizes bacteria. Endocytic PRRs include macrophage mannose receptor, which is like MBL except for the fact that MMR directly triggers macrophage/dendritic cell phagocytosis of a bacterium/fungus. Signaling PRRs include TLRs and NODs. TLRs have an extracellular binding domain. Intracellular PRRs include NODs and a TLR-4 variant, which recognizes LPS. TLR4 waits inside of the endosomal compartment, while Nod1 and Nod2 recognize peptidoglycans (primarily of Gram+ bacteria).
Innate Immune Signaling
Signaling PRRs (1) recognize the PAMP, (2) initiate signaling, and (3) activate NFκB.

LPS example:

LPS is bound by LPS binding protein (LPB). This complex is carried to CD14 on a macrophage, and the whole complex is then recognized by TLR4. TLR4’s cytoplasmic tail binds the MyD88 adapter protein, which recruits IRAK (a kinase), activating the kinase cascade. Phosphorylation of IκB releases NFκB, allowing it to bind an importin and become localized in the nucleus, where it is active as a transcription factor for innate and adaptive signaling.
Lecture 4 – Innate Immunity II: Effector Mechanisms, Response to Infection, and Human Disease (yes, I’ve reordered these)

Jonathan Schneck, Md., Ph.D.

INNATE IMMUNE EFFECTOR MECHANISMS
1) Macrophage Activation

Depending on stimulus, a tissue-resident macrophage may differentiate into its active form (8x membrane, more MHCs and FcRs, more efficient phagocytosis and glucose metabolism). This stimulus comes in the form of gene transcription and chemotaxis due to PRR recognition of PAMPs.

The adaptive and innate immune systems interact. Both release cytokines that modulate and activate one another. For example, macrophages are normally vulnerable to a variety of intracellular pathogens. When activated by T-cells via IFN-γ, etc., these macrophages are triggered to destroy the invaders.

2) Recruitment of Neutrophils and Macrophages to sites of Infection

Neutrophils extravasate in four steps: rolling adhesion, tight binding, diapedesis, and migration. Rolling adhesion. L-selectin is expressed on leukocytes. P- and E-selectin are expressed on the endothelial cell membrane in response to inflammatory stimulus. These grasp neutrophil saccharides. Attachment. Neutrophil integrins such as LFA-1 interact with ICAM-1 on endothelial cells. ICAM-1 is upregulated 30x in response to IL-1, TNF, and IFN-γ. Diapedesis. Neutrophils then move between adjacent endothelial cells into the tissue. Migration. The most important chemotactic factors are C5a, N-formyl-Met, chemokines, and lipid-derived chemotactic factors. C5a is a soluble fragment released during complement activation. Chemokines such as interleukins are released by macs and T-cells during immunological reactions, or by PMNs. Lipid-derived chemotactic factors include platelet-activating factor (PAF) and leukotrienes. 

3) Structure and Function of FcγR on PMNs and Macs


Fc receptors recognize the Fc portion of Ig’s and, when activated, trigger phagocytosis by macrophages. FcγRI-FcγR-III each have different affinities for IgG subclasses. FcγRI binds IgG1 with high affinity, whereas the other two tend to bind only to antibody-antigen complexes with high affinity. Only the cross-linking of multiple FcγR by multiple antibodies attached to a single antigen can trigger the activation of effector functions. FcγRII on B-cells, when cross-linked to sIg, prevents antibody production (it’s an indicator that there is plenty of antibody up in this piece).

Other receptors, CR1 and CR3, recognize the products of complement activation (especially C3b). Complement receptors on the macrophage lead to uptake of the C3b-bound particle, but they do not trigger an otherwise inactive phagocyte to activate cytotoxic killing. Because complement can be activated by the adaptive immune system, complement acts as a bridge between the innate and the adaptive systems.
4) Phagocytosis


Neutrophils and macrophages can phagocytose large objects. Phagocytosis has two steps: attachment and internalization. Attachment is not dependent upon metabolic energy, and is facilitated by opsonins on or hydrophobicity of the target. Internalization of an opsonized particle causes further recruitment of receptor-containing membrane, leading to a zipper mechanism of engulfment.

5) Intracellular Killing by Reactive Oxygen and Nitrogen Species


PMNs and macs have an NADPH oxidase system in their membranes used to generate damaging ROS. Cytochrome components assemble and then carry out their work in response to the activation of a G-protein. The high consumption of oxygen in response leads to the term oxidative burst used to describe such killing. Clearly, these can only be carried out in aerobic conditions.

O2- is generated, and degrades to H2O2, which can be used by myeloperoxidase to create HOCl, a highly bactericidal agent. Only macrophages, in response to IFN-γ or LPS, generate nitric oxide (NO.) from arginine by NOS. Leishmania is killed by macrophages by use of their NO. systems.
6) Cytokine Production by Macrophages


Interleukins and tumor necrosis factors are important cytokines released by activated macrophages. IL-1 (acts on hypothalamic thermoregulator), IL-6, and TNF-α (activates endothelial cells) can induce fever and increased liver production of C-reactive protein and serum amyloid A. 

RESPONSE TO INFECTION
Inflammation and its dolor, calor, tumor, and rubor, are caused by the effects of inflammatory signals on the microvasculature at the site of infection.
Leukocyte recruitment triggers PMN arrival.

Acute phase response macrophages recruited to the site secrete cytokines and chemokines, some of which are endogenous pyrogens. Hepatocytes begin producing acute phase proteins like C-reactive protein and mannan binding lectin (complement activators). TNF-α, released by macs, causes local clotting of (hopefully) local blood vessels. Finally, the complement cascade and adaptive immune responses kick in.

INNATE IMMUNITY AND HUMAN DISEASE

Chronic granulomatous disease is caused by the inability of PMNs to generate superoxide. It leads to chronic abnormal infection, abscesses, and granulomas (clusters of macs trying to limit the infection). Some Crohn’s disease patients have defects in NOD2, making it incapable of activating NFκB. Why this leads to hyperactive inflammation in the gut seems confusing. Imiquimod, an antiviral and antitumor agent, stimulates macs via TLR7 and MyD88. Type 2 diabetes may have a partial cause in chronic inflammation. LPS can cause sepsis as TNF-α dilates the vessels and triggers widespread edema, followed by widespread clotting. Ischemic organ injury follows, although it appears that interfering with the TLR4-to-NFκB cascade may be able to relieve septic shock.
Lecture 3 – The molecular basis of humoral immunity: antibody structure and function

B-cells produce bound and soluble antibody. Soluble Ig can directly neutralize viruses and bacterial toxins, it can opsonize, or it can activate complement. Membrane bound Ig triggers activation and differentiation of B-cells in conjunction with CD4+ T-cell signaling. It can also mediate antigen uptake for the minor B-cell APC role.
Each lymphocytic cell displays one type of receptor with a unique Ig. Antigen binding to these receptors triggers proliferation and differentiation. Clonally expanded cells have identical antigenic specificity to that of the progenitor. Self-reactive specificities are deleted.

The primary response to antigen assault is a small antibody response. Stimulation with the same antigen 2-4 weeks later leads to a large antibody response thanks to plasma cells (differentiated, specific B cells). This is one basis for immunologic memory, though keep in mind the ‘memory’ of T-cells.

Antibody Structure
Antibodies are comprised of variable (recognition) and constant (effector) regions. All antibodies use one of two light chain proteins: κ or λ. The heavy chain defines the class (μ for IgM, α for IgA, ε for IgE, δ for IgD, and γ for IgG).
The N terminus of the light chain is the VL, while that of the heavy chain is VH. The next 100 residues of the chains are called the C regions (CL and CH). CH has 3 homologous repeats (CH1, CH2, and CH3). 2 is the complement binding site, and 3 is the Fc receptor (FCR) binding site. The hinge region allows 180o rotation, while the elbow allows 50o bending.
Antibody Features
IgG is the major serum antibody; IgM is the major first-responder; IgA is the major extravascularly secreted class; IgD has unknown function; IgE is responsible for the allergic response called ‘immediate hypersensitivity’. Isotype defines the class (IgM, or IgG1). Allotype is an allelic variance of the Ig chain, similar to a gene polymorphism. Idiotype of an antibody comes from V(D)JC recombination and somatic hypermutation.

Antigen Requirements
Antigens must be larger than 1000MW or conjugated to a hapten in order to elicit an Ig response. They must be foreign, the must be chemically complex, and they must elicit (or be administered in conjugation with an adjuvant that elicits) danger signals. Antigens elicit an immune response and react specifically with antibodies produced by said response. 
Antibody Math
Since [SL] = (KA*[S]*[L]) / (1 + KA*[L]), a plot of [SL] to [L] will show a logarithmic-esque curve plateauing at [SL]=[S]t (total # of antibody binding sites). At half-maximal [SL], you see 1/KA, or [L].
To determine the valence of an antibody, you can use equilibrium dialysis. Scatchard analysis can then be done to determine how much the equilibrium is perturbed by the presence of an antibody. The ultimate result tells you the valence of an antibody. Curved schatchard analyses indicate different antibody species (IgA and IgG, for example). The X-intercept indicates the antibody valence. K0, which is a tangent line drawn at 1/L, where half f the antibody binding sites are occupied. K0 indicates the average affinity of the antiserum. Affinity maturation, the increase in affinity over time during an antibody response, is the result of somatic hypermutation.
Direct assays (ELISA and radioimmunoassay) involve immobilizing antigen or antibody, labeling the opposite, and examining the results. This can only be done with pure sample. Competitive binding assays allow you to determine the quantity of antigen in an unknown sample by observing its ability to compete with a known radiolabeled antigen for binding to immobilized antibody.
Random Facts
Papain cleaves IgG into two distinct parts (Fab and Fc), while pepsin cleaves IgG into the F(ab’)2 and proteolytic junk. 

