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内容

• 免疫学の基礎 

• 経鼻ワクチン 

• 経鼻タウワクチンの可能性



免疫の特性

• 自己・非自己の識別 self vs. non-self 

• 特異性 specificity 

• 多様性 diversity 

• 記憶 memory



自然免疫と適応免疫

• 自然免疫 innate immunity 

• 生まれもって備わっている免疫。初回の感染
でも迅速に反応する。 

• 適応免疫 adaptive immunity 

• ２回目以降の感染時に有効な免疫。病原体
特異的で長期にわたり記憶を維持できる。



自然免疫 適応免疫

自己非自己識別 有り 有り

特異性 決まったパターン 何にでも

多様性 少ない 無限

記憶 なし 有り

血中タンパク 補体・他 抗体

細胞 好中球・マクロフ
ァージ・NK細胞 リンパ球
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これだけ覚える：タイムスケールに注目
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自然免疫
• パターン認識する受容体 

• Toll-like receptor (TLR), C-type レクチン, 
scavenger 受容体, cGAS,  NLR, RLR など多
数 

• 構成要素 
• 上皮バリア、貪食細胞と炎症、NK細胞、血中
タンパク、サイトカイン 

• 適応免疫への橋渡し
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cGAS



PAMP / DAMP

• pathogen-associated molecular pattern 
• バクテリアの DNA, lipopolysaccharide 
(LPS:細胞壁成分), 鞭毛  

• ウイルスの表面タンパク, RNA, DNA 
• damage-associated molecular pattern 

• 細胞破壊にともない流出する自己成分 
• heat shock protein



細菌の細胞壁INTRODUCTION TO PATHOGENS AND THE HUMAN MICROBIOTA 
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Figure 23-3 Bacterial shapes and cell-surface structures. (A) Bacteria are traditionally classified by shape. (8 and C) They 
are also classified as Gram positive or Gram negative. (8) Gram-positive bacteria such as Streptococcus and Staphylococcus 
have a single membrane and a thick cell wall made of cross-linked peptidoglycan. They are called Gram positive because 
they retain the violet dye used in the Gram-staining procedure. (C) Gram-negative bacteria such as Escherichia coli (£. colt) 
and Salmonella have two membranes, separated by the periplasm (see Figure 11-17). The peptidoglycan cell wall of these 
organisms is located in the periplasm and is thinner than in Gram-positive bacteria; they therefore fail to retain the dye in the 
Gram-staining procedure. The inner membrane of both Gram-positive and Gram-negative bacteria is a phospholipid bilayer. The 
inner leaflet of the outer membrane of Gram-negative bacteria is also made primarily of phospholipids, whereas the outer leaflet 
of the outer membrane is composed of a unique glycosytated lipid called lipopolysaccharide (LPS). (D) Cell-surface appendages 
are important for bacterial behavior. Many bacteria swim using the rotation of helical flagella. The bacterium illustrated has only a 
single flagellum at one pole: however, many have multiple flagella. Straight pili (also called fimbriae) are used to adhere to various 
surfaces in the host, as well as to facilitate genetic exchange between bacteria. Some kinds of pili can retract to generate force 
and thereby help bacteria move along surfaces. 

Bacteria Are Diverse and Occupy a Remarkable Variety of 
Ecological Niches 
Although bacteria generally lack internal membranes, they are highly sophisti-
cated cells whose organization and behaviors have attracted the attention of many 
scientists. Bacteria are classified broadly by their shape-as rods, spheres (cocci), 
or spirals (Figure 23-3A)- as well as by their so-called Gram-staining properties, 
which reflect differences in the structure of the bacterial cell wall. Gram-positive 
bacteria have a thick layer of peptidoglycan cell wall outside their inner (plasma) 
membrane {Figure 23-3B), whereas Gram-negative bacteria have a thinner pep-
tidoglycan cell wall. In both cases, the cell wall protects against lysis by osmotic 
swelling, and it is a target of host antibacterial proteins such as lysozyme and 
antibiotics such as penicillin. Gram-negative bacteria are also covered outside 
the cell waH by an outer membrane containing lipopolysaccharide (LPS) {Figure 
23-3C). Both peptidoglycan and LPS are unique to bacteria and are recognized 
as pathogen-associated m olecular patterns (PAJ\.1Ps) by the host innate immune 
system, as discussed in Chapter 24. The surface of bacterial cells can also display 
an array of appendages, including flagella and pili, which enable bacteria to swim 
or adhere to desirable surfaces, respectively {Figure 23-3D). Apart from cell shape 
and structure, differences in ribosomal RNA and genomic DNA sequence are also 
used for phylogenetic classification. Because bacterial genomes are small-typi-
cally between 1,000,000 and 5,000,000 nucleotide pairs (compared to more than 
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LPS
鞭毛



Toll-like receptors (TLRs)

• もともとショウジョウバエの胚発生における背
腹軸の決定に関わる分子として発見、後に抗菌
反応に関与することが示された。 

• 脊椎動物にも存在し、自然免疫を司る。 

• ヒトでは10種類。



リガンド 局在
TLR1/TLR2  lipopeptides 表面

TLR2 peptidoglycan 表面
TLR3 二本鎖RNA 細胞内小胞
TLR4 LPS 表面
TLR5 flagellin 表面

TLR2/TLR6 lipopeptides 表面
TLR7 一本鎖RNA 細胞内小胞
TLR8 一本鎖RNA 細胞内小胞
TLR9 CpG DNA 細胞内小胞

ヒトの細胞には無い物質か、本来の場所以外にある物質
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Figure 4.2: Structure, location, 
and specificities of mammalian 
Toll-like receptors.

Note that some TLRs are 
expressed on the cell surface 
and others in endosomes. 
TLRs may form homodimers or 
heterodimers. dsRNA, Double-
stranded RNA; LPS, 
lipopolysaccharide; ssRNA, 
single-stranded RNA; TIR, Toll 
IL-1 receptor; TLR, Toll-like 
receptor.



cGAS-STING 経路
• ウイルス由来 DNA に反応 

• 自己 DNA に反応 (自己炎症性疾患) 

• cGAS が感知して、cGAMP を生成 

• cGAMP を結合した STING が小胞体からゴル
ジ体へ移動、 インターフェロン経路をオンに

In innate immunity, germ-line-encoded pattern recognition
receptors (PRRs) detect pathogen-associated molecular pat-
terns (PAMPs) from pathogens or damage-associated mole-

cular patterns from host cells, thereby activating downstream
signaling to induce the production of inflammatory cytokines and
type-I interferon1,2. Cyclic GMP-AMP synthase (cGAS) is the
cytosolic PRR that recognizes non-self DNAs derived from
invading viruses3–5 or bacteria6–8, as well as self DNAs derived
from damaged mitochondria9 or tumor cells10,11, to produce
cyclic GMP-AMP (cGAMP) from ATP and GTP12. cGAMP
binds to the endoplasmic reticulum–resident membrane protein
STING, thereby inducing the phosphorylation of TANK-binding
kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3), fol-
lowed by the production of interferon-β (IFN-β)13. cGAMP is
composed of adenosine and guanosine, which are linked via two
phosphodiester linkages, and exists as multiple isomers, such as 2′
3′-cGAMP and 3′3′-cGAMP (Fig. 1). Biochemical and structural
studies revealed that cGAS specifically produces 2′3′-cGAMP,
cyclic [G(2′,5′)pA(3′,5′)p], which contains the canonical 3′-5′
and non-canonical 2′-5′ phosphodiester linkages14–17. 2′3′-
cGAMP binds to STING with higher affinity, as compared to 3′
3′-cGAMP, and activates the signaling pathway18.
ENPP1 (Ecto-nucleotide pyrophosphatase phosphodiesterase

1) is a type II transmembrane glycoprotein originally identified as
a negative regulator of bone mineralization19,20. The extracellular
domain of ENPP1 consists of two N-terminal somatomedin B-
like domains (SMB1 and SMB2), a catalytic domain and a
nuclease-like domain (Fig. 2a). ENPP1 is expressed on the cell
surface in mineralizing cells, such as osteoblasts and chon-
drocytes, and hydrolyzes extracellular ATP to produce AMP and
diphosphate, an inhibitor of bone mineralization. ENPP1 is also
expressed in lymphoid organs, and ENPP1-produced AMP is
metabolized by the ecto-5′-nucleotidase CD73 to the immuno-
suppressive adenosine21. ENPP1 hydrolyzes nucleotide tripho-
sphates (NTPs), such as GTP and CTP, in vitro, while it
preferentially hydrolyzes ATP22. The crystal structures of ENPP1
in complex with nucleotide monophosphates revealed the
mechanism of NTP recognition and hydrolysis by ENPP1. A
recent study reported that ENPP1 also hydrolyzes 2′3′-cGAMP,
but not 3′3′-cGAMP, and negatively regulates the cGAS-STING-
dependent immune activation23,24. However, it remains elusive
how ENPP1 hydrolyzes both ATP and 2′3′-cGAMP, and dis-
criminates 2′3′-cGAMP from 3′3′-cGAMP.
Here, we report the crystal structures of ENPP1 in complex

with 3′3′-cGAMP and the reaction intermediate pA(3′,5′)

pG (pApG). The structures provided mechanistic insights into the
specific degradation of 2′3′-cGAMP by ENPP1, and explain how
ENPP1 hydrolyzes ATP and cGAMP to participate in bone
mineralization and innate immunity.

