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Aktiviert T- und B-Zellen

Antigen Art, Dosis und Lokalisierung beeinflussen die 
Immunantwort

TH1 vs TH2

Elimination/Entfernung des Antigens stoppt weitere 
Aktivierung

1. Antigen als Hauptregulator



1. Antigen als HauptregulatorTh1 – Th2 Querregulierung 
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2. Notwendigkeit der Co-Stimulation

Fig 15-6
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ago and was soon followed by experimental demonstra-
tions of populations of T lymphocytes that suppressed 
immune responses. These initial findings led to enormous 
interest in the topic, and suppressor T cells became one 
of the dominant topics of immunology research in the 
1970s. However, this field has had a somewhat checkered 
history, mainly because initial attempts to define popula-
tions of suppressor cells and their mechanisms of action 
were largely unsuccessful. More than 20 years later, the 
idea had an impressive rebirth, with the application of 
better approaches to define, purify, and analyze popula-
tions of T lymphocytes that inhibit immune responses. 
These cells are called regulatory T lymphocytes; their prop-
erties and functions are described next.

Regulatory T lymphocytes are a subset of CD4+ T cells 
whose function is to suppress immune responses and 
maintain self-tolerance (Fig. 15-7). The majority of these 
CD4+ regulatory T lymphocytes express high levels of the 
interleukin-2 (IL-2) receptor α chain (CD25). A transcrip-
tion factor called FoxP3, a member of the forkhead fam-
ily of transcription factors, is critical for the development 
and function of the majority of regulatory T cells. Mice 
with spontaneous or experimentally induced mutations 
in the foxp3 gene develop a multisystem autoimmune 
disease associated with an absence of CD25+ regulatory  
T cells. A rare autoimmune disease in humans called 
IPEX syndrome (immune dysregulation, polyendocri-
nopathy, enteropathy, X-linked) is caused by mutations 
in the FOXP3 gene and is associated with deficiency of 
regulatory T cells. These observations have established 
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FIGURE 15-6 Mechanisms of action of CTLA-4. A, Engagement 
of CTLA-4 on a T cell may deliver inhibitory signals that terminate further 
activation of that cell (cell-intrinsic function of CTLA-4). B, CTLA-4 on 
regulatory or responding T cells binds to B7 molecules on APCs or removes 
these molecules from the surface of the APCs, making the B7 costimulators 
unavailable to CD28 and blocking T cell activation. CTLA-4–mediated 
inhibition by regulatory T cells is a cell-extrinsic action of this inhibitory 
receptor (since the responding T cells are suppressed by another cell).

FOXP3FOXP3
FOXP3FOXP3

Recognition
of self antigen

in thymus

Effector
T cells

Recognition
of antigen

in peripheral
tissues

Regulatory
T cells

Inhibition of
T cell responses

Inhibition of
other cells

Thymus Lymph node

DC
Naive
T cell

NK cell

B cell

FIGURE 15-7 Regulatory T cells. Regulatory T cells are generated by self antigen recognition in the 
thymus (sometimes called natural regulatory cells) and (probably to a lesser extent) by antigen recognition 
in peripheral lymphoid organs (called inducible or adaptive regulatory cells). The development and survival of 
these regulatory T cells require IL-2 and the transcription factor FoxP3. In peripheral tissues, regulatory T cells 
suppress the activation and effector functions of other self-reactive and potentially pathogenic lymphocytes.

CD28: konstitutiv auf T-Zellen exprimiert
CTLA-4: nach aktivierung exprimiert
 höhere Affinität gegenüber B7



2. Notwendigkeit der Co-Stimulation

Antigenpräsentierende
Zelle

T-Zelle



3. Regulatorische T-Zellen: Phänotyp
Phenotyp der Treg-Zellen 

CD4+, CD25hoch+, FoxP3+ 
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3. Regulatorische T-Zellen: Funktionen

Fig 15-7
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3. Induzierte Regulatorische T-Zellen
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3. Regulatorische T-Zellen: Mechanismen



Phänotyp: CD3+ CD4+ CD25+ FoxP3+

 FoxP3 Mutation: IPEX Syndrom (immune dysregulation, polyendocrinopathy, enteropathy, X-
linked)

Ursprung: Thymus (natürlich) oder Peripherie (induziert)

Suppressionsmechanismen:
 Zytokinsekretion: IL-10, TGFβ
  IL-10-/- Mäuse: Colitis

 Block der Co-Stimulation durch CTLA-4
 IL-2 “Verbrauch” durch IL-2Rα (CD25, hoch-affiner IL-2R)
  

3. Regulatorische T-Zellen



Regulatorische B-Zellen (Breg)

Suppression durch Antikörperfeedback

Anti-Idiotyp Antikörper
  

4. B-Zell Suppression



4. Regulatorische B-Zellen

Breg Zellen produzieren IL-10, IL-35, und TGF-β 

Verhindern die Vermehrung pathogener T-Zellen und 
anderer pro-entzündlicher Lymphozyten

Fördern Treg Zellen

Noch kein definitives Phänotyp identifiziert



4. Suppression durch Antikörperfeedback

Abbas, Lichtmann and Pillai. Cellular and Molecular Immunology. 8th edition. Copyright © 2015 by Saunders, an imprint of Elsevier, Inc 

Fig 12-21

261ANTIBODY FEEDBACK: REGULATION OF HUMORAL IMMUNE RESPONSES BY Fc RECEPTORS

The importance of FcγRIIB-mediated inhibition is 
demonstrated by the uncontrolled antibody production 
seen in mice in which the gene encoding this receptor 
has been knocked out. A polymorphism in the FcγRIIB 
gene has been linked to susceptibility to the autoimmune 
disease systemic lupus erythematosus in humans.

B cells express another inhibitory receptor called 
CD22, which is a sialic acid–binding lectin; its natural 
ligand is not known, nor is it known exactly how CD22 
is engaged during physiologic B cell responses. However, 
knockout mice lacking CD22 show greatly enhanced B 
cell activation. The cytoplasmic tail of this molecule con-
tains ITIM tyrosine residues, which, when phosphory-
lated by the Src family kinase Lyn, bind the SH2 domain 
of the tyrosine phosphatase SHP-1. SHP-1 removes phos-
phates from the tyrosine residues of several enzymes 
and adaptor proteins involved in BCR signaling and thus 
abrogates B cell activation. A mouse strain called moth-
eaten, which develops severe autoimmunity with uncon-
trolled B cell activation and autoantibody production, 
has a naturally occurring mutation in SHP-1. Conditional 
deletion of SHP-1 as well as the engineered loss of Lyn in 
B cells leads to a breakdown of peripheral B cell tolerance 
and the development of autoimmunity.