Monoclonal antibodies can be obtained by fusing a B cells with an immortal myeloma cell.

Lecture 5 – The Genetic Basis of Antibody Diversity
THE STRUCTURAL BASIS OF ANTIGEN BINDING

Antibody sequence variability is clustered to the three hypervariable regions of the first 110aas of Ig heavy and light chains. These are the complementarity determining regions (CDRs). These hypervariable loops are, in the tertiary structure, brought together at the terminus of the VH or VL domains. Thus, up to six CDRs (3 from L, 3 from H) can interact with an antigen.

Framework residues, less variable than the CDRs, may contact the antigen. The epitope surface typically consists of noncontiguous amino acid residues, and the overall interacting surface is extensive (700Ǻ2). Hydrophobic interactions matter, and antigen/antibody conformations change very little upon binding.
THE GENERATOR OF DIVERSITY
Combinatorial Diversity

The germline is inadequate to respond to all of the potential pathogens we can be exposed to: we can produce at least 1010 different antibodies, greater than the 3x109 bp that we have in our genomes.


The κ light-chain variable regions are encoded by multiple gene segments (40Vκ and 5Jκ), two of which are joined together during lymphocyte differentiation. Jκ and Cκ are separated by an intron which is spliced out transcriptionally. The heavy-chain variable regions are encoded by VH, DH, and JH. (D-J recomb is first, then V-DJ.)


Rearrangement can be detected via PCR, since the V and J segments will be >50kb away (no product) if they have not rearranged. The overall diversity of Igs from H, κ, and λ chains is about 3.7x106 heavy-light combinations.
V(D)J Recombination (Junctional Diversity)

Recombination signal sequences (RSS) flank all unrearranged antibody gene segments. The pattern is 7+12/23+9bp. 7+12+9bp sequences only recombine with 7+23+9bp sequences. Recombinase proteins RAG-1 and RAG-2 recognize the RSS elements. 


RAGs first check to see that the signal sequences are compatible, then they cut at the junction between to RSS to create a blunt signal end and a hairpin coding end. The difference between transposases and the RAGs is that RAGs target the opposite strand of the DNA molecule for transesterification. 


The diversity of CDR3 primarily comes from the loss or addition of nucleotides near the recombination junction. N regions are extra (1-10) nucleotides not encoded in the germline but by terminal deoxynucleotidyl transferases (TdTs). P regions are palindromes with the ends of the coding regions near the junctions. Indeed, the P regions always separate two joined coding sequences.


If we factor in the junctional diversity of just one codon of each chain, along with combinatorial diversity, there are 1.5x109 different antibodies.

Incidentally, the development of T-cell antigen receptor genes is analogous to the development of antibodies in B-cells.
Somatic Hypermutation (Generator of Diversity of CDR1 and 2)

There is germline variability at CDR1&2, but more important on the somatic timescale is somatic hypermutation (mutation at 1000x the somatic rate of 10-6 per bp per generation). During the lifespan of an individual B-cell lineage, the affinity of the antibody population for the antigen rises from 105M-1 to 1011M-1. This affinity maturation comes from the selection of higher-affinity antibodies created by somatic hypermutation. The enzyme AID (discussed below) is important to the mechanism of somatic hypermutation, though it is not clear in what capacity it acts.
Class Switching

B-cells initially express just IgM, then sIgM and sIgD. Antigen binding triggers these cells to begin to produce other classes of antibodies. All of these antibodies will have the same variable region. The class of Ig does not have anything to do with binding specificity. 


Differential polyadenylation and splicing of an mRNA leads to coexpression of sIgM and sIgD. To get chains other than μ and δ, switch recombination causes a VHDJH unit to be translocated from upstream of Cμ&δ to a new site upstream from a different CH gene. The cytidine deaminase AID is important in switch recombination, which usually occurs after CD40L on a CD4+ cell binds its receptor on the surface of a B-cell (CD40). Sterotypic antigens like LPS can also trigger specific switch recombination.

Membrane- vs. Non-membrane Bound Antibodies

Differential mRNA processing achieves the production of two different populations of antibodies with the (otherwise) same heavy chain. If polyadenylation comes before the membrane-binding C-terminal exons, the secreted form is expressed. Otherwise, the membrane-bound form is expressed.

Gene Rearrangement and Disease
Agammaglobulinemia is the total lack of circulating antibody. Scid mice fail to properly undergo V(D)J recombination (specifically, joining of broken ends) and have very few functional B- and T-cells. Knocking out the RAGs can have a similar phenotype.


Common lymphomas arise when Bcl-2 or c-myc are transposed near antibody chain genes.

NOTE: Look over the homework problems provided on p. 96 to test understanding of Scatchard analysis.

Lecture 6 – B-Cell Development
Prof. Sen

Overview
Hematopoietic stem cell ( multi-potential progenitor (early lymphoid progenitor( common lymphoid progenitor ( B cells, T cells, dendritic cells, NK cells

HSC ( MPP ( ELP ( CLP ( B, T, DCs, NKs

The concept of B-cells goes something like this: there should be lots of circulating B-cells which produce randomly generated antibodies at their surface. If their antibody finds some ligand, this cell should be clonally selected for. You just need to make sure you don’t kill yourself (autoimmunity) in the process.

Rearrangement of IgH

The accessibility hypothesis posits that chromatin structure prevents the recombination machinery (like RAG1/2) from acting on all but the antigen receptor locus of interest at any given time. For B-cells, IgH gene segments are made accessible first, followed by the κ and λ chains. 

When CLPs (1) receive an IL-7 signal and (2) express E2A and EBF, they join a D to a J. During this time, V segments are inaccessible to the recombination machinery. Even when the V-to-DJ recombination eventually occurs, the 5’ and 3’ V segments seem to be differentially regulated. Pax-5 is one gene needed for V-DJ recombination. It is thought that 3’ V-DJ recombination is initiated by the recombination of D-J.

Selection of functional IgHs

2/3 of VDJ recombinations result in nonfunctional protein. If a functional IgH is produced in a pro-B-cell, λ5 and V-pre-B, which together mimic L chains, are produced. If this passes the test, it sends signals to stop undergoing IgH rearrangement, to proliferate and not apoptose, and to activate light chain rearrangement.

Allelic exclusion ensures that only one of the two possible alleles for any IgH is expressed. This is due to pre-B-receptor (pre-BCR) signaling and extinction of IL-7 signal response.

Light Chain Recombination

Light chains come in two isotypes: κ and λ. Each isotype has its own V and J regions. In humans κ/λ is 2/1. Because light chain V-J recombination is a one-step procedure, sequential sampling of different Js can occur. If this fails in κ, λ chain usage occurs. These features reduce the number of nonfunctional V-J recombinations, which would be wasteful in a cell that has already gone through the hassle of forming an IgH.

Negative Selection

Now that an antibody has successfully been created, deletion of anti-self-reacting B-cells is done in the BM or spleen. Alternatively, some anti-self-reacting B-cells are triggered to undergo secondary recombination (editing) of their light chain (~ the only place where this can happen). Finally, if the BCR encounters non-crosslinking antigen, anergy is induced. Anergic cells die quickly in the periphery. 
Peripheral Differentiation (Positive Selection)

The 10% of BM-generated B-cells that survive to exit the BM move to peripheral lymphoid organs such as the spleen. T1 cells are ‘transitional 1’ B-cells, recent ‘splenic emigrants’. They are very much like BM immature B-cells and are susceptible to apoptosis induction by BCR crosslinking. Two days later they become T2 (if ‘B-cell activating factor’ BAFF is working). Activation of T2 cells by BCR crosslinking causes them to survive and proliferate.

The T2 cells are thought to be the targets of positive selection. Follicular cells are the conventional naïve B-cells, and proliferate in response to antigen presentation. Marginal-zone cells behave much like innate cells.

Germinal Centers

When presented with antigen, B-cells can choose to differentiate into short-lived plasma cells or to go back into splenic follicles and establish germinal centers (GCs). At GCs, somatic hypermutation and class switching occur, leading to the production of even higher affinity antibodies with the right effector functions. These new B-cells are selected for and undergo further rounds of proliferation. This is still dependent on CD40/CD40L interactions. Apoptosis here seems to be mitochondrially regulated, not regulated by Fas.
Lecture 7 – Effector Functions of Antibody

Dr. Howard Lederman

Antibody Classes
IgM

First class produced in response to antigen. 

Secreted as a pentamer (therefore 10-valent). 
Low affinity, high avidity.

Held together by a J chain.

Great at activating complement.
IgG


Highest conc in serum


Predominant during secondary response to antigen


Can cross placenta


FcRs pull this out of the serum, so it lasts 2-3x longer than other serum Abs.

Great at opsonization, Ab-dependent cytotoxicity
IgA


Dimer in secretions such as milk, tears, saliva, GI tract


Monomer in serum


Predominantly secreted


Held together by a J chain.


Great at neutralization and blocking adherence
IgE


Produced in response to parasites or allergens


Binds receptors on basophils and mast cells

Lack of Bruton’s tyrosine kinase (BTK) causes X-linked agammaglobulinemia. Such individuals cannot make antibody to the pneumococcal capsule.
Humoral vs. Mucosal Immunity
Because mucosal Ig’s are produced by B-cells (plasma cells) locally, there is really a distinction between humoral and mucosal immunity. IgA secreting B-cells are trafficked to the GI tract where they form gut-associated immune tissue (GALT) or BALT in the bronchi. Giving a vaccine orally, for example, may induce IgA mucosal immunity without conferring much humoral immunity.

Secretory IgA serves a barrier function. It is also considered an ‘anti-inflammatory’ Ig, because by binding to food antigens, it can prevent those antigens from entering the circulation and triggering an IgE-mediated food allergy.

Transcytosis

The pIgR (polymeric IgR) recognizes dimeric IgA. This is used to transcytose IgA to the apical (mucosal) surface. In doing so, part of the pIgR remains bound to the IgA, forming an acid- and peptidase-resistant Ig.