Results
Structural determination. To address the ENPP1-mediated 2′3′-
cGAMP hydrolysis mechanism, we sought to determine the
crystal structure of the extracellular domain of mouse ENPP1 in
complex with cGAMP. The SMB domains are dispensable for
NTP hydrolysis, and are disordered in the previous structures at
moderate (~3 Å) resolutions22, suggesting that the deletion of the
flexible SMB domains could improve the resolution. Thus, we
prepared the mouse ENPP1 protein lacking the SMB domains
(residues 83–169) (hereafter referred to as ENPP1-ΔSMB) (Sup-
plementary Fig. 1a, b). We confirmed that ENPP1-ΔSMB has
in vitro hydrolytic activities toward 2′3′-cGAMP and ATP
comparable to those of wild-type ENPP1 (Supplementary Fig. 1c,
d). To avoid the 2′3′-cGAMP degradation during crystallization,
we replaced the catalytic Thr238 residue with alanine to generate
the ENPP1-ΔSMB T238A mutant (Supplementary Fig. 1a). We
co-crystallized the ENPP1-ΔSMB T238A mutant in the presence
of 2′3′-cGAMP or 3′3′-cGAMP, and determined the crystal
structures at 1.8 and 1.9 Å resolutions, respectively (Fig. 2b;
Table 1). The two structures consist of the catalytic domain
(residues 190–578) and the nuclease-like domain (residues
629–902) (Fig. 2a), and are essentially identical to the ENPP1-
AMP complex structure (PDB ID 4GTW, rmsd= 0.65 Å for 700
Cα atoms) (Supplementary Fig. 2a–c), showing that the trunca-
tion of the SMB domains does not substantially affect the struc-
tures of the catalytic and nuclease-like domains, and resulted in
the improvement of the resolution. In the two structures, we
observed electron densities corresponding to the dinucleotides
bound to the active site in the catalytic domain (Fig. 2c, d). In the
co-crystal structure with 2′3′-cGAMP, a continuous density was
not observed at the 2′-5′ phosphodiester linkage of 2′3′-cGAMP
(Fig. 2c), suggesting that 2′3′-cGAMP was predominantly
degraded to the pApG linear intermediate during crystallization,
although the catalytically inactive ENPP1-ΔSMB T238A mutant
was used for crystallization. This may be due to the slight enzy-
matic activity of the mutant at a high concentration during
crystallization. We concluded that this structure represents a
post-reaction state of the first hydrolysis, and modeled pApG into
the electron density. In contrast, in the co-crystal structure with 3′
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Fig. 1 cGAMP isomer structures. a, b Chemical structures of 2′3′-cGAMP, cyclic [G(2′,5′)pA(3′,5′)p] (a) and 3′3′-cGAMP, cyclic [G(3′,5′)pA(3′,5′)p]
(b). 2′3′-cGAMP contains the non-canonical 2′-5′ and the canonical 3′-5′ phosphodiester linkages, while 3′3′-cGAMP contains the two canonical 3′-5′
phosphodiester linkages

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06922-7

2 NATURE COMMUNICATIONS | �������� �(2018)�9:4424� | DOI: 10.1038/s41467-018-06922-7 | www.nature.com/naturecommunications

Kato et al., Nature Communications 9: 4424 (2018)
DOI: 10.1038/s41467-018-06922-7 

2'3' cyclic GMP-AMP (cGAMP)



Figure 4.5: The STING cytosolic 
DNA sensing pathway.
Cytoplasmic microbial DNA and self DNA 
that accumulates in the cytosol activate the 
enzyme cGAS, which catalyzes the 
synthesis of cyclic GMP-AMP (cGAMP) 
from ATP and GTP. cGAMP binds to STING 
in the endoplasmic reticulum membrane, 
causing STING to translocate to the Golgi 
(not shown), and then STING recruits and 
activates the kinase TBK1, which 
phosphorylates IRF3. Phospo-IRF3 moves 
to the nucleus, where it induces type I IFN 
gene expression. Self DNA may be 
produced as a result of genomic or 
mitochondrial damage or from turnover of 
DNA. The bacterial second messenger 
molecules cyclic di-GMP (c-di-GMP) and 
cyclic di-AMP (c-di-AMP) are directly 
sensed by STING. ATP, Adenosine 
triphosphate; cGAS, cyclic GMP-AMP 
synthase; ER, endoplasmic reticulum; GTP, 
guanosine triphosphate; IFN, interferon; 
IRF3, interferon response factor 3.
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cGAS-STING 経路

• がん免疫（STINGアゴニストを抗がん剤へ？） 

• 老化における炎症 (transposons？) 

• ALS など神経変性疾患 (transposons？)



自然免疫の構成要素

• 上皮バリア 

• 血液中エフェクター細胞 

• 血液中エフェクタータンパク 

• サイトカイン



上皮バリア
• 微生物（外界）と生体
の間の物理的な障壁 

• 皮膚と粘膜（消化器・
呼吸器）から成り、上
皮 epithelium で覆わ
れる。 

• 抗菌タンパクや上皮内
リンパ球も含まれる。
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FIGURE 2-3 Epithelial barriers. Epithelia at the portals of entry 
of microbes provide physical barriers. produce antimicrobial sub-
stances. and harbor intraepithelial lymphocytes that are believed to 
kill microbes and infected cells. 

Epithelia, as well as some leukocytes, produce pep-
tides that have antimicrobial properties. Two struc-
turally distinct families of antimicrobial pep tides are the 
defensins and the cathelicidins. Defensins are small 
cationic peptides, 29 to 34 amino acids long, that 
contain three intrachain disulfide bonds. Three families 
of defensins, named a, and <!J, are distinguished by 
the location of these bonds. Oefensins are produced 
by epithelial cells of mucosal surfaces and by granule-
containing leukocytes, including neutrophils, NK cells, 
and cytotoxic T lymphocytes. The set of defensin mole-
cules produced differs between different cell ty pes. A 
major producer of a defensins are Paneth cells within 
the crypts of the small bowel. Paneth cell defensins are 
sometimes called crypticidins and serve to limit the 
amount of microbes in the lumen. Defensins are also 
produced elsewhere in the bowel, in respiratory mucosal 
cells, and in the skin. Some defensins are constitutively 
produced by some cell types, but their secretion may be 
enhanced by cytokines or microbial products. In other 
cells, defensins are produced in responses to cytokines 
and microbial products. The protective actions of the 
defensins include both direct toxicity to microbes, 
including bacteria and fungi, and the activation of cells 
involved in the inflammatory response to microbes. The 
mechanisms of direct microbicidal effects are poorly 
understood. 

Cathelicidins are expressed by neutrophils and 
various barrier epithelia, including skin, gastrointestinal 
mucosal cells, and respiratory mucosal cells. An 18-kD 
two-domain precursor cathelicidin protein is tran-
scribed and is proteolytically cleaved into two peptides, 
each with protective functions. Both precursor synthesis 
and proteolytic cleavage may be stimulated by inflam-
matory cytokines and microbial products. The C-
terminal fragment, calJed LL-37 because it has two 
leucine residues at its N terminus, has multiple functions 

that serve to protect against infections. These include 
direct toxicity to a broad range of microorganisms, and 
the activation of various responses in leukocytes and 
other cell types that promote eradication of microbes. In 
addition, LL-37 can bind and neutralize LPS, which is a 
toxic component of the outer wall of gram-negative bac-
teria that is discussed later in this chapter. The other frag-
ment of the cleaved cathelicidin precursor may also have 
antimicrobial activities, but these are less well defined. 