Antibody-antigen
complexPolyvalent

antigen

Block in B cell
receptor signaling,

no activationB cell
activation

Fc receptor–associated
phosphatase, SHIP,

converts PIP3 to PIP2
in B cell–receptor complex,

blocking downstream signaling

BCR signaling leads to
PIP3 formation, which
binds other signaling
molecules, leading

to activation

FcγRIIb

SHIPPIP2 PIP3

Polyvalent
antigen

PIP2 PIP3

BTK, 
PLCγ,
PDK1

BA

P

P

P

PI3K

PP
P

PP PP
P

PP

Syk

P

P

P

PP
P

FIGURE 12-21 Regulation of B cell activation by FcγRIIB. A, Antigen-antibody complexes can 
simultaneously bind to membrane Ig (through antigen) and the FcγRIIB receptor through the Fc portion of the 
antibody. B, As a consequence of this simultaneous ligation of receptors, phosphatases associated with the 
cytoplasmic tail of the FcγRIIB inhibit signaling by the BCR complex and block B cell activation.

   In humoral immune responses, B lymphocytes are 
activated by antigen and secrete antibodies that act 
to eliminate the antigen. Both protein and non-pro-
tein antigens can stimulate antibody responses. B 
cell responses to protein antigens require the contri-
bution of CD4+ helper T cells specific for the antigen.

   Helper T cell–dependent B cell responses to pro-
tein antigens require initial activation of naive T 
cells in the T cell zones and of B cells in lymphoid 
follicles in lymphoid organs. The activated lym-
phocytes migrate toward one another and interact 
at the edges of follicles, where the B cells present 
the antigen to helper T cells.

   Activated helper T cells express CD40L, which en-
gages CD40 on the B cells, and the T cells secrete 
cytokines that bind to cytokine receptors on the 
B cells. The combination of CD40 and cytokine 
signals stimulates B cell proliferation and differ-
entiation.

   Stimulation of activated B cells at extrafollicular 
sites by helper T cells leads to the formation of 

SUMMARY



4. Suppression durch Antikörperfeedback

Der hohe Antikörperspiegel blockt weiter B-Zell Aktivierung

IgG + Antigen Immunkomplex inhibiert B-Zell function durch binding zu FcγRIIb

(IgM + Antigen Immunkomplex fördert weitere B-Zell Aktivierung!)



5. Anti-idiotyp Antikörper
Netzwerk Hypothese (Niels Jerne): Suppression durch AntikörperAnti-idiotype antibodies



5. Anti-idiotyp Antikörper

Funktion:

 Suppression von B- und T-Zellen

 Bildung des funktionellen Gedächtnis

 Biologisches mimicry 
 (insulin – anti-insulin – anti-anti-insulin)



+1a: Pathologische Suppression: Myeloid Derived Suppressor Cells

poor prognosis and low survival rates (88). In addition, a lower
lymphocyte-to-monocyte ratio (LMR) was associated with poor
prognosis in CRC patients, who were found to have higher levels of
circulating MDSCs (89). Unresectable metastatic CRC patients
with high M-MDSCs levels in their peripheral blood were also
shown to have a significantly shorter progression-free survival (90).
Interestingly, it was proven that although Tregs, Th17, and PMN-
MDSCs were significantly increased in metastatic CRC, only high
levels of PMN-MDSCs were associated with a poor prognosis for
CRC patients (91).

Signaling Pathways for MDSCs-Mediated
Functions in CRC
The immunosuppressive function of MDSCs relies on the
activation of different intracellular signaling pathways. Many
studies indicate that MDSCs-associated signaling pathways are
involved in CRC development. KRAS mutations, for example,
are frequently observed in human CRC and correlate positively
with tumor aggressiveness and metastasis (92–94). KRAS-
mediated repression of interferon regulatory factor 2 (IRF2)
was associated with high expression of CXCL3, which led to
MDSCs migration to the TME through binding to CXCR2 on the
MDSCs (95). Receptor-interacting protein kinase 3 (RIPK3) is
essential for mucosal repair in CRC. It has been reported that
reduction of RIPK3 in CRC cells induces expansion of MDSCs
and increases cyclooxygenase-2 (COX-2) expression, which then
catalyze PGE2 and enhance MDSCs function (96). Similarly,
RIPK3 signaling in an I-MDSCs subset promoted intestinal
tumor development in MC38 cell tumors by expanding IL17-
producing T cells (97).

It has been suggested that down-regulation of mucin 1
(MUC1) in hematopoietic cells increases MDSCs expansion in
inflammatory bowel disease (IBD) leading to the development of
CRC (98). Moreover, MUC13 promotes colitis-associated
colorectal tumors development through the b-catenin signaling
pathway and increases MDSCs expansion in the TME (99). In
addition, MDSCs can increase the expression levels of ROS and
NO, which may result in DNA damage and promote tumor
progression in CRC (100). Previous studies have also
demonstrated that CRC cells secrete VEGF-A, which leads
to TAMs induction and subsequent production of chemokine
(C-X-C motif) ligand 1 (CXCL1) in the primary tumor.
Increased CXCL1 in liver tissue was shown to recruit CXCR2-
positive MDSCs to form a premetastatic niche in CRC (101). In
addition, overexpression of CXCR4 has been found to play a crucial
role in the invasion of CRC, as well as promoting the epithelial–
mesenchymal transition (EMT) and infiltration of MDSCs in
colonic tissue, accelerating colitis-associated and Apc mutation-
driven colorectal tumorigenesis (102). Recently, Varun Sasidharan
Nair et al. reported some genes associated with histone deacetylases
(HDAC) activation, DNA methylation, Wnt and IL-6 signaling
pathways are upregulated in CRC tumor infiltrating I-MDSCs, and
propose that they could be exploited as potential targets for CRC
therapy (86).

The JAK/STAT pathway is considered to be a major player in
mediating immunosuppression (103, 104). MDSCs isolated from
the spleen of CT26 cell-bearing mice exhibited inhibition of
phosphorylation of STAT1 (p-STAT1) in response to IFN-a or
IFN-g (105). However, another study demonstrated that IFN-g
is not a key regulator of MDSCs and that targeting it would be

FIGURE 1 | Main mechanisms of immunosuppression function mediated by MDSCs in the tumor microenvironment.