Similarly, the transport of IgG into the fetus is mediated by the Brambell receptor (FcRB/FcRn) which resembles MHC I. 

Non-Inflammatory Activities

These include neutralizing viruses by blocking either attachment or post-attachment fusion. Fusion inhibition can be seen where there is 0% infectivity although there is >0% attachment. For polio, even a single IgA can block fusion (not attachment). Likewise, binding to bacterial toxins by IgA and IgG can prevent metabolic interferences.

Inflammatory Activities

These include opsonization, activation of complement, activation of mast cells and basophils (allergy), and targeting of NK cells. 
For opsonization, IgG binds to the otherwise-slippery capsule on pathogenic bacteria, making it accessible to macs/PMNs that have FcγRs. FcγRs normally bind weakly to Ig’s, but they bind with higher affinity to Ag-Ig’s.

The classical complement activation pathway involves activation of C1q by IgM or two nearby IgGs. Ultimately, C3b is activated on the surface of the antigen. Therefore, the Ig binding leads to direct opsonization and indirect opsonization (since C3b is an opsonizing agent, too). Phagocytosis increases by 103 or 104.


Mast cells and basophils bind ~ all free IgE via their FcεRI. These cells serve to release histamine and other inflammation mediators, and with IgE they can do so in response to specific antigens. As usual, crosslinking of bound receptors (in this case, bound IgE) triggers a response. Here, it is degranulation and the activation of phospholipase A2 (synthesizing leukotrienes, prostaglandins and thromboxanes). This leads to vascular dilation and all of the symptoms you’ve come to associate with allergy. This is great in response to parasites, but bad in response to environmental allergens. On the other hand, FcεRII on Bs, Ts, and macs serves to regulate IgE synthesis.

Finally, antibody-dependent cell-mediated cytotoxicity (ADCC) is the overly complex name for the activation of NK cells. Their FcγRIIIs bind IgG that is bound to an infected host. Crosslinking of the receptors leads the NK cells to release perforins and proteolytic enzymes, killing the infected cell. 

Rituximab

Rituximab binds to CD20 (on tumor cells), crosslinking FcγRIIIs on the patient’s NK cells and leading to an immune response against the cancer.

Lecture 8 – The Complement system

William Baldwin, MD, PhD

Overview

Complement bridges the innate and the immune systems. It leads to chemotaxis. It opsonizes pathogens. It is a proteolytic cascade, much like blood clotting. 
The Pathway in Brief(s)

Mannan-binding Lectin, C1q, or C3b can all initiate the complement cascade. For the former two, C4 is cleaved into a and b components. C4b cleaves C2, and C4b with C2a act as the classical C3 convertase, cleaving C3. C3b is the key player. It not only catalyzes the alternative pathway, but it also acts as the C5 convertase. C5b cleaves C6-C9n, forming the membrane attack complex.

The Classical Pathway

C1 associates with the Fc of IgM/IgG+antigen complexes (IgM undergoes steric change). Indeed, the 6-headed C1q must crosslink two or more Fcs in order to become activated. Now C1s acts as a serine protease, cleaving C4. When ‘lucky’, C4b will bind to a nearby protein or carbohydrate.


C4b now binds C2, which gets cleaved by C1s. The C2a/C4b complex is the classical pathway C3 convertase. Here, the classical and alternative pathways merge.
The Alternative and Lectin Pathways

The classical pathway is ‘slow’ since it depends on antibody. Before an Ab response, innate immunity can still activate complement. The lectin pathway uses MBL to substitute for C1q (indeed, they are structurally similar). MBL can then cleave C2 and C4.


The alternative pathway relies on spontaneous C3 structural change (tickover). It will then bind anything nearby. Activation is favored by LPS, zymosan (from yeast), or IgA Fab’s. C3b then binds Factor B, which gets cleaved by Factor D. C3Bb is bound by properdin and stabilized. Here, the classical and alternative pathways merge.
In summary, either C4b+C2a can form the C3 convertase, or C3b+B+P can form it.

C3

C3a is an anaphylatoxin (triggering mast cells and basophils to release histamine). This is an inflammation enhancer which also stimulates granulocyte extravasation. C3b is much like C4b, and can lead to focal deposition of other C3b nearby. Here, then, it acts as an opsonizer, as phagocytic cells contain CR1, a receptor specific for C3b. Finally, when bound to C4b2a or C3Bb, it becomes the classical C5 convertase.

C5 Convertases

The two aforementioned C5 convertases cleave C5 into C5a (an anaphylatoxin 20x more potent than C3a) and C5b. C5b binds C6 and C7, inserting into the bilayer as it does so. C8 and many C9s assemble with this complex, forming the MAC. MAC forms pores much in the same way that perforin does. Osmotic lysis of the target ensues.

Complement Ward

There are inhibitors of complement that prevent it from leading to self-destruction. These include the C1-inhibitor, the ability to destroy C3 and C5 convertases, and the inhibition of MAC.

C1-Inhibition

C1-inhibitor binds to C1 and holds it inactive; if it does become active, C1I serves as a suicide substrate.

Convertase destruction

Many things can inactivate the C3 convertase, including decay acceleratingn factor (DAF) on endothelial and blood cells, and CR1 on immune cells. Also, Factor I can proteolyze C4b when C4b is complexed with the membrane cofactor protein (MCP). Similarly, Factor H, DAF, and CR1 can inhibit C3bBbP, ultimately recruiting Factor I.

All of the fragments released by dissociation or cleavage still encourage immunologically competent cells to proliferate or invade the area. Thus, soluble fragments are chemotactic while bound fragments are opsonic (and/or biochemically active).
MAC inhibition

Protectin (CD59), in the membrane, binds to C8 and C9, blocking the growth of the MAC. Vitronectin, in the serum, acts similarly.

Evolution

Many of the complement proteins are structurally related, consisting of varying numbers of short consensus repeats (SCRs). Unfortunately, bacteria and parasites can take advantage of the complement inhibitors or even complement receptors.
Innate-Adaptive Interplay

B-cells have complement receptors (CR2 in association with CD19) in addition to surface Ig’s. Crosslinking of CD19 and sIgM in B-cells leads to a 100x-increase in the activation sensitivity of the cells.

Lectures 9 and 10 – Antigen Recognition by T-Cells

Robert Siliciano, MD PhD

His two lectures form a play in 12 acts: overview, importance of t lymphocytes, t cell ag recognition, MHC, discovery of the t cell ag receptor, the mechanism of ag recognition, a model for ag recognition by t cells, t cell subsets, other accessory molecules, superantigens, detecting ag-specific t cells in vivo, and antigen recognition by nkt cells.
I – OVERVIEW

T-cells are required for effective antibody response. T-cell receptors (TCRs) resemble Ig’s, and their diversity is generated much like V(D)J recombination. TCRs, though, see the linear Ag peptide fragment when complexed with MHC.

II – THE IMPORTANCE OF T LYMPHOCYTES

B-cells require T-cells in order to produce antibody. T helper cells (Th) and cytolytic T lymphocytes (CTLs) develop, in the thymus, from prothymocyte precursors. After development there, T-cells seed peripheral lymphoid organs.T-cells have antigen receptors much like B-cells, and they are produced similarly, too. T-cell Ag receptors are only membrane-bound, never secreted. The clonal selection theory for B-cells applies to T-cells. Interestingly, the TCR recognizes Ags through a novel mechanism (not like Abs recognize Ags).

III – T CELLS RECOGNIZE AG BY A UNIQUE MECHANISM

T-cells can recognize both native and denatured forms of some proteins; B-cells cannot do this. T-cells see collinear epitopes just 8-10 peptides in length. T-cells cannot see free Ag; it must be presented to them via MHC. Thus, if you have no macs or dendrites to present antigen (in bacterial infection), you fail to have appreciable T-cell proliferation.


MHC restriction refers to the failure of antigen presenting cells (APCs) displaying MHC from different lineage from that of the Th cells to generate T proliferation. This is because there are many different MHC classes, and T-cells can only respond to MHCs of the same class. Indeed, each T-cell recognizes exactly one MHC molecule.
IV – THE MAJOR HISTOCOMPATIBILITY COMPLEX

Historically, this complex was found to determine whether or not a transplant would be rejected. Transplant of an organ displaying specific MHCs into an organism that expressed the same exact MHCs would be accepted. In humans the MHC is called the human leukocyte antigen.

The MHC locus spans 3000kb. Classes I and II encode the surface proteins important to T-cell function. Class I is expressed in almost every cell (except for non-replaceable cells such as neurons), while Class II is expressed mostly by APCs.

The MHC proteins are highly polymorphic, with hundreds of different variants across the human population and no wild-type allele. The nomenclature works as follows: MHC variant*allele. So, variant 130 of MHC I A is written HLA A*130. In mice, the naming works like Kd or Dd for a class I and I-Ad or I-Ed for class II. (Mice, btw, only have two MHC IIs.)
Class I

Each Class I MHC has a heavy chain (MHC A, B, or C) and an associated peptide (β2 microglobulin) found on a different chromosome. For a normal diploid cell, 6 different MHC I proteins can be expressed.

Class II

Class II MHC is a heterodimer. Both α and β subunits have EC domains and cytoplasmic tails. There are three types of class II – DP, DQ, and DR, each with its own α and β chains. Thus, for a diploid, six different MHC II proteins can be expressed, too.

HLA Typing (MHC Restriction Revisited)

Give Ag to an APC, then see if they stimulate T-cell proliferation. Do this with different APCs of known MHC alleles. With enough tests, you can identify which single MHC the T-cell is recognizing.