Barrier epithelia and serosal cavities contain certain 
types of lymphocytes, including intraepithelial T lym-
phocytes and the B-1 subset ofB cells, respectively, which 
recognize and respond to commonly encountered 
microbes. As we will discuss in greater detail in later 
chapters, most T and B lymphocytes are components of 
the adaptive immune system and are characterized by a 
highly diverse repertoire of specificities for different 
antigens. The diversity of antigen receptors is generated 
by somatic recombination of germline DNA segments 
and modification of nucleotide sequences at the junc-
tions between the recombined segments, yielding 
unique antigen receptor genes in each lymphocyte clone 
(see Chapter 8). However, certain subsets ofT and B 
lymphocytes have very little diversity, because the same 
DNA segments are recombined in each clone and there 
is little or no modification of junctional sequences. It 
appears that these T and B cell subsets recognize struc-
tures commonly expressed by many different or com-
monly encountered microbial species; in other words, 
they recognize PAMPs. Although these T and B cells are 
lymphocytes with antigen receptors like other T or B 
cells, and they perform similar effector functions as do 
other lymphocytes, the nature of their specificities 
places them in a special category of lymphocytes that is 
akin more to effector cells of innate immunity than to 
cells of adaptive immunity. Intraepithelial T lympho-
cytes are present in the epidermis of the skin and in 
mucosal epithelia (see Chapter 3). Various subsets of 
intraepitheliallymphocytes are present in different pro-
portions, depending on species and tissue location. 
These subsets are distinguished mainly by th e type ofT 
cell antigen receptors (TCRs) they express. Som e 
intraepithelial T lymphocytes express the conventional 

form ofTCR, which is present on most T cells in lym-
phoid tissues. Otl1erT cells in epithelia express a form of 
antigen receptor called the yo receptor that may recog-
nize peptide and nonpeptide antigens. Intraepithelial 
lymphocytes may function in host defense by secreting 
cytokines, activating phagocytes, and killing infected 
cells. The peritoneal cavity contains a population of B 
lymphocytes, called B-1 cells, whose antigen receptors 
are immunoglobulin molecules, as in other B lympho-
cytes, but have limited diversity, like the antigen recep-
tors of intraepithelial T lymphocytes. Many B-1 cells 
produce immunoglobulin M (lgM) antibodies specific 
for polysaccharide and lipid antigens, such as phospho-
rylcholine and LPS, that are shared by many types of 
bacteria. In fact, normal individuals have circulating 
antibodies against such bacteria, most of which 
are present in tl1e intestines, without any evidence 
of infection. These antibodies are called natural anti-
bodies and tl1ey are largely the product of B-1 cells. 
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抗菌ペプチド

• 上皮やある種の白血球が産生する抗菌活性があ
るペプチド。恒常的に産生されているが、細菌
の刺激により分泌が亢進するものもある。 

• defensins 

• cathelicidins
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Epithelia, as well as some leukocytes, produce pep-
tides that have antimicrobial properties. Two struc-
turally distinct families of antimicrobial pep tides are the 
defensins and the cathelicidins. Defensins are small 
cationic peptides, 29 to 34 amino acids long, that 
contain three intrachain disulfide bonds. Three families 
of defensins, named a, and <!J, are distinguished by 
the location of these bonds. Oefensins are produced 
by epithelial cells of mucosal surfaces and by granule-
containing leukocytes, including neutrophils, NK cells, 
and cytotoxic T lymphocytes. The set of defensin mole-
cules produced differs between different cell ty pes. A 
major producer of a defensins are Paneth cells within 
the crypts of the small bowel. Paneth cell defensins are 
sometimes called crypticidins and serve to limit the 
amount of microbes in the lumen. Defensins are also 
produced elsewhere in the bowel, in respiratory mucosal 
cells, and in the skin. Some defensins are constitutively 
produced by some cell types, but their secretion may be 
enhanced by cytokines or microbial products. In other 
cells, defensins are produced in responses to cytokines 
and microbial products. The protective actions of the 
defensins include both direct toxicity to microbes, 
including bacteria and fungi, and the activation of cells 
involved in the inflammatory response to microbes. The 
mechanisms of direct microbicidal effects are poorly 
understood. 

Cathelicidins are expressed by neutrophils and 
various barrier epithelia, including skin, gastrointestinal 
mucosal cells, and respiratory mucosal cells. An 18-kD 
two-domain precursor cathelicidin protein is tran-
scribed and is proteolytically cleaved into two peptides, 
each with protective functions. Both precursor synthesis 
and proteolytic cleavage may be stimulated by inflam-
matory cytokines and microbial products. The C-
terminal fragment, calJed LL-37 because it has two 
leucine residues at its N terminus, has multiple functions 

that serve to protect against infections. These include 
direct toxicity to a broad range of microorganisms, and 
the activation of various responses in leukocytes and 
other cell types that promote eradication of microbes. In 
addition, LL-37 can bind and neutralize LPS, which is a 
toxic component of the outer wall of gram-negative bac-
teria that is discussed later in this chapter. The other frag-
ment of the cleaved cathelicidin precursor may also have 
antimicrobial activities, but these are less well defined. 

Barrier epithelia and serosal cavities contain certain 
types of lymphocytes, including intraepithelial T lym-
phocytes and the B-1 subset ofB cells, respectively, which 
recognize and respond to commonly encountered 
microbes. As we will discuss in greater detail in later 
chapters, most T and B lymphocytes are components of 
the adaptive immune system and are characterized by a 
highly diverse repertoire of specificities for different 
antigens. The diversity of antigen receptors is generated 
by somatic recombination of germline DNA segments 
and modification of nucleotide sequences at the junc-
tions between the recombined segments, yielding 
unique antigen receptor genes in each lymphocyte clone 
(see Chapter 8). However, certain subsets ofT and B 
lymphocytes have very little diversity, because the same 
DNA segments are recombined in each clone and there 
is little or no modification of junctional sequences. It 
appears that these T and B cell subsets recognize struc-
tures commonly expressed by many different or com-
monly encountered microbial species; in other words, 
they recognize PAMPs. Although these T and B cells are 
lymphocytes with antigen receptors like other T or B 
cells, and they perform similar effector functions as do 
other lymphocytes, the nature of their specificities 
places them in a special category of lymphocytes that is 
akin more to effector cells of innate immunity than to 
cells of adaptive immunity. Intraepithelial T lympho-
cytes are present in the epidermis of the skin and in 
mucosal epithelia (see Chapter 3). Various subsets of 
intraepitheliallymphocytes are present in different pro-
portions, depending on species and tissue location. 
These subsets are distinguished mainly by th e type ofT 
cell antigen receptors (TCRs) they express. Som e 
intraepithelial T lymphocytes express the conventional 

form ofTCR, which is present on most T cells in lym-
phoid tissues. Otl1erT cells in epithelia express a form of 
antigen receptor called the yo receptor that may recog-
nize peptide and nonpeptide antigens. Intraepithelial 
lymphocytes may function in host defense by secreting 
cytokines, activating phagocytes, and killing infected 
cells. The peritoneal cavity contains a population of B 
lymphocytes, called B-1 cells, whose antigen receptors 
are immunoglobulin molecules, as in other B lympho-
cytes, but have limited diversity, like the antigen recep-
tors of intraepithelial T lymphocytes. Many B-1 cells 
produce immunoglobulin M (lgM) antibodies specific 
for polysaccharide and lipid antigens, such as phospho-
rylcholine and LPS, that are shared by many types of 
bacteria. In fact, normal individuals have circulating 
antibodies against such bacteria, most of which 
are present in tl1e intestines, without any evidence 
of infection. These antibodies are called natural anti-
bodies and tl1ey are largely the product of B-1 cells. 
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上皮のリンパ球
• 抗原認識の多様性が限られた特殊なリンパ球
が PAMP を認識し、病原体の侵入に備えてい
る。 

• 上皮内 T リンパ球 (IEL, intraepithelial 
lymphocyte) 

•  B-1 細胞（腹腔） 

• リンパ球ではないが肥満細胞 mast cell も上皮
の直下で待機している。
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FIGURE 2-3 Epithelial barriers. Epithelia at the portals of entry 
of microbes provide physical barriers. produce antimicrobial sub-
stances. and harbor intraepithelial lymphocytes that are believed to 
kill microbes and infected cells. 

Epithelia, as well as some leukocytes, produce pep-
tides that have antimicrobial properties. Two struc-
turally distinct families of antimicrobial pep tides are the 
defensins and the cathelicidins. Defensins are small 
cationic peptides, 29 to 34 amino acids long, that 
contain three intrachain disulfide bonds. Three families 
of defensins, named a, and <!J, are distinguished by 
the location of these bonds. Oefensins are produced 
by epithelial cells of mucosal surfaces and by granule-
containing leukocytes, including neutrophils, NK cells, 
and cytotoxic T lymphocytes. The set of defensin mole-
cules produced differs between different cell ty pes. A 
major producer of a defensins are Paneth cells within 
the crypts of the small bowel. Paneth cell defensins are 
sometimes called crypticidins and serve to limit the 
amount of microbes in the lumen. Defensins are also 
produced elsewhere in the bowel, in respiratory mucosal 
cells, and in the skin. Some defensins are constitutively 
produced by some cell types, but their secretion may be 
enhanced by cytokines or microbial products. In other 
cells, defensins are produced in responses to cytokines 
and microbial products. The protective actions of the 
defensins include both direct toxicity to microbes, 
including bacteria and fungi, and the activation of cells 
involved in the inflammatory response to microbes. The 
mechanisms of direct microbicidal effects are poorly 
understood. 