Yin et al. MDSC in CRC

Frontiers in Oncology | www.frontiersin.org December 2020 | Volume 10 | Article 6101045

Das Tumormikroumgebung induziert die 
Differenzierung von MDSCs aus verschiedenen 
myeloiden Zellen (Neutrophilen, Monozyten, 
Dendritische Zellen)

MDSCs unterdrücken die antitumorale 
Immunantwort und fördern das Tumorwachstum

Yin K et al 2020. Front. Oncol. 10:610104. doi: 10.3389/fonc.2020.610104



+1b: Pathologische Suppression: Tumoren hemmen T-Zellen über immunologische Checkpoints

Tumoren exprimieren hemmende Moleküle, die zur Blockade der Aktivierung von T-Zellen führen (siehe Folie 
#7)

Die gezielte Hemmung dieser Inhibitoren ist ein vielversprechender Bereich Der Tumorimmuntherapie 
(Nobelpreis für Physiologie oder Medizin, 2018, James P Allison und Tasuku Honjo)
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cytokines that stimulate the proliferation and differ-
entiation of T lymphocytes and NK cells. One potential 
approach for boosting host responses to tumors is to arti-
ficially provide cytokines that can enhance the activation 
of dendritic cells and tumor-specific T cells, particularly 
CD8+ CTLs. Many cytokines also have the potential to 
induce non-specific inflammatory responses, which by 
themselves may have anti-tumor activity.

The largest clinical experience is with high-dose IL-2 
given intravenously, which has been effective in induc-
ing measurable tumor regression responses in about 10% 
of patients with advanced melanoma and renal cell car-
cinoma and is currently an approved therapy for these 
cancers. The use of high-dose IL-2 is, however, limited 
because it stimulates the production of toxic amounts of 
proinflammatory cytokines such as TNF and IFN-γ, which 
act on vascular endothelial and other cells and lead to a 
serious vascular leak syndrome.

IFN-α is approved for treatment of malignant mela-
noma, in combination with chemotherapy, and for car-
cinoid tumors. It is also used to treat certain lymphomas 
and leukemias. The mechanisms of the antineoplastic 
effects of IFN-α probably include inhibition of tumor cell 
proliferation, increased cytotoxic activity of NK cells, and 
increased class I MHC expression on tumor cells, which 
makes them more susceptible to killing by CTLs.

Other cytokines, such as TNF and IFN-γ, are effec-
tive anti-tumor agents in animal models, but their use 
in patients is limited by their toxic side effects. Hemato-
poietic growth factors, including GM-CSF and G-CSF, are 
used in cancer treatment protocols to shorten periods of 
neutropenia and thrombocytopenia after chemotherapy 
or autologous bone marrow transplantation.

Non-Specific Stimulation of the Immune System
Immune responses to tumors may be stimulated by the 
local administration of inflammatory substances or by 
systemic treatment with agents that function as polyclonal 
activators of lymphocytes. Non-specific immune stimula-
tion of patients with tumors by injection of inflamma-
tory substances such as killed bacillus Calmette-Guérin 
(BCG) at the sites of tumor growth has been tried for 
many years. The BCG mycobacteria activate macro-
phages and thereby promote macrophage-mediated kill-
ing of the tumor cells. In addition, the bacteria function 
as adjuvants and may stimulate T cell responses to tumor 
antigens. Intra-vesicular BCG is currently used to treat 
bladder cancer. Cytokine therapies, discussed earlier, rep-
resent another method of enhancing immune responses 
in a non- specific manner.

Passive Immunotherapy for Tumors with T Cells  
and Antibodies

Passive immunotherapy involves the transfer of immune 
effectors, including tumor-specific T cells and antibod-
ies, into patients. Passive immunization against tumors 
is rapid but does not lead to long-lived immunity. Some 
anti-tumor antibodies are now approved for the treatment 
of certain cancers. Several other approaches to passive 
immunotherapy are being tried, with variable success.

Adoptive Cellular Therapy
Adoptive cellular immunotherapy is the transfer of cul-
tured immune cells that have anti-tumor reactivity into 
a tumor-bearing host. The immune cells are derived 
from a cancer patient’s blood or solid tumor, and then 
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FIGURE 18-5 T cell inhibitor blockade. Tumor patients often mount ineffective T cell responses to their tumors 
because of the upregulation of inhibitory receptors such as PD-1 on the tumor-specific T cells and expression of the ligand 
PD-L1 on the tumor cells. Clinical trials using blocking anti-PD-1 or anti-PD-L1 antibodies have shown efficacy in treating 
several types of advanced tumors. A similar strategy using anti-CTLA-4 has been approved for treatment of melanomas, 
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20. Regionale Immunität
MALT, SALT
Zoltan Kellermayer

Grundlagen der Immunologie



Regionales Immunsystem

Die Ansammlung von Immunzellen und 
Molekülen mit speziellen Funktionen an einer 
bestimmten anatomischen Stelle

Gastrointestinal tract
MALT: Mucosa Associated Lymphoid Tissue

Cutaneous immune system
SALT: Skin Associated Lymphoid Tissue



Physische Barrier

Immunzellen

Drainierenden sekundäre 
Lymphgewebe…

Zwei Typen der Körperoberfläche 

Externe (trockene) Oberfläche Interne (nasse) Oberfläche

HAUT Schleimhaut

Bindegewebe

Epithelien Epithelien



Mukosa assoziiertes Lymphgewebe



Mukosa (Schleimhaut)-assoziiertes lymphatisches Gewebe (MALT)

GALT: Mukosa des Darmtraktes (gastrointestinaler Trakt)

NALT: Nasal-associated lymphoid tissue

BALT: Mukosa in den Bronchien (respiratorischer Trakt) -

UALT: urogenitaler Trakt

Schleimhautassoziiertes lymphatisches Gewebe (MALT)



Große Oberfläche: 200 m2

~5x1010 Lymphozyten (Blut: 1010)

Reisige Menge an Mikroben: 1014

Riesige Menge von harmlosen (und wichtigen!) Fremdmaterialien: Nahrung 
und Mikroben

Kleine Menge an Erregern

Das Immunsystem muss die wenigen gefährlichen Krankheitserreger in der 
großen Menge harmloser Antigene finden

Empfindliches Gleichgewicht zwischen Toleranz und Abwehr

Darm
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IMMUNITY IN THE GASTROINTESTINAL SYSTEM

The gastrointestinal system, like other mucosal tissues, is 
composed of a tube-like structure lined by a continuous 
epithelial cell layer sitting on a basement membrane that 
serves as a physical barrier to the external environment. 
Underlying the epithelium is a layer of loose connective 
tissue in the gut called the lamina propria that contains 
blood vessels, lymphatic vessels, and mucosa-associated 
lymphoid tissues (Fig. 14-1). The submucosa is a dense 

connective tissue layer that connects the mucosa with 
layers of smooth muscle.