V – DISCOVERY OF THE T-CELL AG RECEPTOR

Clonotypic antibodies were generated that recognized variable regions on the TCR. This allowed purification of TCR protein product. TCRs are in the immunoglobulin superfamily. They have α and β chains, which each have a single constant region of 115aa and two disulfide bonds. Hypervariable regions on those chains form the Ag binding site. The α chain is equivalent to the light chain of Abs, and the β chain is similar to the heavy chain. Like Abs, V(D)J recombination occurs. Even the RAG1/2 proteins are used, and the 12/23 rule still applies. Importantly, somatic hypermutation does not occur in T-cells – 1018 different TCRs are possible even without it thanks to the many segments for recombination and the extensive N-regions. TCRs are monovalent. The α/β interface provides the specificity of Ag recognition.
T-cell receptors are always found in conjunction with CD3 heterodimers. CD3 can have γ, δ, ε, ζ, and η subunits. These play a signal transduction role. Note that the TCR can also contain δ and γ chains, though these are not the same as the CD3 δ or γ.
	
	B Cell
	T Cell

	Composition
	2H, 2L
	1α, 1β

	Superfamily
	Ig
	Ig

	Valence
	2
	1

	Ag combining site
	Hypervariable residues of adjacent N-terminal V domains of H/β and L/α

	Diversity
	1013
	1018

	Utilizes Somatic Mutation
	Yes
	No

	Associated Polypeptides
	Igα, Igβ
	CD3

	Ligand
	Native Ag
	Processed Ag+MHC

	Reproduced and truncated without any permission whatsoever from Dr. Siliciano.


VI – THE MECHANISM OF AG RECOGNITION

Antigens must be processed and presented before the TCR can recognize it, unlike the BCR. There is an incubation period during which an APC uptakes, processes, and displays the peptide fragment to the T-cells. The first specific reaction in Ag recognition by T cells occurs at the level of the APC and doesn’t involve the TCR (or the T-cell) at all. “Most individuals respond to most protein antigens because proteins typically have, somewhere within their linear amino acid sequence, an epitope that can bind to at least one of their several class I or class II MHC molecules.”

The Class I MHC molecules hold polypeptide chains about 9aa in length, while Class II has a less restrictive opening that may allow binding to longer peptide chains. As an example of binding specificity, HLA-A2 (MHC I) binds to peptides which have leucine at position 2 and valine at position 9.

VII – A MODEL FOR AG RECOGNITION BY T CELLS

Ag is taken up by an APC, partially proteolyzed in the endocytic compartments (and cytoplasm), then bound to MHC and displayed on the surface. In the absence of foreign Ags, self Ags are presented. In this sense, MHC genes control the level of T-cell response to Ags and influence autoimmune disease susceptibility, while T-cells themselves ultimately discriminate between self and non-self.

VIII – T-CELL SUBSETS

Once they recognize Ag on an APC, some T-Cells secrete cytokines or interleukins, hormone-like proteins that signal to other cells. IL2 binds to activated T-cells and induces proliferation (IL2 is thus paracrine and autocrine).  Other interleukins promote B-cell differentiation and proliferation. Other molecules released by T-cells include destruction signals and machinery. Do different T-cells do different things?


Yes. Using flow cytometry, CD4 expressing (mature) T cells can be distinguished from CD8 expressing (mature) T cells. The cytokine-releasing T-cells described above are CD4+ T-cells (Th), which are required for B-cell maturation. The T cells that mediate destruction of virally-infected cells are CD8+. This is not absolute. 

What is absolute is that CD4 cells recognize (exogenous) Ag complexed with MHC II (HLA DR, DQ, or DP), while CD8 cells recognize (endogenous) Ag with MHC I (HLA A, B, or C).

In the APC, phagocytosed or endocytosed antigens are degraded and then associated with MHC II. MHC II is, prior to that, plugged with the invariant chain (Ii) to prevent binding of endogenous peptides (and to direct MHC II to the endosome). Ii is removed by HLA DM. MHC I binds to cytoplasmic peptides which themselves are breakdown products of the proteasome – part of which is encoded in the MHC. The peptides are introduced by TAP to the ER, where they associate with MHC I. As an aside, a smart virus might turn of MHC I production to avoid detection; fortunately, NK cells recognize this and generally destroy cells lacking MHC I. To be clear, all replaceable nucleated cells display MHC I, while DCs and macs display MHC II.

In the T-cell, CD4 and CD8 associate with a TK called p56lck, which initiates a signaling cascade on the TCR CD3 cytoplasmic domains upon activation. Typically, activation must be by 100-4000 peptide-MHC complexes (p. 165 of notes).
B-cell and T-cell collaboration


B-cells and T-cells specific for the same antigen collaborate during Ab response. T-cells are stimulated by APCs which display specific Ags. B-cells efficiently internalize Ag bound to surface Ig, internalize the Ag, and present the Ag on MHC II. When the specific T-cell sees the Ag-MHC complex on the B-cell, signaling ensues via cytokines and CD40-CD40L.

IX – OTHER ACCESSORY MOLECULES

LFA-1 is a T-cell integrin which interacts with ICAM-1 on other nucleate cells. (LFA-1 also interacts with CR3.) CD28 (and homolog CTLA4) on the T-cell also interact with B7-1 and B7-2 on APCs, which provide costimulatory signals for T-cell activation. While the TCR is solely responsible for Ag specificity, other adhesion proteins are still required for signaling. 
X – SUPERANTIGENS 

Some bacterial and viral antigens can activate large numbers of T-cells through a special mechanism. Unprocessed superantigens bind both a TCR-β chain and an MHC II molecule on an APC (including B-cells in this case), regardless of the antigen being presented within the MHC. The result is that about 5-10% of T-cells become activated instead of 0.001% as in a normal infection. Murine mammary tumor viruses, which hijack B-cells, use superantigen to trick T-cells into stimulating B-cell growth (and, therefore, viral proliferation).

XI – DETECTING AG-SPECIFIC T CELLS IN VIVO

You can create soluble MHC in bacteria, biotinylate them, and then attach them to tetravalent avidin to create soluble tetrameric MHC. Alternatively, you can express MHC dimers by expressing “Class I heavy chain fused to the N terminus of an Ig heavy chain.” These are called Schneckamers only by Dr. Siliciano. The benefit of the Schneckamer is that, when expressed in mammalian cells, Ig light chain and β2-microglobulin will naturally associate with the molecule. These can be used to demonstrate the degree of clonal expansion of T-cells in response to Ag stimulation.
XII – AG RECOGNITION BY NKT CELLS

Some lymphocytes are ‘natural killer T cells’ (NKT cells). They express α/β TCR like T cells (although just one Vα, Jα, and Vβ are used). However, they recognize bacterial lipids bound to the narrow cleft of the CD1 molecule. To this extent, they can be considered part of the innate immune system. It is interesting that this recognition is mediated by TCR/MHC interactions.
Lecture 11 – Flow Cytometry
Flow cytometry simultaneously and rapidly measures multiple characteristics of single cells. Forward scatter is related to cell surface area, while side scatter is related to cell granularity and complexity.
One can stain different cells with different fluorescent antibodies. If an entire class of cells expresses, say, CD4, that class can be identified by color with FACS. The most simple flow cytometer detects fluorescent light and plots cell number vs fluorescence intensity (a one-parameter histogram). Different populations will occupy different intensities. 

Two-parameter histograms can also be created (and are the graphs we’re used to looking at). The X- and Y- axes indicate different frequencies, while the dot density indicates cell number. For our purposes, top right of a CD4/CD8 FACS is CD4+/CD8+, bottom left is -/-, and top left is CD4+/CD8-.
Lecture 12 – Antigen Presenting Cells

Stuart C. Ray, MD

Apologies in advance for the department of redundancy department that is this lecture.

DENDRITIC CELLS

The adaptive immune response is slow enough in the abstract even without having to deal with real-world problems such as 3-dimensional scanning. The immune system doesn’t bother with moving naïve immune cells throughout tissues. Instead, dendritic cells reside throughout the body and then travel through the lymphatic ducts to secondary lymphoid organs (lymph nodes and spleen) after exposure to a pathogen+danger signal. There, they help spawn the adaptive immune response. Upon activation, T-cells exit the lymphoid organs and enter into the circulation.

APCs are somewhat like macrophages except they have few lysosomes and many multivesicular vacuoles.  They are 100x as efficient as macrophages at initiating the primary immune response. 

Subpopulations

There are two classes of DCs: myeloid and lymphoid. The myeloid DCs secrete IL-12, and most also secrete IL-10 to induce naïve B-cell differentiation. The lymphoid DCs include plasmacytoid DC (pDC). pDCs secrete large amounts of type I interferon, modulating T-cell differentiation.

Maturation of myeloid DCs

When DCs are young, they acquire antigen, and when they are old, they present it. Immature DCs emerge from the BM and travel to peripheral non-lymphoid tissues. There, DCs engage in macropinocytosis, sampling the environment rapidly. Upon stimulation by inflammatory factors, the DCs mature and travel in afferent lymph ducts (from epithelium) or blood (from other organs) to 2o lymphoid organs, where they tend to associate with T-cells. DCs have some extent of constitutive migration to lymph organs even in the absence of danger signal; this is part of the self-tolerance training mechanism.

Freshly isolated DCs efficiently display antigen, though older DCs and mature DCs do not. Instead, mature DCs develop strong binding and stimulatory activity for T cells. ICAM1/2, LFA, and DC-SIGN are upregulated, as are costimulators B7-1/2. DC-CK is a chemokine that is expressed only by DCs in lymphoid tissues, and it attracts naïve T cells. 

Immature DCs rapidly sample the environment via macropinocytosis. Then, they merge the macropinosomes with MHC II-rich vesicles. Then, they are sent back to the cell surface as complexes. The DC cannot perform many of the oxidative degradative functions that macs can, but instead they have internal TLRs that can activate the DC in case of an ‘invader’. Consequently, molecules like LPS, TNF, and IL1 turn off the macropinocytosis behavior of DCs and trigger them to begin presenting to T cells. They cause the cell to stop, take a snapshot of the antigens present at the moment of danger, and then present those antigens to lymphoid cells for further action.