Cathelicidins are expressed by neutrophils and 
various barrier epithelia, including skin, gastrointestinal 
mucosal cells, and respiratory mucosal cells. An 18-kD 
two-domain precursor cathelicidin protein is tran-
scribed and is proteolytically cleaved into two peptides, 
each with protective functions. Both precursor synthesis 
and proteolytic cleavage may be stimulated by inflam-
matory cytokines and microbial products. The C-
terminal fragment, calJed LL-37 because it has two 
leucine residues at its N terminus, has multiple functions 

that serve to protect against infections. These include 
direct toxicity to a broad range of microorganisms, and 
the activation of various responses in leukocytes and 
other cell types that promote eradication of microbes. In 
addition, LL-37 can bind and neutralize LPS, which is a 
toxic component of the outer wall of gram-negative bac-
teria that is discussed later in this chapter. The other frag-
ment of the cleaved cathelicidin precursor may also have 
antimicrobial activities, but these are less well defined. 

Barrier epithelia and serosal cavities contain certain 
types of lymphocytes, including intraepithelial T lym-
phocytes and the B-1 subset ofB cells, respectively, which 
recognize and respond to commonly encountered 
microbes. As we will discuss in greater detail in later 
chapters, most T and B lymphocytes are components of 
the adaptive immune system and are characterized by a 
highly diverse repertoire of specificities for different 
antigens. The diversity of antigen receptors is generated 
by somatic recombination of germline DNA segments 
and modification of nucleotide sequences at the junc-
tions between the recombined segments, yielding 
unique antigen receptor genes in each lymphocyte clone 
(see Chapter 8). However, certain subsets ofT and B 
lymphocytes have very little diversity, because the same 
DNA segments are recombined in each clone and there 
is little or no modification of junctional sequences. It 
appears that these T and B cell subsets recognize struc-
tures commonly expressed by many different or com-
monly encountered microbial species; in other words, 
they recognize PAMPs. Although these T and B cells are 
lymphocytes with antigen receptors like other T or B 
cells, and they perform similar effector functions as do 
other lymphocytes, the nature of their specificities 
places them in a special category of lymphocytes that is 
akin more to effector cells of innate immunity than to 
cells of adaptive immunity. Intraepithelial T lympho-
cytes are present in the epidermis of the skin and in 
mucosal epithelia (see Chapter 3). Various subsets of 
intraepitheliallymphocytes are present in different pro-
portions, depending on species and tissue location. 
These subsets are distinguished mainly by th e type ofT 
cell antigen receptors (TCRs) they express. Som e 
intraepithelial T lymphocytes express the conventional 

form ofTCR, which is present on most T cells in lym-
phoid tissues. Otl1erT cells in epithelia express a form of 
antigen receptor called the yo receptor that may recog-
nize peptide and nonpeptide antigens. Intraepithelial 
lymphocytes may function in host defense by secreting 
cytokines, activating phagocytes, and killing infected 
cells. The peritoneal cavity contains a population of B 
lymphocytes, called B-1 cells, whose antigen receptors 
are immunoglobulin molecules, as in other B lympho-
cytes, but have limited diversity, like the antigen recep-
tors of intraepithelial T lymphocytes. Many B-1 cells 
produce immunoglobulin M (lgM) antibodies specific 
for polysaccharide and lipid antigens, such as phospho-
rylcholine and LPS, that are shared by many types of 
bacteria. In fact, normal individuals have circulating 
antibodies against such bacteria, most of which 
are present in tl1e intestines, without any evidence 
of infection. These antibodies are called natural anti-
bodies and tl1ey are largely the product of B-1 cells. 

Cellular and Molecular Immunology 6th ed.



自然免疫のエフェクター細胞

• 好中球 neutrophils 

• 単核貪食細胞 mononuclear phagocytes 

• 樹状細胞 dendritic cells 

• ナチュラルキラー細胞 natural killer (NK) cells 

• 自然リンパ球 innate lymphoid cells (ILC)



好中球
• 貪食能を持つ、白血球中最多の細胞。  
• 白血球の50-70%。顆粒球の90-95%。 
• 分葉した核をもつ。 
• 寿命は６時間。毎日 1x1011 個 (100ml) が作られる。 
• 細胞質には２種類の顆粒が含まれる。 

• specific granule 塩基性、酸性染料で染まらない。 
• lysozyme, collagenase, elastase etc. 

• azurophilic granule 
• defensins, cathelicidins

Natural antibodies serve as a preformed defense mech-
anism against microbes that succeed in penetrating 
epithelial barriers. 

A third population of cells present under many 
epithelia and in serosal cavities are mast cells. Mast cells 
respond directly to microbial products by secreting 
cytokines and lipid mediators that promote inflamma-
tion. We will return to a discussion of mast cells in 
Chapter 19. 

Phagocytes and Inflammatory Responses 
The most numerous effector cells of the innate immune 
system are bone marrow-derived cells that circulate in 
the blood and migrate into tissues. These include cells of 
the myeloid lineage, including neutrophils, mononu-
clear phagocytes, and dendritic cells, which we wi ll 
discuss in this section, and cells of the lymphocyte 
lineage, including natural killer cells, which will be 
described later, as well as y8 T cells and B-1 B cells, which 
were described above. 

Phagocytes, including neutrophils and macro phages, 
are cells whose primary function is to identify, ingest, 
and destroy microbes. The functional responses of 
phagocytes in host defense consist of sequential steps: 
active recruitment of the cells to the sites of infection, 
recognition of microbes, ingestion of the microbes by 
the process of phagocytosis, and destruction of ingested 
microbes. In addition, phagocytes produce cytokines 
that serve many important roles in innate and ada ptive 
immune responses and tissue repair. These effector 
functions of phagocytes are important not only in innate 
immunity, but also in the effector phases of adaptive 
immune responses. For example, as we wi ll discuss in 
Chapter 13, in T cell-mediated immunity, antigen-
stimulated T cells can activate macrophages to become 
more efficient at killing phagocytosed microbes. In 
humoral immunity, antibodies coat, or opsonize, 
microbes and promote the phagocytosis of the microbes 
through macrophage surface receptors for antibodies 
(see Chapter 14). These are examples that illustrate two 
ways by which adaptive immunity works by enhancing 
the anti-microbial activities of a cell type of innate 
immunity (the macrophage). In the following discus-
sion, we v.rill describe the phagocytes that are important 
in innate immunity. 

Neutrophils 
Neutrophils, also called polymorphonuclear leukocytes, 
are the most abundant population of circulating white 
blood cells and mediate the earliest phases of inflam-
matory responses. Neutrophils circulate as spherical 
cells about 12 to 151Jm in diameter with numerous 
membranous projections. The nucleus of a neutrophil is 
segmented into three to five connected lobules, hence 
the synonym polymorphonuclear leukocyte (Fig. 2-4). 
The cytoplasm contains granules of two types. The 
majority, called specific granules, are filled with enzymes 
such as lysozyme, collagenase, and elastase. These gran-
ules do not stain strongly \o\rith either basic or acidic dyes 
(hematoxylin and eosin, respectively), which distin-
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guishes neutrophil granules from those ofbasophils and 
eosinophils, respectively. The remainder of the granules 
of neutrophils, called azuroph ilic granules, are Iyso-
somes containing enzymes and other microbicidal 
substances, including defensins and cathelicidins. 
Neutrophils are produced in the bone marrow and arise 
from a common lineage with mononuclear phagocytes. 
Production of neutrophils is stimulated by granulocyte 
colony-stimulating factor (G-CSF). An adult human pro-
duces more than 1 x 1011 neutrophils per day, each of 
which circulates in the blood for only about 6 hours. 
Neutrophils may migrate to sites of infection within a 
few hours after the entry of microbes. If a circulating 
neutrophil is not recrui ted into a site of inflammation 
within this period, it undergoes apoptosis and is usually 
phagocytosed by resident macrophages in the liver or 
spleen. Even after entering tissues, neutrophils function 
for a few hours and then die. 