From the perspective of the immunologist, the gas-
trointestinal tract has two remarkable properties. First, 
the combined mucosa of the small and large bowel has 
a total surface area of more than 200 m2 (the size of a 
tennis court), made up mostly of small intestinal villi 
and microvilli. Second, the lumen of the gut is teeming 
with microbes, many of which are ingested along with 
food and most of which are continuously growing on the 
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FIGURE 14-1 The gastrointestinal immune system. A, Schematic diagram of the cellular components of the mucosal immune 
system in the intestine. B, Photomicrograph of mucosal lymphoid tissue in the human intestine. Similar aggregates of lymphoid tissue are 
found throughout the gastrointestinal tract.
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Intestinale Lymphgewebe



Organisiertes MALT (O-MALT)
 Antigen Erkennung, Aktivierung der Immunantwort
 ”Programmiertes” Lymphgewebe: entwickeln sich in utero
  Peyerscher Plaque, Mandeln 
 ”Induktives” Gewebe: entwickeln sich nach der Geburt, abhängig von 
Antigen Menge
  Cryptopatch - isolated lymphoid follicle spectrum

Diffuses MALT (D-MALT)
 ”Effektor Gewebe”

Gedächtnislymphozyten, Plasmazellen

Lymphgewebe im Gastrointestinal Trakt



located in the SED and periphery of the follicle in proximity to the
FAE46,59. Class-switched IgA+ cells can be detected in appendiceal
GALT, but they also contain memory IgM+ B cells86 and more IgG+ B
cells than the surrounding LP46,98. Thus, the appendix may serve as a
local environment for class-switching and as a reservoir of class-
switched memory B cells.
Together, these findings suggest that the human vermiform

appendix represents a bona fide adaptive immune inductive site
with a similar structure and immune cell composition to PP. It
remains unclear whether immune responses initiated within this
site differ from those in the PP, and whether the human appendix
supports site-specific regional immunity within the intestine, as
recently suggested for human PP62.

Other multi-follicular GALT
GALT consisting of more than one lymphoid follicle are relatively
rare in the human large intestine during homeostasis, although a

few poorly characterized multi-follicular structures have been
described in the cecum and proximal colon62, together with rare
multi-follicular structures around the anal canal, sometimes
referred to as the rectal tonsil13,14. The exact structure, function,
development, cellular composition, and prevalence of these multi-
follicular GALT remains unclear.

ISOLATED LYMPHOID FOLLICLES
Consisting of a single lymphoid follicle with a diameter between
0.1 and 1.3 mm62,99, ILF are substantially smaller than PP or the
follicle chain of the vermiform appendix. However, as there are an
estimated 30,000 ILF in the human intestine100–103, they
collectively constitute a major GALT compartment in humans.
ILF are found along the length of the intestine, although their
cellular composition, density and location within the gut wall
varies between intestinal segments. Using novel techniques to

Fig. 2 Cellular composition of a human PP follicle as example of human GALT. PP follicles are in intimate association with the intestinal
lumen and possess a specialized FAE containing M cells that shuttle free and IgA-bound antigen into the PP. Below the FAE, PP possess a SED
region rich in antigen-presenting cells. Tightly associated with the SED is the underlying B cell follicle consisting of an outer marginal zone
harboring memory and marginal zone B cells, a thin mantle zone accommodating naïve B cells, and a central GC, contributing to the
generation of IgA+ plasmablasts that seed the surrounding small intestine. B cell follicles of PP are separated by perifollicular T cell zones
(dotted lines). FAE follicle-associated epithelium, SED subepithelial dome, GC germinal center, Ag antigen.

Human gut-associated lymphoid tissues (GALT); diversity, structure, and. . .
UM Mörbe et al.

796

Mucosal Immunology (2021) 14:793 – 802

UM Mörbe et al 2021. Mucosal Immunology 14:793-802

SED: Subepithelial dome
FAE: Follicle associated epithelium

Programmiertes Lymphgewebe: Peyersche Plaques



Normal tonsil Inflamed tonsil

Programmiertes Lymphgewebe: Mandeln



FIGURE 1 | Overview on the anatomy and structure of CP, ILF, and PP in the small intestine. SILT consists of a dynamic continuum of structures ranging 
from small cryptopatches (CP) to large mature isolated lymphoid follicles (ILF). CP start to develop into immature ILF by recruiting B cells. Mature ILF contain one big 
B cell follicle and develop germinal centers, vascular structures, and a follicle-associated epithelium. PP represent the most structured lymphoid organs in the 
intestine, containing several B cell follicles and distinct T and B cell areas.
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a!er birth, since ILC-speci"c loss of Ahr was shown to interfere 
with the postnatal expansion/survival of these cells (43, 44). 
Vitamin A, a dietary component, was also recently found to be 
required for normal numbers of RORγt+ ILC and ILF formation 
(45). Although the di#erent stages of the SILT (CP, immature and 
mature ILF) were present in mice fed with a vitamin A-de"cient 
diet, their total numbers were reduced in the middle and distal 
part of the intestine. It is likely that the development of fewer SILT 
in these mice is a consequence of the reduced numbers of RORγt+ 
ILC upon vitamin A de"ciency.

Besides this unexpected role of dietary products in the initial 
steps of ILF formation, it is less surprising that the intestinal 
microbiota also plays a role in the regulation of SILT develop-
ment. In this regard, it has been observed that the small intestine 
of germ-free mice contain normal numbers of CP and some 
small immature ILF which harbor only few B cells, whereas the 
transition into mature ILF depends on the presence of a bacte-
rial microbiota (33, 46, 47). A range of receptors and adaptor 
molecules involved in the recognition of bacteria-derived 
molecular patterns, including toll-like receptors (TLR) 2/4, 
myeloid di#erentiation primary response gene (MyD) 88, and 
nucleotide-binding oligomerization domain-containing protein 
(NOD) 2, were shown to contribute to the maturation of small 
intestinal ILF (47). In the same study, a more speci"c role in 
the early transition of CP into immature ILF was proposed for 
NOD1, which recognizes peptidoglycans (PGN) derived from 
Gram-negative bacteria. NOD1, which is expressed in small 
intestinal epithelial cells, induces upon recognition of PGN the 
secretion of factors, such as CCL20 or β-defensin 3 (mBD3). 
Both factors are ligands for CCR6, which is expressed by B cells 
and LTi cells. %us, activation of NOD1 may regulate the 
formation of ILF by activating LTi cells and by supporting the 
CCR6-dependent recruitment of B cells to CP (48). Supporting 

this hypothesis, mice de"cient either for CCR6 or mBD3 fail to 
develop ILF, and a similar phenotype could be observed in mice 
treated with a CCL20 neutralizing antibody (47).