Another form of macropinocytosis regulation comes in the form of affinity regulation. Adsorptive endocytosis is a high-affinity pathway of normally-inefficient uptake which takes advantage of lectin-like molecules (resembling mannose binding lectin on macs).

Histologically, immature DCs have high intracellular visible MHC II (which they actively synthesize). Mature DCs have high extracellular visible MHC II (which they no longer synthesize).

Adjuvant Function of DC

DCs readily prime CD4 T cells. These CD4 T cells, in turn, super-activate or license the DCs. The DCs may now directly prime naïve CD8 T cells without further CD4 help. This explains why viral infection of a DC can make the immune response CD4-independent.


Licensed DCs also produce IL-12, which encourages CD4 T cells to differentiate into Th1’s (mac activators). Alternatively, in the presence of IL-4, licensed DCs induce CD4 T cells to become Th2’s (B-helpers). Licensed DCs can also interact with B-cells, helping them form antibody.

Tolerance Induction

DCs don’t just activate the primary immune response to exogenous antigens. They also capture and present self-antigens, displaying such antigens ectopically. Without signal 2, these signals trigger tolerance (discussed later).

Cross-priming

DC takes up dead cell parts, so even if a virus doesn’t infect DC, it will display viral proteins. Interestingly, via a cross-vesicular pathway, these peptides get loaded onto MHC I, not MHC II.

OTHER APC POPULATIONS

Macrophages and B-cells have some APC capability (100x less efficient than DCs in primary response). However, they are important in secondary response.


Macrophages are capable of adsorptive endocytosis, which is made efficient by Fc and other receptors. Thanks to their ubiquitous lysosomes, they completely degrade most antigens. Thus, there is often nothing to present – especially upon activation.


B-cells undergo antigen-specific Ag display (as discussed above).
Lecture 13 – T-Cell Selection and Central Tolerance

Drew M. Pardoll


Freemartin cows share a fetal blood supply; this natural parabiosis leads to the condition where both share each other’s hematopoietic stem cells. They are tolerant to their sibling’s blood due to tolerance taught to foetal (that’s for you, Simon) T- and B-cells. Burnet’s clonal deletion model posits that immature lymphocytes are targeted for deletion if they are stimulated (since that stimulant is presumed to be ‘self’). Medawar et al confirmed the model (though not the mechanism, which is nevertheless correct).

Medawar’s experiment: B strain skin graft onto A mouse ( rejected in 10 days.

B strain blood injected into strain A, then skin graft ( rejected in 4 days

B strain blood injected into strain A embryo, then skin graft ( accepted


Central tolerance is that generated during lymphocyte development. Peripheral tolerance is the induction of tolerance in mature lymphocytes. This is probably far less clear-cut than it is made to seem here, but this is a nice artificial septum, anyway.

T CELL DEVELOPMENT

For αβ TCR-expressing T cells, development goes something like this: (1) TCR gene segments are rearranged, resulting in functional, surface-expressed TCR α & β. (2) Negative selection eliminates thymocytes expressing self-reactive TCRs. (3) Positive selection causes thymocytes recognizing MHC + foreign Ag to proliferate. (4) Finally, effector function is acquired.


Forming an αβ TCR necessarily precludes forming a γδ TCR, since those gene segments will be lopped out during Vα Jα rearrangement. γδTCRs, though, have many N-linked nucleotides (added by terminal deoxynucleotidyl transferase [TdT]), increasing their diversity.

The naïve T-cell leaves the BM and enters the thymic cortex. There, the γ and δ chains rearrange on some cells, blocking α/β recombination. In most cells, the α and β cells rearrange. β finishes first during the CD4-/CD8- stage. The β chain, but not the α chain, must successfully rearrange and be expressed to enter the CD4+/CD8+ stage. PreTCRα is the gene that, when coupled with TCRβ, indicates that β has successfully rearranged. At this point, the T-cells leave the cortex (sweet bread) and migrate towards the thymic medulla, where α continues to try to rearrange. If α-rearrangement is successful, a full TCR is present, and the T-cells differentiate into exclusively CD4+ or CD8+ cells. Without successful α-rearrangement, the cell will die. (Diagram: notes p195.)
Negative Selection

The CD4+/CD8+/TCRαβ+ stage is critical for T-cell development. Negative selection occurs here. In mice, APCs presenting MHC II I-E can be linked by endogenous superantigen to T-cells with Vβ17 on their T cell TCR. This causes negative selection of those T-cells. In I-E expressing mice, ~0% of T-cells have Vβ17, while in I-E- mice 4-15% express it. This helped demonstrate that a major mechanism for self-tolerance in developing T-cells comes from deletion of thymocytes expressing self-reactive TCRs at the CD4+/CD8+ stage.
Positive Selection

Just because you are a differentiated T-cell that won’t kill your host doesn’t mean you deserve to live. You must be able to recognize host MHC (but not with self antigen) to be of any use. Successful positive selection is followed by maturation. The decision to become CD4+ or CD8+ is not random; it is instructed depending on whether the TCR has better specificity for MHC I (CD8) or MHC II (CD4). 

The selection process seems to be quantitative. Too much signaling at the CD4+/CD8+ stage leads to negative selection and programmed death. Too little signaling at that stage leads to nonselection and slow death. Baby-bear signaling lets the T-cell Goldilocks differentiate. This is low- to medium-level signaling that will, in the presence of foreign antigen, be much stronger.

This decision is made in part while sampling stromal cells during development. Ultimately, though, the affinity for peptide-MHC complexes in the thymus by the TCR determines whether the thymocyte will be positively, negatively, or non-selected.
“The affinity requirement for positive selection is just lower than the affinity requirement for activation of mature cells’ TCRs.” 
Lecture 14 – T Cell Tolerance

Horror autotoxicus is the term given by Morgenroth for failure to develop T-cell self-tolerance. Janeway and Matzinger, however, propose that context matters. Antigens presented in the presence of PAMPS (Janeway) or any danger signal such as PAMPS, Hsp’s, and necrotic factors (Matzinger) will elicit a response. Critical to both models is the activation state of APCs. PAMPS and Hsps can all activate PRRs on APCs.

Mechanisms of Peripheral Tolerance
Tolerance can develop in the thymus as previously described. It can also develop peripherally, it seems. Ignorance is one mechanism of tolerance – some cells like neurons just hide behind physical barriers from the immune system, leaving it ignorant. In other cases, the level of antigen is just so low that the immune cells fail to respond. 

Clonal deletion can occur in the periphery. Whereas in ignorance, there is little antigen, in clonal deletion, the specimen is swamped with antigen. The organism ultimately deletes the T-cells that react with the new, ubiquitous antigen.

T cell anergy is key to the Janeway and Matzinger models. If the APC is resting when it presents antigen to the T cells, tolerance occurs. Signal 1 is transmitted without signal 2. Not only do T-cells that receive signal 1 without signal 2 fail to proliferate and emit IL-2; they also lose the ability to respond to signal in the future, thus becoming anergic.
T regulatory cells, a subset of CD4+/CD25+ T cells, promote tolerance. They have the ability to suppress immune activation. Tr1 cells secrete IL-10 and Th3 cells secrete TGF-β, both tolerogenic factors.
Immunoregulation

IL-10 is a cytokine synthesis inhibitory factor, as it downregulates active immune responses. However, it also plays a role in promoting self tolerance. Gut associated lymphoid tissue (GALT) secretes IgA. Peyers patches have many IL-10 and TGF-β producing T-cells that help B-cells produce IgA. However, they also promote tolerance to the antigens being processed in the gut. These are called Th3 cells, and are CD4+ helper cells. Inhaled antigens trigger Tr1 cells to secrete IL-10, promoting tolerance as well.
Autoimmunity

When tolerance mechanisms break down, autoimmunity develops.
Lecture 15 – Lymphocyte Activation

Stephen Desiderio
T-Cells

Lecture in brief: When APCs display MHC+peptide and B7, the naïve T-cell TCR and CD28 become activated, triggering a tyrosine-kinase cascade that results in Ca++-dependent and MapK-dependent pathways that ultimately upregulated IL-2 and IL-2Rα.

Most immune responses begin with the activation of naïve T cells. Activation induces these cells to proliferate and differentiate into distinct subsets. (Since any given APC carries a large variety of MHC-peptide combinations, the T cell must sample a large number of complexes.)
CD8+ T-cells


Bind to Ags presented by MHC I

Respond to intracellular pathogens

Differentiate into cytotoxic T-cells that target infected host cells

CD4+ T-cells


Recognize Ags presented by MHC II

TH1



Induce inflammatory response, activating macrophages


TH2



Assist B-cell response to antigens

Activation vs anergy

The APC provides Signal 1 via the MHC-Ag presented to the T-cell’s TCR. If the APC also provides the antigen-independent Signal 2 (B7.1/2 to the T-cell’s CD28), this causes activation of the T-cell.
DCs virtually always present B7.

Macs present MHC II and B7 in response to microbial products (PAMP/PRR mediated?)

B-cells present some MHC II. Present B7 in response to PAMPs or engagement of surface Ig. They uptake antigen via a mechanism that involves their surface Ig, making them display specific Ag fragments.

If Signal 1 is provided without Signal 2, clonal anergy occurs – unless the cell has already been activated in the past by signals 1&2. These effector cells can be activated just by Signal 1. 

GENERATION OF SIGNAL 1 BY PEPTIDE-MHC COMPLEXES

Secondary lymphoid organs (lymph nodes, Peyer’s patches in gut, and spleen), are the site of APC/naïve T-cell encounters. Since these organs constitutively secrete chemokines, T-cells and activated APCs migrate there. Extravasation into all but the spleen works just as for PMNs to infectious sites (diapedesis). ICAM/LFA interactions, similarly, cause DCs and T-cells to meet. LFA-1 (T-cell) ( ICAM (APC) to initiate.