Mononuclear Phagocytes 
The mononuclear phagocyte system consists of cells that 
have a common lineage whose primary function is 
phagocytosis, and that play central roles in innate and 
adaptive immunity. The cells of the mononuclear 
phagocyte system originate in the bone marrow, circu-
late in the blood, and mature and become activated in 
various tissues (Fig. 2- 5). The first cell type that enters 
the peripheral blood after leaving the marrow is incom-
pletely differentiated and is called the monocyte. Mono-
cytes are 10 to 151Jm in diameter, and they have 
bean-shaped nuclei and finely granular cytoplasm con-
taining lysosomes, phagocytic vacuoles, and cytoskele-
tal filaments (Fig. 2-6). Once they enter tissues, these 
cells mature and become macrophages. Macrophages 
may assume different morphologic forms after activa-
tion by external stimuli, such as microbes. Some develop 
abundant cytoplasm and are called epith elioid cells 
because of their resemblance to epithelial cells of the 
skin. Activated macrophages can fuse to form multi-
nucleate giant cells. Macrophages in different tissues 
have been given special names to designate specific 
locations. For instance, in the central nervous system, 
they are called microglial cells; when lining the vascular 
sinusoids of the liver, they are called Kupffer cells; in pul-
monary airways, they are called alveolar macrophages; 

FIGURE 2-4 Morphology of neutrophils. The light micrograph of 
a blood neutrophil shows the multilobed nucleus, because of which 
these cells are also called polymorphonuclear leukocytes, and the 
faint cytoplasmic granules. 

Cellular and Molecular 
Immunology 6th ed.



単核貪食細胞

• 微生物や死細胞の貪食が主な仕事。 

• 単球 monocyte より分化。組織によって様々な名称
で呼ばれる。好中球より長生きで、感染後期に活躍。30 Section I - INTRODUCTION TO THE IMMUNE SYSTEM 
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Osteoclasts (bone) 

FIGURE 2-5 Maturation of mononuclear phagocytes. Mononuclear phagocytes develop in the bone marrow, circulate in the blood as 
monocytes, and are resident in all tissues of the body as macrophages. They may differentiate into specialized forms in particular tissues. 
CNS, central nervous system. 

and multinucleate phagocytes in bone are called 
osteoclasts. 

Macrophage-like cells are phylogenetically the oldest 
mediators of innate immunity. Drosophila responds to 
infection by surrounding microbes with "hemocytes," 
which are similar to macrophages, and these cells 
phagocytose the microbes and wal l off the infection by 
inducing coagulation of the surrounding hemolymph. 
Similar phagocyte-like cells have been identified even in 
plants. 

Macrophages typically respond to microbes nearly as 
rapidly as neutrophils do, but macrophages survive 
much longer at sites of inflammation. Unlike neu-
trophils, macrophages are not terminally d ifferentiated 
and can undergo cell division at an inflammatory site. 
Therefore, macrophages are the dominant effector cells 
of the later stages of the innate immune response, 1 or 
2 days after infection. 

Dendritic Cells 
Dendritic cells play important roles in innate responses 
to infections and in linking innate and adaptive immune 
responses. They have long membranous projections 
and phagocytic capabilities, and are widely distributed 

in lymphoid tissues, mucosal epithelium, and organ 
parenchyma. Dendritic cells are derived from bone-
marrow precursors, and most are related in lineage to 
mononuclear phagocytes. They express pattern recogni-
tion receptors and respond to microbes by secreting 
cytokines. One subpopulation of dend ritic cells, called 
plasmacytoid dendritic cells, are specialized early cellu-
lar responders to viral infection. They recognize endo-
cytosed viruses and produce type I in terferons, which 
have potent antiviral activi ties (see Chapter 12). Den-
dritic cells serve a critical function in adaptive immune 
responses by captu ring and displaying microbial anti-
gens toT lymphocytes. We will discuss dendritic cells in 
this context in Chapter 6. 

Recruitment of Leukocytes to Sites of Infection 
Neutrophils and monocytes are recruited from the blood 
to sites of infection by binding to adhesion molecules on 
endothelial cells and by chemoattractants produced in 
response to the infection. In the absence of infection, 
these leukocytes circulate in the blood and do not 
migrate into tissues. Their recruitment to sites of infec-
tion is a multistep process involving adherence of the 
circulating leukocytes to the luminal surface of endothe-

FIGURE 2-6 Morphology of mononuclear phagocytes. A. Light micrograph of a monocyte in a peripheral blood smear. B. Electron micro-
graph of a peripheral blood monocyte. (Courtesy of Dr. Noel Weidner, Department of Pathology, University of California, San Diego.) C. Elec-
tron micrograph of an activated tissue macrophage showing numerous phagocytic vacuoles and cytoplasmic organelles. (From Fawcett DW. 
Bloom & Fawcett's Textbook of Histology, 12th ed. Chapman & Hall, 1994. With kind permission of Springer Science and Business Media.) 
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mediators of innate immunity. Drosophila responds to 
infection by surrounding microbes with "hemocytes," 
which are similar to macrophages, and these cells 
phagocytose the microbes and wal l off the infection by 
inducing coagulation of the surrounding hemolymph. 
Similar phagocyte-like cells have been identified even in 
plants. 

Macrophages typically respond to microbes nearly as 
rapidly as neutrophils do, but macrophages survive 
much longer at sites of inflammation. Unlike neu-
trophils, macrophages are not terminally d ifferentiated 
and can undergo cell division at an inflammatory site. 
Therefore, macrophages are the dominant effector cells 
of the later stages of the innate immune response, 1 or 
2 days after infection. 
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marrow precursors, and most are related in lineage to 
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cytosed viruses and produce type I in terferons, which 
have potent antiviral activi ties (see Chapter 12). Den-
dritic cells serve a critical function in adaptive immune 
responses by captu ring and displaying microbial anti-
gens toT lymphocytes. We will discuss dendritic cells in 
this context in Chapter 6. 

Recruitment of Leukocytes to Sites of Infection 
Neutrophils and monocytes are recruited from the blood 
to sites of infection by binding to adhesion molecules on 
endothelial cells and by chemoattractants produced in 
response to the infection. In the absence of infection, 
these leukocytes circulate in the blood and do not 
migrate into tissues. Their recruitment to sites of infec-
tion is a multistep process involving adherence of the 
circulating leukocytes to the luminal surface of endothe-
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樹状細胞

• 単球と共通の前駆細胞から分化。 
• 長い突起を多数持ち、貪食能をもつ。 
• 微生物を貪食し、サイトカインを分泌。 
• 微生物の分解産物を抗原として T 細胞に提示。 
• 形質細胞様樹状細胞 plasmacytoid dendritic 
cell はウイルス感染に特化した細胞。
interferon (IFN)を産生。 

• 皮膚上皮（表皮）のランゲルハンス細胞は胎児期
に移動を終えた樹状細胞。

118 Section II - RECOGNITION OF ANTIGENS 

Table 6-2. Properties and Functions of Antigen-Presenting Cells 
I.-C_e_l_l Expression of 11.--P-r-in-c-ip_a_l_f-un_c_t-io_n ___ ....., 

Class II MHC Costimulators 
Dendritic cells Constitutive; increases Constitutive; increase with 

with maturation; maturation; inducible by IFN-y, 
increased by IFN-y CD40-CD40L interactions 

Macrophages Low or negative; Inducible by LPS, IFN-y, 
inducible by IFN-y CD40-CD40L interactions 

B lymphocytes Constitutive; Induced by T cells 
increased by IL-4 (CD40-CD40L interactions), 

antigen receptor cross-linking 

Vascular Inducible by IFN-y; Constitutive 
endothelial cells constitutive in humans (inducible in mice) 

Various Inducible by IFN-y Probably none 
epithelial and 
mesenchymal cells 

Abbreviations: IFN-y, interferon-y; IL-4, interleukin-4; LPS, lipopolysaccharide l 

Dendritic cell (Langerhans cell) 
in epidermis: phenotypically immature 

@ 

Initiation ofT cell responses 
to protein antigens (priming) 

Effector phase of 
cell-mediated immune responses 

Antigen presentation to CD4+ 
helper T cells in humoral immune 
responses (cognate T ceii-B cell 
interactions) 
May promote activation of antigen-
specific T cells at site of 
antigen exposure 

No known physiologic function 

FIGURE 6-4 Dendritic cells. A. Light 
micrograph of cultured dendritic cells derived 
from bone marrow precursors. (Courtesy of 
Dr. Y-J Liu, M . D. Anderson Cancer Center. 
Houston, TX.l B. A scanning electron micro-
graph of a dendritic cell, showing the exten-
sive membrane projections. (Courtesy of Dr. 
Y-J Liu, M. D. Anderson Cancer Center. 
Houston. TX.l C. D. Dendritic cells in the 
skin, illustrated schematically (C) and in a 
section of the skin stained with an antibody 
specific for Langerhans cells (which appear 
blue in this immunoenzyme stain) (D). (The 
micrograph of the skin is courtesy of Dr. Y-J 
Liu. M. D. Anderson Cancer Center, 
Houston. TX.l E. F. Dendritic cells in a lymph 
node, illustrated schematically (E) and in a 
section of a mouse lymph node stained with 
fluorescently labeled antibodies against B 
cells in follicles (green) and dendritic cells in 
the T cell zone (red) (Fl. (The micrograph is 
courtesy of Drs. Kathryn Pape and Jennifer 
Walter. University of Minnesota School of 
Medicine. Minneapolis.) 
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ナチュラルキラー(NK)細胞

• 感染細胞や腫瘍細胞が発現する様々なリガンド
を認識し殺傷する（活性化シグナル）。 

• 殺傷には活性化を必要としない。 

• 抑制性シグナルを伝える受容体の働きで正常細
胞は攻撃しない。リガンドは MHC class I。



自然リンパ球 ILCs
• サイトカインを産生する
リンパ球様細胞。 

• 抗原受容体を持たない。 

• 数が少ない（リンパ球に
比して）。 

• ３つのサブセット 
ILC1, ILC2, ILC3

Cellular and Molecular Immunology 10th ed.