LYMPHOID ORGANS OF THE  
COLON – SIMILARITIES AND 
DIFFERENCES TO SMALL INTESTINE

Interestingly, most of the factors and molecular mechanisms that 
govern the development of PP and SILT have been analyzed in the 
small intestine, while the formation of the respective lymphoid 
tissues in the colon has not been comprehensively studied until 
recently. Similar to the small intestine, also the colon of mice 
harbors distinct lymphoid tissues. Colonic patches represent 
the equivalents of PP in the small intestine. %ey are usually 
composed of two or more large B cell follicles with separate 
T cell areas and contain CD35+ FDCs as well as vessels with HEV. 
As in the small intestine, also SILT exists, which resemble in its 
appearance its small intestinal counterpart, ranging from small 
CP-like structures to mature colonic ILF containing one big B cell 
follicle with CD35+ FDC, but no de"ned T cell area (49, 50). 
As for PP, the development of colonic patches starts in utero with 
clustering of RORγt-expressing LTi cells and their interaction 
with VCAM-1+ stromal cells. Although the initial clustering of 
LTi cells at colonic patch primordium seems to be independent of 
LTα1β2–LTβR interaction, the further development into colonic 
patches strictly requires activation of this pathway as well as the 
sustained expression of CXCL13 (49). SILT development in the 
colon starts a!er birth with the clustering of LTi cells into CP-like 
structures surrounded by CD11c+ cells, and the successful for-
mation of these structures depends again on signaling via the 
LTβR pathway. Despite these important similarities, it is getting 
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Hohe Antigenbelastung: das Spektrum verschiebt sich hin zu ILFs

SILT (Solitary intestinal lymphoid tissues): induzierbar und dynamische Bestandteile des 
MALT
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that promote invasion of more organisms. M cell lectins 
may also be used by certain enteric viruses to breach the 
epithelial barrier.

Microbial antigens in the gut lumen can be sampled 
by lamina propria dendritic cells that extend cytoplasmic 
processes between the intestinal epithelial cells (Fig. 14-4). 
Antigen-sampling dendritic cells are numerous in certain 
regions of the intestine, especially the terminal ileum, 
where they extend dendrites through the junctions 
between adjacent epithelial cells, apparently without 
disrupting the tight junctions. These antigen-sampling 
dendritic cells may promote protective adaptive immune 
responses to pathogens in the lumen. Unlike M cells, 
these dendritic cells are capable of processing and pre-
senting protein antigens to T cells within GALT. Dendritic 
cells resident in the lamina propria also capture antigens 
that enter between cells.

Mesenteric lymph nodes collect lymph-borne antigens 
from the small and large intestines and are sites of dif-
ferentiation of effector and regulatory lymphocytes that 
home back to the lamina propria. There are 100 to 150 
of these lymph nodes located between the membranous 
layers of the mesentery. Mesenteric lymph nodes serve 
some of the same functions as GALT, including differen-
tiation of B cells into IgA–secreting plasma cells and the 
development of effector T cells as well as regulatory T 
cells. The cells that differentiate in the mesenteric lymph 
nodes in response to bowel wall invasion by pathogens or 
commensals often home to the lamina propria (discussed 
later).

Lingual and palatine tonsils are nonencapsulated 
lymphoid structures located beneath stratified squamous 
epithelial mucosa in the base of the tongue and orophar-
ynx, respectively, and are sites of immune responses to 
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FIGURE 14-3 M cells in the small intestine. M cells are specialized intestinal epithelial cells found 
in the small bowel epithelium overlying Peyer’s patches and lamina propria lymphoid follicles (A). Unlike 
neighboring epithelial cells with tall microvillous borders and primary absorptive functions, M cells have 
shorter villi (B) and engage in transport of intact microbes or molecules across the mucosal barrier into gut-
associated lymphoid tissues, where they are handed off to dendritic cells (C). (Electron micrograph from Corr 
SC, Gahan CC, Hill C: M-cells: origin, morphology and role in mucosal immunity and microbial pathogenesis, 
FEMS Immunology and Medical Microbiology 52:2-12, 2008.)

Abbas, Lichtmann and Pillai. Cellular and Molecular Immunology. 8th edition. 
Copyright © 2015 by Saunders, an imprint of Elsevier, Inc 

Fig 14-3

(Keine Antigenpräsentation!)

M cell region

M-Zellen transportieren Antigenen aus dem Lumen zur APCs



Gustafsson et al. eLife 2021;0:e67292. DOI: https://doi.org/10.7554/eLife.67292 

GAP: Goblet cell associated Antigen Passages

Transport luminaler Antigene zu darunter 
liegenden mononukleären Phagozyten

Becherzellen: nicht nur Schleimsekretion…
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organs, whereas in the adult mouse, they are mainly clustered in aggre-
gates together with stromal cells, dendritic cells (DCs) and B cells in 
cryptopatches, isolated lymphoid follicles or mature isolated lym-
phoid follicles15. In contrast, CCR6− ILC3s, ILC1s and ILC2s are scat-
tered throughout the intestine. The majority of CCR6− ILC3s express  
T-bet and NKp46 and are therefore commonly referred to as  
‘natural-cytotoxicity-receptor-positive’ (NCR+) ILC3s. Upregulation 
of T-bet expression in ILC3s induces downregulation of the transcrip-
tion factor RORGt and adaptation to a phenotype similar to that of 

ILC1s, characterized by the ability to produce IFN-G and promote 
tissue inflammation13,14,18–22 (Fig. 1).