Next, the TCR and CD4 bind an MHC II, or the TCR and CD8 bind an MHC I. Crosslinking of the TCR-CD3 complex occurs, activating tyrosine kinase activity in kinases recruited by ITAMs – this is the sine qua non for T-cell activation. The immunoreceptor tyrosine-based activation motifs (ITAMs) reside in the cytoplasmic tails of all TCR-bound Igs, such as ζ, η, and CD3. ζ has 3 ITAMs, η has 2, and each CD3 has one. Each ITAM can couple signal reception to a TK because each ITAM, once phosphorylated, recruits 2 SH2 domains (spacing of phosphorylation sites on each ITAM is critical). ZAP70 has 2 SH2 domains (how quaint), so it can engage a properly phosphorylated ITAM and become activated. LAT is phosphorylated by Zap70. Phosphorylated LAT, ultimately, transduces the signal, causing both a Ca++-dependent PKC-activating pathway and/or a Ras/MapK pathway become activated in the T-cell, inducing IL-2 and IL-2Rα if you have signal 2 as well. IL-2 and its receptor set up an autocrine stimulatory loop.


Above, I said that phosphorylated ITAMs can recruit ZAP70’s SH2 domains. These ITAMs become phosphorylated by Lck, a ZAP-like protein that associates with CD4 or CD8, to initiate the entire sequence described above. This is because binding of the MHC by CD4 or CD8 causes these proteins to bring Lck into close quarters with the ITAMs. 

Signal 1, in brief:
MHC || CD4 or CD8 ( Apposition of Lck to ITAMs ( Phosphorylation of ITAMs

MHC || TCR ( Crosslinking of ITAMs in CD3 or TCRη or ζ ( SH2 recruitment ( ZAP70 recruitment & activation ( LAT phosphorylation 
GENERATION OF SIGNAL 2 / COSTIMULATION AND CLONAL EXPANSION

CD28, a surface Ig on T-cells, is activated by B7.1 and B7.2 found only on professional APCs. (Thus if you somehow escape as a naïve T cell and run into some random epithelial cell displaying MHC I, this cell probably won’t be expressing B7.1/2 and you will therefore fail to receive Signal 2. You will become anergic and die.) Engagement of CD28 by B7 promotes cell cycle progression and increases IL-2 production. The principal function of the B7(CD28 signal is probably to increase IL-2 by increasing the lifetime of its transcript.

Once you have provided signals 1+2 (from TCR and CD28), IL-2 is upregulated transcriptionally. This is via Ras/MapK and PIP2 signaling pathways:
MHC || CD4 or CD8 ( Apposition of Lck to ITAMs ( Phosphorylation of ITAMs

MHC || TCR ( Crosslinking of ITAMs in CD3 or TCRη or ζ ( SH2 recruitment ( ZAP70 recruitment & activation ( LAT phosphorylation ( MapK pathway (and Ca++ release ( calcineurin activation ( dephosphorylation of NFAT, which translocates to nucleus and upregulates IL-2 and its receptor)

Cyclosporin A (CsA) and FK506 can inhibit the clonal expansion of T-cells by blocking calcineurin. This prevents NFAT from becoming dephosphorylated, blocking IL-2 activation.

SAVING YOURSELF

This clonal expansion would kill you if there were no termination. Fortunately, in response to receiving Signal 2 from B7 to CD28, the T-cell eventually expresses CTLA-4. It receives signal from B7 as well, but this is a negative signal, shutting down proliferation. Without CTLA-4, the lymphoid organs would engorge, T- and B-cells would become hyperactivated, and death would soon ensue from lymphocytic infiltration of essential organs.
B-Cells

For efficient activation, undifferentiated B-cells require (1) antigenic signal, and (2) costimulation. The antigenic signal comes from antigen binding to the B-cell receptor (BCR, a surface IgM). Like T-cells, B-cells, when stimulated by Ag, increase Ca++, activate PKC, and turn on the Ras/MapK pathway. How? Stimulation works like this:
Stimulation
Ag binds to surface IgM, which is associated with invariant Ig’s (Ig-α and Ig-β). These are equivalent to B-cells’ CD3. The invariant Ig chains have ITAMs and, upon IgM-mediated crosslinking, they become phosphorylated. They then recruit a ZAP70 homologue called Syk. Syk has tandem SH2 domains that bind to the invariant Ig’s. It phosphorylates BLNK, creating PLCγ and GRB2 binding sites. This step links BCR engagement to the IP3-DAG pathway and the Ras/MapK pathway. (Lack of BLNK leads to failure to transducer signal from BCR signaling, preventing B-cell maturation.) NFAT is ultimately freed to enter the nucleus. Lck homologues called Blk, Fyn, and Lyn probably phosphorylated the invariant Ig’s to recruit Syk to the invariant Ig’s at the outset of signaling.

Additionally, a TH2 cell recognizes the MHC II+Ag complex and is incited to release signaling molecules to the B-cell.

Costimulation
So that is stimulation. Costimulation is also required. At this point, the B-cells have received a signal from BCR crosslinking and a TH2. Now, they encounter a follicular dendritic cell in the lymphoid follicle. FDCs have FCRs. These display Ab-Ag complexes that also have C3d attached to the antigen. This member of complement coengages the B-cell at CR2 and leads to the phosphorylation of CD19 cytoplasmic tail. The antigen engages the surface Ig. The IgG engages the FCR. With this tripartite engagement, activation is efficient.
Inhibition

FcγRIIb1 is a special FcR that suppresses stimulation when crosslinked with the BCR complex. FcγRIIb1 provides a means for antibodies produced by a B-cell to feedback and inhibit the B-cell response. It works via suppressing Ca++ flux by means of phosphorylation of an ITIM (like ITAM but recruits inhibitory phosphatases).

T vs B
	
	T-Cell
	B-Cell

	Surface Receptor
	TCR
	sIG (BCR)

	Invariant Chain
	CD3ζ
	Igα/β

	Initiating Kinases
	Lck
	Blk, Fyn, Lyn

	Relay Kinases
	Zap70
	Syk

	Adaptors
	LAT
	BLNK

	Costimulator
	CD28
	CD19

	Shutoff
	CTLA-4
	FcγRIIB


Lecture 16 – T Cell Effector I: CD4+ T Cells and Cytokines

Mark J. Soloski, PhD

Naïve T-cells become stimulated by Ag/MHC and Signal 2 from an APC in the spllen and lymph nodes, where they expand. Then, they become differentiate and become endowed with varying effector functions which they will use in the secondary lymphoid organs and elsewhere.

As was discussed in the previous lecture, stimulation by signals 1 and 2 causes T-cells to release IL-2 and express the IL-2R α chain. IL-2 has a fast on-rate and a very slow off-rate for the IL-2R α/β/γ trimer. This causes an autocrine loop which stimulates the T-cell to grow fiendishly, even at low [IL-2]. Other cytokines can replace the role of IL-2, but the IL-2R chains must be present. X-linked sever combined immunodeficiency (XSCID) is caused by a defect in the IL-2R γ chain. IL-2 is not special because other cytokines can perform the same role, but the γ chain is special because all of the receptors, not just IL-2R, use the γ chain.


Tyrosine kinases are all-important for differentiation, just as they were for proliferation. The IL receptors dimerize in response to IL binding, activating the JAK/STAT pathway.
CD4+ T Cells Are Heterogenous

There are two populations of CD4+ cells that can be distinguished by lymphokines that they secrete (not morphologically). IFN-γ and IL-12 promote TH1 differentiation, while IL-4 promotes TH2 differentiation. 
TH​1 Functions
TH1 cells secrete IL-2, IL-3, γ-IFN, and TNF-α. They activate macrophages, especially the ROS/NOS methods of killing pathogens. CD40L from the TH1 signals to the macrophage’s CD40. In conjunction with γ-IFN and TNF-α, for which there are receptors on the mac as well, the macrophage becomes activated and begins ROS killing. The release of cytokines that activate macrophages is antigen specific, but the macrophages destroy intracellular pathogens in a non-antigen-specific manner.
TH1 cells are also implicated in delayed type hypersensitivity (DTH). This is not an allergy, which is an immediate hypersensitivity. DTH is an activation of previously sensitized T cells which results in tissue accumulation of macrophages. The PPD test for tuberculosis takes advantage of this. Within 48 hours of intradermal injection, TH1 cells will have triggered an inflammatory, macrophage-infiltrated response if you’ve been exposed to the TB bacillus.

TH2 Functions
TH2 cells trigger B-cell differentiation and even class switching with specific cytokines. B-cells only efficiently display Ab-specific Ag on their MHC II, so they ~only can be activated by TH2 cells specific for the same Ag. 

The cytokines IL-4, IL-5, and IL-6 have various effects on B-cell development. Interestingly, CD40L from the TH2 cells is involved in activating CD40 on B-cells, just as in the case of macrophages. In response to MHC binding, CD40 stimulation, and cytokine binding, the B-cell becomes stimulated and can efficiently secrete Ig and undergo class (‘isotype’) switching. Failure of CD40L-CD40 signaling prevents class switching, causing progeny to all produce IgM.
The different ILs and TGF-β appear to determine which Ig isotype will be secreted by the B-cell after interacting with the T-cell. Some refer to these factors as switching factors.
Activation of TH1 vs TH2 CD4+ Cells and Leprosy
TH1 and TH2 cells are not preprogrammed in the thymus. They derive from undifferentiated TH0 cells after stimulation by APCs. Depending on which co-stimulatory molecules are encountered by the TH0 cell, it may swing to 1 or 2. Leprosy, caused by macrobacteria leprae, gives a good window into the importance of this.