適応免疫への橋渡し

• 自然免疫からの入力（シグナル２）が無けれ
ば、適応免疫は発動しない。 

• シグナル１：抗原受容体からのシグナル 

• シグナル２：自然免疫反応により誘導され
るリガンドを認識する受容体（補助刺激受
容体）からのシグナル



Microbial 
antigen 

Innate immune 
response 

to microbe 

Molecule induced by 
innate response 
(e.g. costimulator, 
complement fragment) 

Lymphocyte 
proliferation 

and differentiation 

Adaptive 
immune response 

2-13 Stimulation of adaptive immunity by innate 
Immune responses. Antigen recognition by lymphocytes provides 
stgnal 1 for the activation of the lymphocytes. and molecules 
induced on host cells during innate immune responses to microbes 
provide signal 2. In this illustration. the lymphocytes are B cells. but 
the same principles apply to T lymphocytes. The nature of second 
signals diHers for B and T cells and is described in later chapters. 

signaling enhances the ability of antigen-presenting 
ce!Js to induce the differentiation ofT cells into effector 
cells called T,,l cells. T1.11 cells produce the cytokine lFN-
'Y· which can activate macrophages to kill microbes that 
might otherwise survive within phagocytic vesicles. T11 1 
cells and cell-mediated immunity are discussed in detail 
in Chapter 13. In contrast, many extracellular microbes 
that enter the blood activate the alternative complement 
pathway, which in turn enhances the production of 
antibodies by B lymphocytes. This humoral immune 
response serves to eliminate extracellular microbes. The 
role of complement in enhancing B cell activation is dis-
cussed in Chapter 14. 

The role of innate immunity in stimulating adaptive 
immune responses is the basis of the action of adju-
vants, which are substances that need to be adminis-
tered together with protein antigens to elicit maximal 
T cell-dependent immune responses (see Chapter 6). 
Adjuvants are useful in experimental immunology and 
in clinical vaccines. Many adjuvants in experimental use 
are microbial products, such as killed mycobacteria and 
LPS, that engage TLRs and elicit strong innate immune 
responses at the site of antigen entry. 

SUMMARY 
o The innate immune system provides the first line 

of host defense against microbes. The mechanisms 
of innate immunity exist before exposure to 
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microbes. The components of the innate immune 
system include epithelial barriers, leukocytes 
(neutrophils, macrophages, and NK cells), circu-
lating effector proteins (complement, collectins, 
pentraxins), and cytokines (e.g., TNF, IL-l, 
chemokines, IL-2, type I IFNs, and IFN-y). 

o The innate immune system uses ce!J-associated 
pattern recognition receptors to recognize struc-
tures ca!Jed pathogen-associated molecular pat-
terns (PAMPs), which are shared by microbes, are 
not present on mammalian ce!Js, and are often 
essential for survival of the microbes, thus limiting 
the capacity of microbes to evade detection by 
mutating or losing expression of these molecules. 
TLRs are the most important family of pattern 
recognition receptors, recognizing a wide variety 
of ligands, including microbial nucleic acids, 
sugars, glycolipids, and proteins. 

o Neutrophils and macrophages are phagocytes that 
kill ingested microbes by producing ROS, nitric 
oxide, and enzymes in phagolysosomes. 
Macrophages also produce cytokines that stimu-
late inflammation and promote tissue remodeling 
at sites of infection. Phagocytes recognize and 
respond to microbial products by several different 
types of receptors, including TLRs, C-type lectins, 
scavenger receptors, and N-formyl Met-Leu- Phe 
receptors. 

o Neutrophils and monocytes (the precursors of 
tissue macrophages) migrate from blood into 
inflammatory sites during innate immune 
responses. Cytokines, including IL-l and TNF, pro-
duced at these sites in response to microbial prod-
ucts induce the expression of adhesion molecules 
on the endotheHal cells of local venules. These 
adhesion molecules mediate the attachment of the 
circulating leukocytes to the vessel wa!J. The 
process of leukocyte migration involves sequential 
steps, starting with low affinity leukocyte binding 
to and rolUng along the endotheHa surface (medi-
ated by endothelial selectins and leukocyte 
selectin ligands). Next, the leukocytes become 
firmly bound, via interactions of leukocyte inte-
grins binding to Ig-superfarnily Hgands on the 
endothelium. Intergrin binding is strengthened by 
chemokines, produced at the site of infection, 
which bind to receptors on the leukocytes. 
Chemokines also stimulate directed migration of 
the leukocytes through the vessel wall into the site 
of infection. 

o NK cells are lymphocytes that defend against intra-
cellular microbes by killing infected cells and pro-
viding a source of the macrophage-activating 
cytokine IFN-y. NK cell recognition of infected cells 
is regulated by a combination of activating and 
inhibitory receptors. Inhibitory receptors recog-
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Take Home Message
• 免疫は自然免疫と適応免疫に分けられる。 

• 自然免疫は進化的に古く、感染後即座に反応する。 

• パターン認識受容体は限られた多様性を持つ。 

• 自然免疫は細菌の貪食、補体による溶菌、NK細胞による
標的細胞の破壊が主役。 

• 自然免疫と適応免疫は連携している。 
• 自然免疫は適応免疫が発動するために必要（シグナル
２）。 適応免疫が自然免疫を助けることもある（抗体のオ
プソニン作用）。



適応免疫

• たくさんの種類の病原体に対処 

• 侵入ルートは様々 

• 侵入部位とは別の場所でも対処 

• 一度遭遇した相手を記憶 

• 抗体を介してその記憶を母から子へ伝える



適応免疫

• 細胞 

• リンパ球 

• 抗原提示細胞 

• リンパ組織 

• 骨髄、胸腺、リンパ節、脾臓、皮膚、粘膜



リンパ組織
• 骨髄 - 造血（免疫細胞もここから）、形質細胞
による抗体産生。 

• 胸腺 - Tリンパ球の教育器官 

• リンパ節とリンパ管 - 樹状細胞に捕捉された抗
原の収集。Tリンパ球、つぎに、Bリンパ球の
活性化。 

• 脾臓 - 血液中の抗原に対する免疫。損傷赤血球
の除去。



リンパ組織

• 抗原の濃縮 

• 抗原の提示 

• リンパ球の抗原認識と活性化 

• 免疫記憶 lnfectio 
site 

Para-
aortic 
nodes 

--1--+:....rr-+'+ Vessels 
from 
intestines 

Inguinal 
nodes 

FIGURE 3-8 The lymphatic system. The major lymphatic 
vessels and collections of lymph nodes are illustrated. Antigens are 
captured from a site of infection, and the draining lymph node to 
which these antigens are transported and where the immune 
response is initiated. 

the body most often through the skin and the gastroin-
testinal and respiratory tracts. All these tissues are lined 
by epithelia that contain dendritic cells, and all are 
drained by lymphatic vessels. The dendritic cells capture 
some microbial antigens and enter lymphatic vessels. 
Other antigens enter the lymphatics in cell-free form. In 
addition, soluble inflammat01y mediators, such as 
chemokines, produced at sites of infection enter the 
lymphatics. The lymph nodes are interposed along lym-
phatic vessels and act as filters that sample the lymph 
before it reaches the blood. In this way, antigens cap-
tured from the portals of entry are transported to lymph 
nodes, and molecular signals of inflammation are also 
delivered to the draining lymph nodes. 