Trafficking and tissue residency of ILCs
The functionality of ILCs is dependent on their microenvironment. 
ILC1s, ILC2s and ILC3s are localized mainly in mucosa-associated 
tissues, whereas cNK cells are ‘preferentially’ localized in second-
ary lymphoid organs. All ILCs develop from precursors in the bone 
marrow. cNK cells express the selectin CD62L, which allows them 
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Figure 1 The distribution of ILCs at the mucosa of the intestine. Non-cytotoxic ILCs (such as ILC1s, ILC2s and CCR6− ILC3s) are scattered in the 
lamina propria, whereas CCR6+ ILC3s reside in organized intestinal follicles, and cNK cells reside in lymphoid organs. In lymphoid organs, DCs prime 
cNK cells via trans-presentation of IL-15. After being activated, cNK cells secrete perforin, granzymes and IFN-G. ILC1s produce IFN-G and TNF and are 
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The human lactating mammary gland contains a large 
number of IgA-secreting plasma cells, and the mammary 
gland epithelium can store large quantities of secretory 
IgA. The plasma cells in the breast originate from vari-
ous mucosa-associated lymphoid tissues. They home to 
the breast because most IgA plasmablasts express CCR10, 

no matter which lymphoid tissues they were generated 
in, and the breast tissues express CCL28, the chemokine 
that binds CCR10. Therefore, during breast-feeding, a 
child ingests a significant quantity of maternal IgA, which 
provides broad polymicrobial protection in the infant’s 
gut. Moderate amounts of IgG and IgM are also secreted 
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FIGURE 14-7 IgA class switching in the gut. IgA class switching in the gut occurs by both 
T-dependent and T-independent mechanisms. A, In T-dependent IgA class switching, dendritic cells in the 
subepithelial dome of Peyer’s patches capture bacterial antigens delivered by M cells and migrate to the 
interfollicular zone, where they present antigen to naive CD4+ T cells. The activated T cells differentiate into 
helper T cells with a T follicular helper phenotype and engage in cognate interactions with antigen-presenting 
IgM+IgD+ B cells that have also taken up and processed the bacterial antigen. B cell class switching to IgA 
is stimulated through T cell CD40L binding to B cell CD40, together with the action of TGF-β. This T cell–
dependent pathway yields high-affinity IgA antibodies. B, T-independent IgA class switching involves dendritic 
cell activation of IgM+IgD+ B cells, including B-1 cells. TLR ligand–activated dendritic cells secrete cytokines 
that induce IgA class switch, including BAFF, APRIL, and TGF-β. This T cell–independent pathway yields 
relatively low-affinity IgA antibodies to intestinal bacteria. The molecular mechanisms of class switching are 
described in Chapter 12.

IMMUNITY IN THE GASTROINTESTINAL SYSTEM 299

The human lactating mammary gland contains a large 
number of IgA-secreting plasma cells, and the mammary 
gland epithelium can store large quantities of secretory 
IgA. The plasma cells in the breast originate from vari-
ous mucosa-associated lymphoid tissues. They home to 
the breast because most IgA plasmablasts express CCR10, 

no matter which lymphoid tissues they were generated 
in, and the breast tissues express CCL28, the chemokine 
that binds CCR10. Therefore, during breast-feeding, a 
child ingests a significant quantity of maternal IgA, which 
provides broad polymicrobial protection in the infant’s 
gut. Moderate amounts of IgG and IgM are also secreted 

Peyer's 
patch

Via blood 

IgA 
secreting
plasma cell 

B cell

CD40
CD40
ligand

Plasmablast

Dendritic
cell

Naive
CD4+

T cell
Activated
T follicular 
helper cell

IgA

IgA

M cell

Mucus

Lamina propria

Lamina propria

Luminal
antigen

Dendritic
cell

IgA

IgA

IgM+

B cell

B

A

TGF-β

TGF-β

TLR

Bacterium/PAMP

NO

APRIL

BAFF

FIGURE 14-7 IgA class switching in the gut. IgA class switching in the gut occurs by both 
T-dependent and T-independent mechanisms. A, In T-dependent IgA class switching, dendritic cells in the 
subepithelial dome of Peyer’s patches capture bacterial antigens delivered by M cells and migrate to the 
interfollicular zone, where they present antigen to naive CD4+ T cells. The activated T cells differentiate into 
helper T cells with a T follicular helper phenotype and engage in cognate interactions with antigen-presenting 
IgM+IgD+ B cells that have also taken up and processed the bacterial antigen. B cell class switching to IgA 
is stimulated through T cell CD40L binding to B cell CD40, together with the action of TGF-β. This T cell–
dependent pathway yields high-affinity IgA antibodies. B, T-independent IgA class switching involves dendritic 
cell activation of IgM+IgD+ B cells, including B-1 cells. TLR ligand–activated dendritic cells secrete cytokines 
that induce IgA class switch, including BAFF, APRIL, and TGF-β. This T cell–independent pathway yields 
relatively low-affinity IgA antibodies to intestinal bacteria. The molecular mechanisms of class switching are 
described in Chapter 12.

Abbas, Lichtmann and Pillai. Cellular and Molecular Immunology. 8th edition. Copyright © 2015 by Saunders, an imprint of Elsevier, Inc 

Fig 14-7T-dependent IgA production T-independent IgA production

Charakteristika der durch MALT generierten humoralen Immunantwort
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into breast milk and contribute to the passive immunity 
of breast-fed children. Many epidemiologic studies have 
shown that breast-feeding significantly reduces the risk 
of diarrheal disease and sepsis, especially in developing 
countries, and this correlates with the presence of secre-
tory IgA in breast milk specific for enterotoxic species of 
bacteria including Escherichia coli and Campylobacter.

T Cell–Mediated Immunity in the Gastrointestinal Tract
T cells play important roles in protection against microbial 
pathogens in the gastrointestinal system and in regulat-
ing responses to food and commensal antigens. Further-
more, T cells contribute to inflammatory diseases in the 
gastrointestinal tract. As in other parts of the body, T cell 
immunity in the gut involves different subsets of T cells 
and is influenced in various ways by antigen-presenting 
dendritic cells, which also belong to different subsets. In 
this section, we will discuss important features of T cell 
and dendritic cell functions in the intestines.