Effective control of leprosy requires macrophage activation. Thus, TH1 cells are critical for controlling your leprosy. If you have the tuberculoid form of leprosy, your body produces the right CD+ cells and you tend to survive. If you have the lepromatous form, TH2 predominates. This leads to a humoral antibody response. The intracellular pathogen doesn’t really care, but you’re failing to stimulate your macrophages so the bacteria reproduce vigorously. 
IFN-γ and IL-12 (pro-TH1) are secreted by APCs and NK cells in the early phase of a host-response to infection. Mice KO’d for those two messengers have poor outcomes since they underproduce TH1 cells.

Lecture 17 – T Cell Effector Function II: CD8+ (Cytolytic T Lymphocytes) and NK Cells

Mark J. Soloski, PhD


Last lecture dealt with two subclasses of activated CD4+ T cells. In this lecture, we’ll examine NK cells and CD8+ cells, aka CTLs.
CD8+ CELLS – CTLS

MHC I

MHC I is the main MHC protein used to display self- and viral-derived peptides (also some intracellular bacteria). TAP1/2 pump partially-proteolyzed fragments into the ER, where they associate with MHC I for surface display. CD8+ CTLs can interface with MHC I. Upon recognition of a non-self peptide (or, a combination of Ag+MHC I to which the T cell was not tolerized), the CTL attacks the infected cell. 

Activation of CTLs

[Activation proceeds by direct viral infection of DCs or by cross-priming.]

Cytomegalovirus is a big problem for BM transplant recipients. Strong CTL responses have been shown to be favorable. The initial activation of CD8+ CTLs can be independent of CD4+ cells. This is probably due to viral infection of DCs, which then display B7 and MHC I with viral proteins (signal 1 and 2). However, this response does not effectively clear virus. CD4+ cells are required to maintain CD8+ proliferation and memory cell generation, ultimately clearing the virus. This is because CD4+ cells are required to license the DCs to effectively stimulate CD8+ CTLs.

After becoming activated either by an infected or a licensed APC, the CTL can then recognize just the signal 1 from an infected epithelial/etc. cell and kill it. But sometimes an APC does not become infected – what then? Cross priming of CTLs occurs when a previously activated CTL kills an infected cell. Apoptotic bodies and/or chaperone-bound proteins are picked up by neighborhood APCs, which migrate to lymphoid tissues and display the antigens on MHC I and MHC II proteins. CD4+ seem to be important in activating CD8+ cells via this mechanism (possibly by licensing the APC?).

Cytolysis

Binding of a CTL to a target cell is, initially, antigen independent. CTL LFA-1 makes important contact with the target’s ICAMs. If, at this time, Ag-MHC I complexes bind to the TCR, the CTL investigates further. CD8 binds MHC I, transmitting signals into the CTL and ultimately unleashing a non-ROS killing mechanism. Granulysin, granzymes, and perforin are released, killing only the target cell.

Perforin (like C9 of complement) literally opens holes in the target cell membrane. Granzymes probably enter through the perforin pore and trigger apoptosis (intrinsic?), while granulysin is lipid-bound and appears to trigger apoptosis, too. FasL from the CTL also interacts with Fas on the target cell, triggering the extrinsic apoptotic pathway. The residual cytotoxicity of CTLs in perforin knockout mice comes from the FasL/Fas interactions. Despite all of this talk about apoptosis, perforin is sufficient to kill the target cell, and it also appears to be necessary. Because perforin quickly polymerizes in high [Ca++] (which is the case extracellularly), it does not wander off and damage nearby cells.
Viral Escape
Viruses can hide via:


Latency in genome


Infecting privileged sites (neurons which lack MHC I)


Inhibiting MHC I

Inhibiting TAP proteins


Or in patients with mutations in CTL cytotoxic pathways


Inhibition of MHC I-associated antigen presentation can occur by blocking the proteasome, blocking MHC I synthesis or ER retention, blocking TAP transport, retrograde transport of MHC I from ER, and then displaying MHC I-like molecules to try to trick the immune system.

NK CELLS

NK cells are non-T non-B lymphoid cells that play a role in anti-tumor immunity, in transplant rejection, and in some viral infections. NK cells derive from CD34+ precursors and undergo maturation in the BM. IL-15 appears to be a key maturation factor. They express no surface Ig, no BCR, and no TCR, nor do they require RAG. They kill via the same mechanisms that CTLs kill.
Activating Receptors

ITAMs
NK cells have activating receptors which associate with membrane proteins such as DAP10/12 which have ITAMs. NKG2D is a well studied NK receptor that associates with DAP10. The ligands for NKG2D tend to be MHC I-like molecules that are upregulated in abnormal or stressed cells (MICA/B). Activation of NKG2D/DAP10 leads to the phosphorylation of the ITAMs and activation of ZAP70/Syk, initiating the MapK/PI3K pathways.
Fc Receptors
NK cells have Fc receptors, apparently allowing them to kill cells that have been coated in antibody.

Inhibitory Receptors

ITIMs
There are two families: the Ig superfamily and the C-type-lectin superfamily. Ig superfamily members like the Killer cell Ig-like Receptor (KIR), share two things in common with the C-type receptors. (1) They each contain ITIMs. (2) They each recognize, by and large, MHC I molecules.

Thus, MHC I is the primary inhibitor of NK killing. 

Conclusion
There is a signaling balance between ITAMs like MICA and ITIMs like MHC I, but in general inhibitory signals trump activating ones.
Lecture 18 – A Macroscopic View of the Systemic Immune System

Hy Levitsky

The innate immune system consists of virtually interchangeable components. The adaptive immune system, however, has very specific requirements (Ag presented to B- and T-cells) which require organized microenvironments.

MICROENVIRONMENTS

Microenvironments must support three functions:

1) Primary Lymphoid Organs: Produce clonally diverse lymphocytes with broad repertoire of Ag recognition (thymus for T-cells, bone marrow for B-cells).

a. Develop Ag recognition (rearrange genes)

b. Select cells with appropriate specificity

c. Develop signaling apparatus to respond to antigenic stimulation

d. Develop capacity to home to proper environment

2) Secondary Lymphoid Organs: Provide means of colocalization of Ag and the few, the proud, the mature lymphocytes of appropriate specificity and a way to support lymphocyte activation and clonal expansion.

a. Colocalize Ag and mature but naïve lymphocyte

b. Support activation and expansion of lymphocytes

3) Tertiary Lymphoid Organs: The rest of the body must have a means of surveying for pathogenic insult and recruit activated effector lymphocytes.

Primary Lymphoid Tissue – Bone Marrow
This is largely found in hips, skull, long bones, and vertebrae in adults. The more centrally you look in the bone, the more mature the cells are. The stroma provides mechanical support for the marrow, and it also produces stem cell factor which is a ligand for c-kit. C-kit is a surface TK receptor for hematopoietic progenitors.
B-lymphopoiesis in the BM begins with the hematopoietic stem cell and goes all the way to surface Ig+ B-cells in a largely antigen-independent manner. The stroma provides important survival factors such as IL-7 and insulin-like growth factor at pro- and pre-B-cell stages. Macrophages clear defective B-cells, especially those that have failed to produce functional BCR. They fail in two primary ways: (1) Without BCR signaling (at least, B-heavy-chain-plus-surrogate), B-cells are not thought to be able to exit the marrow. (2) Overly-high affinity interactions with antigen in the BM (and secondary lymphoid tissue) also causes death.

T-lymphopoiesis in the BM involves the creation of the pro-thymocyte. There is some commitment to the T-cell lineage in the BM. T-lymphopoiesis is, for the most part, thought to occur in the thymus. T-cells leave the BM as CD4-/CD8-.
Primary Lymphoid Tissue – Thymus

The thymus does 3 main things:

1) Receives T-cell progenitors.

2) Supports maturation, clonal expansion, and deletion of developing T-cells.

3) Coordinates release of competent T-cells to the periphery.


The thymus’s stroma comes from epithelial cells. Nude mice lack a thymus. The thymus contains the following epithelial types:

Subcapsular-perivascular – lines inner surface of capsule and vascular spaces, first to touch pro-thymocyte coming from marrow

Cortical epithelium – agents of positive selection.

Medullary epithelium – loosely associate with thymocytes. Stellate cells here express both MHC I and MHC II. Interdigitating cells here are effective APCs and drive deletion.

Prothymocytes enter through large venules at the corticomedullary junction (CMJ), but they quickly localize to the subcapsular zone. These double-negative cells begin to rearrange their TCR genes and proliferate. If they produce a successful TCRβ-preTCRα combo, they become CD4+/CD8+ and proliferate again. This is the major population (80%+) of the thymus. As they migrate from the cortex to the medulla, these cells will become single positive and increase TCR/CD3 expression. In the CMJ on their way to the medulla, they must survive a dense area of APCs, where they face negative selection. If they survive this stage, they upregulate Bcl-2 (anti-apoptotic). Over the next 14 days, the T-cells mature in the medulla.

SECONDARY LYMPHOID TISSUE
These are where naïve lymphocytes and exogenous antigen are first brought together. These are where effector and memory populations are born. Special adaptations common to each secondary lymphoid tissue type:

1) Special mechanisms for antigen and/or APC+Ag to access the microenvironment, which is far from the origin of pathogenic challenge.

2) Specialized vascular adaptations designed to recruit naïve lymphocytes from the blood.

3) Distinct zones for T and B cells within the tissue itself.

The secondary lymphoid tissue types themselves are:

Lymph nodes – Termination points for afferent lymph ducts from tissues.

Spleen – Filters all blood, destroying old RBCs and collecting vascular antigens.