Lymph enters a lymph node via an afferent lymphatic 
vessel into the subcapsular sinus, and tissue-derived 
dendritic cells within the lymph then leave the sinus and 
enter the paracortex. In this new location, the dendritic 
cells can present antigens derived from the tissue to 
naive T cells and initiate adaptive immune responses 
(see Chapter 6) . The mechanisms by which the dendritic 
cells gain access to the paracortex are not well under-
stood. Some of the lymph from the subcapsular sinus 
is channeled through specialized conduits that run 
through the paracortical T cell zone toward specialized 
vessels ca11ed high endothelial venules (HEV) (see 
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Fig. 3-98). These conduits are organized around colla-
gen-containing reticular fibers and are delimited by 
basement membrane-like matrix molecules and a 
sheath of specialized cells called fibroblastic reticular 
cells. Dendritic cells that are resident in the lymph node 
are also closely associated with the conduits. The 
conduit system serves several functions. It provides a 
direct route for delivery of lymph-borne chemokines 
that are produced in inflamed tissues, such as CCL2, 
to the HEY, where th ey contribute to the regulation 
of leukocyte recruitment into the lymph node. The 
specialized lining of the condu it serves as a selective 
filtration barrier, a11owing only some molecules of 
particular size or chemical properties to enter the T cell 
zo nes of the node. The resident dendritic cells lining 
the conduits sample cell-free protein antigens trans-
ported through the conduits, so that these antigens may 
be processed and presented to T cells in the adjacent 
paracortex. 

Adaptive immune responses to antigens that enter 
through epithelia or are found in tissues are initiated in 
lymph nodes. Lymph nodes are small nodular organs sit-
uated along lymphatic channels throughout the body. A 
lymph node consists of an outer cortex and an inner 
medulla. As described earlier, each lymph node is sur-
rounded by a fibrous capsule that is pierced by numer-
ous afferent lymphatics, which empty the lymph into a 
subcapsular or marginal sinus (Fig. 3-9). The lymph per-
colates through the cortex into the medullary sinus and 
leaves the node through the efferent lymphatic vessel in 
the hilum. Beneath the subcapsular sinus, the outer 
cortex contains aggregates of cells called follicles. Some 
follicles contain central areas ca11ed germinal centers, 
which stain lightly witl1 commonly used histologic 
stains. Follicles without germinal centers are called 
primary follicles, and tl1ose with germinal centers are 
secondary follicles. The cortex around the follicles is 
called the parafollicular cortex o r paracortex, and is 
organized into cords, which are regions contai ning retic-
ular fibers, lymphocytes, dendritic cells, and mononu-
clear phagocytes, arranged around lymphatic and 
vascular sinusoids. Lymphocytes and APCs in these 
cords are often found near one another, but there is sig-
nificant movement of these cells relative to one anotl1er. 
Internal to the cortex is the medulla, consisting of 
medullary cords separated by a labyrinthine arrange-
ment of sinuses that drain into fibroblastic reticular cell 
conduits, and eventually into a main medullary sinus. 
These medullary cords are populated by macrophages 
and plasma cells. Blood is delivered to a lymph node by 
an artery that enters through the hilum and branches 
into capillaries in the outer cortex, and it leaves the node 
by a single vein that exits through tl1e hilum. 

Different classes of lymphocytes are sequestered in 
distinct regions of the cortex of lymph nodes (Fig. 3- 10). 
Follicles are the B cell zones of lymph nodes. Primary 
follicles contain mostly mature, naive B lymphocytes. 
Germinal centers develop in response to antigenic stim-
ula tion. They are sites of remarkable B cell proliferation, 
selection of B cells producing high-affi nity antibodies, 
and generation of memory B cells. The processes of 
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Bリンパ球

• 抗体を産生する（液性免疫）。 

• ニワトリのファブリキウス嚢 the bursa of 
Fabricius に由来。哺乳類では骨髄 the bone 
marrow で作られる。 

• サブセット 

• follicular, marginal zone, B-1

8 Section I-INTRODUCTION TO THE IMMUNE SYSTEM 
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FIGURE 1- 2 Types of adaptive immu-
nity. In humoral immunity, B lymphocytes 
secrete antibodies that prevent infections 
by and eliminate extracellular microbes. 
In cell-mediated immunity, helper T lym-
phocytes activate macrophages to kill 
phagocytosed microbes or cytotoxic T lym-
phocytes (CTLs) directly destroy infected 
cells. 

Functions 

immunized individual, a process known as adoptive 
transfer in experimental situations. The recipient of such 
a transfer becomes immune to the particular antigen 
without ever having been exposed to or having 
responded to that antigen. Therefore, this form of immu-
nity is called passive immunity. Passive immunization 
is a useful method for conferring resistance rapidly, 
without having to wait for an active immune response to 
develop. An example of passive immunity is the transfer 
of maternal antibodies to the fetus, which enables new-
borns to combat infections before they develop the 
ability to produce antibodies themselves. Passive immu-
nization against bacterial toxins by the administration of 
antibodies from immunized animals is a lifesaving treat-
ment for potentially lethal infections, such as tetanus 
and rabies. The technique of adoptive transfer has 
also made it possible to define the various cells 
and molecules that are responsible for mediating 
specific immunity. ln fact, humoral immunity was 
originally defined as the type of immunity that could 
be transferred to unimmunized, or naive, individuals 
by antibody-containing cell-free portions of the blood 
(i.e., plasma or serum !once called humors!) obtained 
from previously immunized individuals. Similarly, cell-

cells and 
eliminate 
reservoirs 
of infection 

mediated immunity was defined as the form of immu-
nity that can be transferred to naive animals with cells 
(T lymphocytes) from immunized animals but not with 
plasma or serum. 

The first experimental demonstration of humoral 
immunity was provided by Emil von Behring and 
Shibasaburo Kitasato in 1890. They showed that if serum 
from animals that had recovered from d iphtheria infec-
tion was transferred to naive animals, the recipients 
became specifically resistant to diphtheria infection. 
The active components of the serum were called 
antitoxins because they neutralized the pathologic 
effects of the diphtheria toxin. In the early 1900s, Karl 
Landsteiner and other investigators showed that not 
only toxins but also nonmicrobial substances could 
induce humoral immune responses. From such studies 
arose the more general term antibodies for the serum 
proteins that mediate humoral immunity. Substances 
that bound antibodies and generated the production of 
antibodies were then called antigens. (The properties 
of antibodies and antigens are described in Chapter 4.) 
ln 1900, Paul Ehrlich provided a theoretical framewo rk 
for the specificity of antigen-antibody reactions, the 
experimental proof for which came during the next 50 
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Tリンパ球
• 細胞性免疫を担当。 

• 胸腺 the thymus に由来。 

• 抗原受容体に２種類。 

• αβ型 

• helper, cytotoxic, regulatory, NKT 

• γδ型
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FIGURE 1- 2 Types of adaptive immu-
nity. In humoral immunity, B lymphocytes 
secrete antibodies that prevent infections 
by and eliminate extracellular microbes. 
In cell-mediated immunity, helper T lym-
phocytes activate macrophages to kill 
phagocytosed microbes or cytotoxic T lym-
phocytes (CTLs) directly destroy infected 
cells. 

Functions 

immunized individual, a process known as adoptive 
transfer in experimental situations. The recipient of such 
a transfer becomes immune to the particular antigen 
without ever having been exposed to or having 
responded to that antigen. Therefore, this form of immu-
nity is called passive immunity. Passive immunization 
is a useful method for conferring resistance rapidly, 
without having to wait for an active immune response to 
develop. An example of passive immunity is the transfer 
of maternal antibodies to the fetus, which enables new-
borns to combat infections before they develop the 
ability to produce antibodies themselves. Passive immu-
nization against bacterial toxins by the administration of 
antibodies from immunized animals is a lifesaving treat-
ment for potentially lethal infections, such as tetanus 
and rabies. The technique of adoptive transfer has 
also made it possible to define the various cells 
and molecules that are responsible for mediating 
specific immunity. ln fact, humoral immunity was 
originally defined as the type of immunity that could 
be transferred to unimmunized, or naive, individuals 
by antibody-containing cell-free portions of the blood 
(i.e., plasma or serum !once called humors!) obtained 
from previously immunized individuals. Similarly, cell-

cells and 
eliminate 
reservoirs 
of infection 

mediated immunity was defined as the form of immu-
nity that can be transferred to naive animals with cells 
(T lymphocytes) from immunized animals but not with 
plasma or serum. 

The first experimental demonstration of humoral 
immunity was provided by Emil von Behring and 
Shibasaburo Kitasato in 1890. They showed that if serum 
from animals that had recovered from d iphtheria infec-
tion was transferred to naive animals, the recipients 
became specifically resistant to diphtheria infection. 
The active components of the serum were called 
antitoxins because they neutralized the pathologic 
effects of the diphtheria toxin. In the early 1900s, Karl 
Landsteiner and other investigators showed that not 
only toxins but also nonmicrobial substances could 
induce humoral immune responses. From such studies 
arose the more general term antibodies for the serum 
proteins that mediate humoral immunity. Substances 
that bound antibodies and generated the production of 
antibodies were then called antigens. (The properties 
of antibodies and antigens are described in Chapter 4.) 
ln 1900, Paul Ehrlich provided a theoretical framewo rk 
for the specificity of antigen-antibody reactions, the 
experimental proof for which came during the next 50 
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Bは骨髄で、Tは胸腺で成熟する
52 Section I - INTRODUCTION TO THE IMMUNE SYSTEM 
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FIGURE 3-2 Maturation of lymphocytes. Mature lymphocytes develop from bone marrow stem cells in the generative lymphoid organs. 
and immune responses to foreign antigens occur in the peripheral lymphoid tissues. 

lymphocytes go through sequential changes in pheno-
type and functio nal capacity. 