T cells are found within the gut epithelial layer, scat-
tered throughout the lamina propria and submucosa, 
and within Peyer’s patches and other organized collec-
tions of follicles. In humans, most of the intraepithelial T 
cells are CD8+ cells. In mice, about 50% of intraepithelial 
lymphocytes express the γδ form of the TCR, similar to 
intraepidermal lymphocytes in the skin. In humans, only 
about 10% of intraepithelial lymphocytes are γδ cells, 
but this proportion is still higher than the proportions of 
γδ cells found among T cells in other tissues. Both the αβ 
and the γδ TCR–expressing intraepithelial lymphocytes 
show limited diversity of antigen receptors. These find-
ings support the idea that mucosal intraepithelial lym-
phocytes have a limited range of specificity, distinct from 
that of most T cells, and this restricted repertoire may 
have evolved to recognize microbes that are commonly 
encountered at the epithelial surface. Lamina propria 
T cells are mostly CD4+, and most have the phenotype 
of activated effector or memory T cells, the latter with 
an effector memory phenotype (see Chapter 9). Recall 
that these lamina propria effector and memory T cells 
are generated from naive precursors in the GALT and 
mesenteric lymph nodes, enter the circulation, and pref-
erentially home back into the lamina propria (see Fig. 
14-5). T cells within Peyer’s patches and in other follicles 

adjacent to the intestinal epithelium are mostly CD4+ 
helper T cells, including follicular helper T cells, and reg-
ulatory T cells.

Dendritic cells and macrophages are abundant in the 
gastrointestinal immune system and can participate in 
stimulating protective effector T cell responses or induc-
ing regulatory T cell responses that suppress immunity to 
ingested antigens and commensal organisms. In the gut 
and in other mucosal tissues, some dendritic cells and 
macrophages project dendrites between epithelial cells 
and sample luminal contents, as discussed earlier. Den-
dritic cells that have captured antigens migrate, through 
lymphatic drainage, into mesenteric lymph nodes, where 
they present processed protein antigens to naive T cells 
and induce the differentiation of these T cells into IFN-
γ–, IL-17– or IL-4–producing effector cells or into FoxP3+ 
Treg. Gut tissue macrophages can also promote the local 
expansion of regulatory T cells. The ability of dendritic 
cells and macrophages to drive the induction or expan-
sion of regulatory T cells is dependent on their ability to 
produce TGF-β and retinoic acid at the time of antigen 
presentation to T cells.

In the gastrointestinal tract, different subsets of effec-
tor CD4+ T cells are induced by and protect against dif-
ferent microbial species. In Chapter 10, we introduced 
the concept that helper T cell subsets that secrete dif-
ferent cytokines are specialized for protection against 
different types of microbes. This fundamental concept 
is highly relevant to the mucosal immune system. The 
commensal bacterial microflora of the gut lumen exerts 
profound influences on T cell phenotypes, even during 
homeostasis.
  
 !  TH17 cells. Studies in mice have shown that certain 

classes of bacteria, or in some cases individual species 
of bacteria, can shift the dominant pattern of T cell cy-
tokine production. For example, the lamina propria of 
the small bowel in healthy mice is particularly rich in 
IL-17–producing cells, whereas the colon is not, and 
the presence of the TH17 cells depends on coloniza-
tion of the gut with a certain phylum of bacteria (seg-
mented filamentous bacteria) in the postnatal period. 
This steady-state presence of TH17 cells is required 
for protection against pathogenic species of bacteria 

FIGURE 14-8 Transport of IgA 
across epithelial cells. IgA is 
produced by plasma cells in the lamina 
propria of mucosal tissue and binds 
to the poly-Ig receptor at the base 
of an epithelial cell. The complex is 
transported across the epithelial cell, 
and the bound IgA is released into 
the lumen by proteolytic cleavage. 
The process of transport across 
the cell, from the basolateral to the 
luminal surface in this case, is called 
transcytosis.
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Fig 14-8

IgA ist durch Epithelzellen auf die Mukosaoberfläche transportiert



• Bildung von IgA-Antikörpern: IgA1 im Serum, IgA2 in den
Sekreten

• IgA1 – wird durch Asialoglycoprotein-Rezeptoren der
Hepatozyten in die Galle sezerniert – Immunabwehr des
oberen Gastrointestinaltraktes

• IgA2 à pFcR-Bindung

• Opsonisierungà FcR von Granulozyten, Makrophagen à
Phagozytose

• Komplementaktivierung àBakteriolyse

Charakteristika der durch MALT generierten humoralen Immunantwort
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lumen. Smaller but significant quantities of IgG and IgM 
are also secreted into the gut lumen. Within the lumen, 
IgA, IgG, and IgM antibodies bind to microbes and tox-
ins and neutralize them by preventing their binding to 
receptors on host cells. This form of humoral immunity 
is sometimes called secretory immunity and has evolved 
to be particularly prominent in mammals. Antibody 
responses to antigens encountered by ingestion are typi-
cally dominated by IgA, and secretory immunity is the 
mechanism of protection induced by oral vaccines such 
as the polio vaccine. Several unique properties of the 
gut environment result in selective development of IgA-
secreting cells that either stay in the gastrointestinal tract 
or, if they enter the circulation, home back to the lamina 
propria of the intestines. The result is that IgA-secreting 
cells efficiently accumulate next to the epithelium that 
will take up the secreted IgA and transport it into the 
lumen.

IgA is produced in larger amounts than any other 
antibody isotype. It is estimated that a normal 70-kg adult 
secretes about 2g of IgA per day, which accounts for 60% 
to 70% of the total production of antibodies. This tre-
mendous output of IgA is because of the large number of 
IgA-producing plasma cells in the GALT, which by some 
estimates account for 80% of all the antibody-producing 
plasma cells in the body (Fig. 14-6). Because IgA synthe-
sis occurs mainly in mucosal lymphoid tissue and most 
of the locally produced IgA is efficiently transported into 
the mucosal lumen, this isotype constitutes less than one 

quarter of the antibody in plasma and is a minor compo-
nent of systemic humoral immunity compared with IgG 
and IgM.