Mucosal lymphoid tissue – (Peyer’s patch) specialized lymphoid tissue to collect Ags across mucosal epithelium

Compartmentalization of 2o lymphoid tissue

There are B-cell follicles and T-cell zones. Both cell types enter through high endothelial venules (HEVs) in the paracortex. The HEVs secrete homing receptors (grabbed by circulating lymphocytes) as well as chemokines that attract B and T cells. B-cells then migrate to the follicles due to B-lymphocyte chemoattractant (BLC) made by FDCs. T-cells migrate to T-cell zones due to their CCR7 recognizing secondary lymphoid chemokine. Without these receptors or signals, compartmentalization fails.

T-cell Activation in 2o lymphoid tissue

DCs capture antigen during macropinocytosis, migrate through afferent lymph ducts to secondary lymphoid tissue, and then present MHC+Ag to T-cells. CCR7 produced by the DCs helps it home in on the SLC emitted by the T-cell zones. Localization allows optimal scanning. DCs are great at stimulating T-cells because:


1) Lots of MHCs

2) Lots of co-stimulatory ligands / adhesion molecules

3) Secrete chemokines that T-cells love

4) Attracted to right spot in lymph/spleen

5) Extensive exterior surface maximizing surface area for T-cell contact

DCs also help target the T-cells that they activate to go to the right tissue after they leave via the efferent ducts of the lymph nodes. Inflammation at these sites helps, too, since the endothelium there will upregulate adhesion molecules.

Production of Memory-Effector Lymphocytes

Priming is necessary to get strong, long-term response. Plus, it makes for a rapid secondary response in the future. For T-cells, this change occurs in the T-zones of secondary lymphoid tissue. From then on, the signaling threshold for activation decreases, they gain homing capabilities, and they gain the ability to produce new chemokines and/or mediate lysis of target cells. Cognate 3-cell interaction of a CD4+ cell, a DC, and a naïve CD8+ cell, is thought to be required to activate the CD8+ cell.
For B-cells, differentiation in the secondary lymphoid organs creates two populations: plasma (= effector) and memory cells. It also triggers Ig rearrangement (affinity maturation and class switching).
B-cell Differentiation in 2o Lymphoid Tissues

An important but unsurprising difference between B- and T-cell activation is that the T-cell recognizes Ag as presented by the MHC, whereas the B-cell recognizes free Ag, or insoluble Ag complexes. A major difference between B-cell and T-cell activation in the secondary lymphoid organs is that the B-cell will undergo somatic hypermutation and clonal selection, while the T-cell is just selected for or against. No new diversity is added to the T-cell repertoire; it was set in the thymus. Now the T-cell is just clonally expanded.


The B-cell activation process is two-tiered. First, some B-cells become plasma cells and secrete IgM in a primed but possibly-T-cell-independent process. The second phase occurs 3-4 days later and is T-cell dependent. The plasma cells enter the lymph via HEV or spleen via marginal sinuses. Without antigen, they move to the primary follicles or secondary mantle and will recirculate through the lymphoid tissues. If they do encounter free antigen, though, they form a primary B-cell blast. These localize to the medullary cords (in LNs) and periarteriolar lymphoid sheaths (PALS in spleen) and secrete the primary antibody response. If there is an appropriate T-cell in the vicinity, some B-cells will enter the primary follicle, proliferating due to the Ag held by FDCs. The primary follicle becomes a secondary follicle – an oligoclonal center (1-3 different B-cell blasts) that can last for up to three weeks.

B-cell doubling occurs every 6 hours in the germinal center (GC in the secondary follicle), causing the secondary follicle to spread and become polarized. The dividing centroblasts are at the ‘dark zone’. The progeny centrocytes (which become plasma and memory cells if successful) are in the light zone, where macrophage clear them if they apoptose.


The germinal center is critical to increasing Ab affinity via somatic hypermutation and affinity-based selection.  The centroblasts clonally expand. As they do so, they acquire Ig gene mutations (1 per division). The resulting centrocytes are selected for/against clonally. The surviving centrocytes ultimately become plasma and memory B-cells. 
The FDCs drive the selection process; they do not drive the GC reaction. Grabbing Fc and C3b efficiently, FDCs display immune complexes. The B-cells that most effectively compete for the antigen displayed by the FDCs will become clonally expanded. If they do not successfully compete, they won’t receive the survival signals from the FDC, perishing. 
CD4+ T-cells engage CD40 via their CD40L, promoting the survival of B-cells that are capable of interacting with the given CD4+ T-cell. This occurs on the follicular margin, and is dependent on full activation of the CD4+ TH2 cell (it must stop expressing CCR7 to migrate from the T-zone to the follicle). As expected, these TH2 cells express IL-4, IL-5, and IL-6, which also promote proliferation and survival of B-cells. This triggers class switching, notably allowing the B-cells to produce IgG. No further hypermutation occurs.

TERTIARY LYMPHOID ORGANS (EVERYTHING ELSE)

Memory-effector cells tend to hang out in tissues where they can quickly mount a response to repeated assault by the same previously-recognized offenders. Furthermore, these tissues can secrete TGF-α/β, TNFα, G-CSF, GM-CSF, and many ILs to promote the endothelial recruitment of lymphocytes or to activate immune-related cells directly.
Lecture 19 – Alloresponses and Transplantation Immunologyj

Jonathan Schneck

Autologous grafts are self-grafts.

Syngeneic grafts (isografts) are between genetically identical individuals.

Allogenic grafts are between two different individuals in the same species.

MAJOR HISTOCOMPATIBILITY
In transplant rejection, non-self MHCs are recognized. They present self-antigens differently from how the recipient normally sees self-antigens. Thus, they can be recognized as foreign, since the recipient’s T-cells were not selected against. This can only happen because there are different MHC polymorphisms.

HLA in man and H-2 in mice encodes the entire region of MHC I and II molecules.

Laws of Transplantation rejection
Inbred transplants succeed.

Transplants between different inbred strains will fail.

Transplants from P(F1 will succeed, but F1(P will fail.

Transplants from F2…Fn(F1 will succeed.

Transplants from inbred P(F2 will usually fail, but not always.

The fifth rule allowed the prediction of how many genes there were at the broader HLA locus. If 1 locus controlled rejection, ¾ of P(F2 should have succeeded. If 2, (¾)2 should have succeeded. We actually saw between (¾)30 and (¾)50, so there are 30-50 individual genes within the broader HLA locus.
The one-way mixed lymphocyte reaction (one-way MLR) is an in vitro correlate to estimate tissue rejection. Leukocytes from two individuals are isolated; the donor’s cells are radiated, and the recipient’s cells are examined to see if they react against the donor tissue. The recipient’s T-cells will proliferate (measured by 3H-thymidine incorporation) if they react to the donor’s MHC II. (This is because CD4+ cells release IL-2.) The recipient’s T-cells will lyse the donor’s cells if they react to MHC I. (This is because CD8+ cells mediate lysis.) It naturally follows that antibodies against foreign MHC I will protect the foreign cells from lysis.
For incompatible hosts, the stimulation index in an MLR is on par with a secondary immune response. This is due to cross reactivity - the recipient T-cells can recognize the antigens presented by allo-MHC I & II, yet they have not been tolerized to those antigens since they are presented in a novel way by the donor MHCs. The self-peptide may or may not form part of the structure recognized by the recipient T-cells. Nevertheless, this topographic surface appears to the T-cells’ TCRs as being an MHC presenting some foreign peptide.
The T-cells go into action upon receiving Signal 1 (MHC+Ag) without Signal 2 because they are already activated. Indeed, the auto-reactive CD8+ cells seem to think that they are recognizing some previously seen foreign antigen, such as HA.

MINOR HISTOCOMPATIBILITY ANTIGENS
There is slow rejection of minor histocompatibility antigens, but these nevertheless confound the grafting process. These form the basis of female rejection of male graft tissue. At an H-Y locus, SMCY is produced by males, displayed on MHC I, and seen by female T-cells.

ALL REJECTION IS NOT EQUAL
There are differing levels of rejection.

Hyperacute rejection takes place over minutes to hours, and comes from pre-formed anti-HLA antibodies or anti-ABO antibodies. Complement and antibodies deposit in the vasculature, leading to extensive necrosis. This is the type of rejection that you get when you lose on Iron Chef – they chop your limb off and laugh at you. (That’s how it should be done.)

Acute rejection takes days to weeks to manifest, and it involves T-cell activation. CD8+ CTLs become activated. It largely comes from the MHC rejection that has been the focus of this discussion. Immunosuppressants (below) can prevent this. ‘White graft rejection’ is the result of second-set acute rejection (the body has already seen the tissue and has honed its T-response). In such a case, revascularization doesn’t even occur before rejection happens. This is like dating a penpal (or something) and finally meeting them and discovering that they’re annoying and unattractive. You don’t want to drop them the first time you see them, so you wait around for a few days to see if you can get over it (and you can’t) so you drop them like it’s hot.

Chronic rejection takes place months to years after transplant and is not well understood. It is characterized by accelerated graft arteriosclerosis. This is the type of rejection that comes about slowly, as your wife walls off her personal life from your own since she realized too late that you and she weren’t the match that she originally had thought.
PREVENTING REJECTION
Global immunosuppresion is currently performed via agents like cyclosporin A (blocks T-cell IL-2 and γ-IFN production via inhibiting calcineurin-mediated dephosphorylation of TF ‘NF-AT’), corticosteroids, and metabolic toxins (they kill rapidly proliferating cells such as lymphoid tissue).
Antibodies against T-cells specifically can be used to eliminate mature T-cells responsible for graft rejection. OKT3, an anti-TCR antibody, depletes such cells. Anti-LFA-1 and anti-ICAM/VCAM are also useful against T-cells.

The simplest way to minimize rejection is to match as many HLA molecules as possible. HLA-DR (MHC II), HLA-A, and HLA B (MHC I) are the focus so far.

Blocking signal 2 could lead to long term tolerance (you have signal 2 since you just made a major gash and have all these sutures attaching someone else’s arm to your body, at the very least). Anti-CD40 and CTLA-4-Ig could block signal 2, resulting in tolerance. 
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