The dominance of IgA production by intestinal plasma 
cells is due in part to selective induction of IgA isotype 
switching in B cells in GALT and mesenteric lymph nodes. 
IgA class switching in the gut can occur by T-dependent 
and T-independent mechanisms (Fig. 14-7). In both 
cases, the molecules that drive IgA switching include a 
combination of soluble cytokines and membrane pro-
teins on other cell types that bind to signaling receptors 
on B cells (see Chapter 12). TGF-β, the major cytokine 
required for IgA isotype switching in the gut as well as in 
other mucosal compartments, is produced by intestinal 
epithelial cells and dendritic cells in GALT. Furthermore, 
GALT dendritic cells express the αvβ8 integrin, which is 
required for activation of TGF-β. Several molecules that 
promote IgA class switching are expressed by intestinal 
epithelial cells or GALT dendritic cells in response to TLR 
signaling, and the commensal bacteria in the gut lumen 
produce ligands that bind to the relevant TLRs. For 
example, T-independent IgA and IgG switching requires 
binding of the TNF family cytokine APRIL to the TACI 
receptor on B cells, and intestinal epithelial cells produce 
APRIL in response to TLR ligands made by commensal 
bacteria. Intestinal epithelial cells also produce thymic 
stromal lymphopoietin (TSLP) in response to TLR sig-
nals, and TSLP stimulates additional APRIL production 
by GALT dendritic cells. TLR ligands made by commensal 

FIGURE 14-5 Homing properties 
of intestinal lymphocytes. The gut-
homing properties of effector lymphocytes 
are imprinted in the lymphoid tissues, where 
they have undergone differentiation from naive 
precursors. Dendritic cells in gut-associated 
lymphoid tissues, including Peyer’s patches 
and mesenteric lymph nodes, are induced by 
thymic stromal lymphopoietin (TSLP) and other 
factors to express retinaldehyde dehydrogenase 
(RALDH), which converts dietary vitamin A 
into retinoic acid. When naive B or T cells are 
activated by antigen in GALT, they are exposed 
to retinoic acid produced by the dendritic 
cells, and this induces the expression of the 
chemokine receptor CCR9 and the integrin α4β7 
on the plasma cells and effector T cells that 
arise from the naive lymphocytes. The effector 
lymphocytes enter the circulation and home 
back into the gut lamina propria because the 
chemokine CCL25 (the ligand for CCR9) and 
the adhesion molecule MadCAM (the ligand for 
α4β7) are displayed on lamina propria venular 
endothelial cells.
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produce include defensins, S100, and cathelicidins 
(see Chapter 4). The cytokines made by keratinocytes 
include TNF, thymic stromal lymphopoietin (TSLP), 
IL-1, IL-6, IL-18, and IL-33, which promote inflamma-
tion; GM-CSF, which induces differentiation and activa-
tion of dendritic cells in the epidermis, discussed later; 
and IL-10, which controls immune responses. Kerati-
nocytes produce the chemokine CCL27, which partici-
pates in recruitment of lymphocytes expressing CCR10.  
The induced expression of defensins, cytokines, and che-
mokines by keratinocytes depends on innate immune 
receptors including TLRs and NLRs. Keratinocytes 
express most of the TLRs and NLRP3, which is a compo-
nent of the IL-1–processing inflammasome (see Chapter 
4). Keratinocytes in normal skin constitutively synthesize 
pro–IL-1β and pro–IL-18. Stimuli such as UV irradiation 
activate the inflammasome to process these pro-cyto-
kines to the active forms, which explains the inflam-
matory response to sunburn. When signal transduction 
pathways linked to inflammatory responses, such as the 
NF-κB and STAT3 pathways, are genetically activated 
only in keratinocytes, mice develop inflammatory skin 

diseases, showing the potential of keratinocytes to act as 
central players of cutaneous immune responses.

Several dendritic cell populations are normally pres-
ent in the skin and contribute both to innate immune 
responses and to initiation of T cell responses to micro-
bial and environmental antigens that enter the body 
through the skin. In the epidermis, the most abundant 
dendritic cells are the Langerhans cells, which express a 
C-type lectin receptor called langerin (CD207) and have 
numerous Birbeck granules in the cytoplasm (see Fig. 
6-4). The dendrites of Langerhans cells form a dense 
meshwork between the keratinocytes of the epider-
mis. In the dermis, there are relatively sparse langerin-
expressing CD103+ dendritic cells, which are a distinct 
lineage from Langerhans cells, and langerin-negative 
dendritic cells, such as plasmacytoid dendritic cells. 
Each of these dendritic cell populations express innate 
pattern recognition receptors for PAMPs expressed on 
microbes and for damage-associated molecular patterns 
(DAMPs) expressed on injured cells. The dendritic cells 
respond to these ligands by secreting inflammatory 
cytokines.
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FIGURE 14-9 Cellular components of the cutaneous immune system. The major components of the cutaneous 
immune system shown in this schematic diagram include keratinocytes, Langerhans cells, and intraepithelial lymphocytes, all located 
in the epidermis, and T lymphocytes, dendritic cells, and macrophages, located in the dermis.
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activates plasmacytoid dendritic cells in the skin through 
TLR9. Activated plasmacytoid dendritic cells produce 
abundant IFN-α, and psoriatic skin has a strong type I 
interferon signature (i.e., expression of many interferon-
induced genes). One of the effects of IFN-α is activation of 
other dendritic cells that are induced to migrate to lymph 
nodes, activate helper T cells of unknown antigen speci-
ficity, and induce their differentiation into skin-homing 
effector cells. These T cells circulate to the dermis and 
further promote an inflammatory cascade and persistent 
keratinocyte proliferation. Both TH1 and TH17 cells have 
been implicated in this phase of the disease. Clinical trials 
of IL-17 antagonists have shown impressive efficacy in 
psoriasis, as have TNF inhibitors. A central unanswered 
question about this disease is the identity of the antigens 
recognized by the T cells.

Atopic dermatitis is a chronic inflammatory disease of 
the skin characterized by itchy rashes, which is driven by 
TH2 responses to environmental antigens in genetically 
susceptible individuals. There is evidence that atopic 
dermatitis develops when there are underlying defects 
in epidermal barrier function, leading to increased anti-
gen entry into the skin and accentuated TH2-mediated 
immune responses to otherwise innocuous antigens. 
Mutations in a structural protein involved in keratino-
cyte differentiation and barrier function, called filaggrin, 
are often associated with atopic dermatitis. Secondarily, 
TH2 responses stimulate B cell production of IgE specific 
for environmental antigens, as well as IgE-dependent 
mast cell activation in response to those antigens (see 
Chapter 20) contributes to the clinical manifestations of 
the disease.

FIGURE 14-10 Homing properties 
of skin lymphocytes. The skin-homing 
properties of effector lymphocytes are 
imprinted in skin-draining lymph nodes where 
they have undergone differentiation from 
naive precursors. Ultraviolet rays in sunlight 
(UVB) stimulate production of vitamin D, 
which induces expression of CCR10, IL-12 
induces expression of the E-selectin ligand 
cutaneous lymphocyte antigen (CLA), and 
other signals induce CCR4, CCR8, and 
CCR10 expression. These homing molecules 
direct migration of the effector T cells into 
the skin.
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