Populations of Lymphocytes Distinguished by 
History of Ant igen Exposure 
In adaptive immune responses, naive lymphocytes that 
emerge from the bone marrow or thymus migrate into 
secondary lymphoid organs, where they are activated 
by antigens to proliferate and differentiate into effector 
and memory cells, some of which then migrate into 
tissues (Fig. 3- 3). The activation of lymphocytes follows 
a series of sequential steps, beginning with the synthe-
sis of new proteins, such as cytokine receptors and 
cytokines, which a re required for many of the subse-
quent changes. The naive cells then undergo prolifera-
tion, resulting in increased size of the antigen-specific 
clones, a process that is called clonal expansion. ln some 
infections, the numbers of microbe-specific T cells may 
increase more than 50,000-fold, and the numbers of spe-
cific B cells may increase mo re than 5000-fold. This rapid 
clonal expansion of microbe-specific lyn1phocytes is 
needed to keep pace with the ability of microbes to 
rapidly replicate and expand in numbers. Concomitant 
with clonal expansion, antigen-stimulated lymphocytes 
differentiate into effector cells, whose function is to 
eliminate the antigen. Some of the progeny of antigen-
stimulated B and T lymphocytes differentiate into long-
lived memory cells, whose function is to mediate rapid 
and enhanced (i.e., secondary) responses to subsequent 
exposures to antigens. Therefore, distinct populations of 
lymphocytes (naive, effector, memory) are always 
present in various sites throughout the body, and these 
populations can be distinguished by several functional 
and phenotypic criteria (Table 3- 3). The details of lym-
phocyte activation and differentiation, as well as the 
functions of each of these populations, will be addressed 
later in this book. Here we will summarize the pheno-
typic characteristics of each population. 

Naive Lymphocytes. Naive lymphocytes are mature T 
or B cell emigrants from generative lymphoid organs 
that have never encountered foreign antigen. They will 
die after 1 to 3 months if they do not recogn ize antigens. 
Naive and memory lymphocytes, discussed below, are 
both called resting lymphocytes, because they are not 
actively dividing, nor a re they performing effector func-
tions. Naive (and memory) B and T lymphocytes cannot 
be readily distinguished morphologically, and are both 
often called small lymphocytes when observed in blood 
smears or by flow cytometry (see Appendix III). A small 
lymphocyte is 8 to 10 11m in diameter and has a large 
nucleus wi th dense heterochromatin and a thin rim of 
cytoplasm tha t contains a few m itochondria, ribosomes, 
and lysosomes, but no visible specialized organelles (Fig. 
3-4). Before antigenic stimulation, naive lymphocytes 
are in a state of rest, or in the G0 s tage of the cell cycle. 
In response to stimulation, they enter the G1 stage of the 
cell cycle before going on to divide. Activated lympho-
cytes are larger (10 to 12 11m in diameter), have more 
cytoplasm and organelles and increased amounts of 
cytoplasmic RNA, and are called large lymphocytes, or 
lymphoblasts (see Fig. 3- 4) . 

The survival of naive lymphocytes depends on 
engagement of antigen receptors, presumably by self 
antigens, and on cytokines. It is postulated that naive lym-
phocytes recognize various self antigens "weakly"-enough 
to generate survival signals, but without triggering the 
stronger signals that are needed to initiate clonal expansion 
and differentiation into effector cells. 

0 The need for antigen receptor expression to maintain 
the pool of naive lymphocytes in peripheral lymphoid 
organs has been demonstrated by studies in mice in 
which the immunoglobulin (!g) genes that encode the 
antigen receptors of B cells were knocked out after the 
B cells had matured, or the antigen receptors ofT cells 
were knocked out in mature T cells. (The method 
used is called the ere-lox technique and is described 
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抗原認識の多様化
• B リンパ球 

• 抗体 antibody (Ab) = 免疫グロブリン 
immunoglobulin (Ig) 
• V(D)J 組換え 
• 体細胞突然変異 
• クラススイッチ組換え 

• T リンパ球 
• T 細胞抗原受容体 T-cell receptor (TCR) 

• V(D)J 組換え



抗体

重鎖

軽鎖

定常領域

可変領域

Janeway's Immunobiology, 8th ed.



抗体の機能
• 可変領域 

• 抗原を結合する。 
• 定常領域 

• 抗原の処理方法を決める。 
• アイソタイプ isotype が存在する。 

• 重鎖: µ, δ, γ1, γ2, γ3, γ4, ε, α1, α2（クラス、
サブクラスとも呼ばれる）

• 軽鎖: κ(kappa), λ(lambda)



抗体には膜型と分泌型がある

80 Section II - RECOGNITION OF ANTIGENS 

The availability of homogeneous populations of anti-
bodies and immortalized antibody-producing plasma 
cells (myelomas and hybridomas) permitted the com-
ple te amino acid sequence determination and molecu-
lar cloning of individual antibody molecules. The ready 
availability of monoclonal immunoglobulins culmi-
nated in the x-ray crystallographic determinations of the 
three-dimensional structure of several antibody mole-
cules a nd of antibodies bound to antigens. 

General Features of Antibody Structure 

Plasma or serum prote ins are traditionally sepa rated by 
solubility characteristics into albumins a nd globulins 
and may be further separated by migration in an electric 

field, a process called electrophoresis. Most antibodies 
are found in the third fastest migrating group of globu-
lins, na med gamma globulins for the third letter of the 
Greek alphabet. Another common name for antibody 
is immunoglobulin (lg) , referring to the immunity-
conferring portion of the gamma globulin fraction. The 
terms immunoglobulin and antibody are used inter-
cha ngeably throughout this book. 

All antibody molecules share the same basic struc-
tural characteristics but display remarkable variability 
in the regions that bind antigens. This variability of the 
antigen-binding regions accounts for the capacity of 
different antibodies to bind a tremendous number of 
structurally diverse antigens. There are believed to be a 
million or more different antibody molecules in every 

® Secreted lgG @ Membrane lgM 

Disulfide bond -- · • · 

lg domain D 
nmt m mm Plasma 

of B cells 
c c 

FIGURE 4-1 Structure of an antibody molecule. A. Schematic diagram 
of a secreted lgG molecule. The antigen-binding sites are formed by the 
juxtaposition of VL and VH domains. The heavy chain C regions end in tail 
pieces. The locations of complement- and Fe receptor-binding sites 
within the heavy chain constant regions are approximations. B. 
Schematic diagram of a membrane-bound lgM molecule on the surface 
of a 8 lymphocyte. The lgM molecule has one more CH domain than lgG, 
and the membrane form of the antibody has C-terminal transmembrane 
and cytoplasmic portions that anchor the molecule in the plasma mem-
brane. C. Structure of a human lgG molecule as revealed by x-ray crys-
tallography. In this ribbon diagram of a secreted lgG molecule, the heavy 
chains are colored blue and red, and the light chains are colored green; 
carbohydrates are shown in gray. (Courtesy of Dr. Alex McPherson. Uni-
versity of California. Irvine.) 
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重鎖 IgH 遺伝子

158 Section Ill - MATURATION, ACTIVATION, AND REGULATION OF LYMPHOCYTES 

into cytotoxic T lym phocytes whose major effector func-
tion is to kill infected target cells. A similar lineage com-
mitment process during positive selection of B cells 
drives the development of these cells into distinct 
peripheral B cell subsets. Bone marrow-derived devel-
oping B cells may differentiate into follicular B cells 
that recirculate and mediate T cel.l- dependent 
immune responses in secondary lymphoid organs, or 
marginal zone B cells th at reside in the vicinity of the 
marginal sinus in the spleen and mediate largely T 
cell- independent responses to blood-borne antigens. 

With this introduction, we proceed to a more detailed 
discussion of lymphocyte maturation, starting with the 
key event in maturation, the rearrangement and expres-
sion of antigen receptor genes. 

REARRANGEMENT OF ANTIGEN RECEPTOR 
GENES IN 8 AND T LYMPHOCYTES 

The genes that encode diverse antigen receptors of B and 
T lymphocytes are generated by the rearrangement in 
individual lymphocytes of different variable (VJ region 
gene segments with diversity (D) and/or joining(]) gene 
segments. A novel rearranged exon for each antigen 
receptor gene is generated by fusing a specific distant 
upstream V gene segment to a downstream segment on 
the san1e chromosome. This specialized process of site-
specific gene rearrangement is called V(D)J recombina-
tion. (The terms recombination and rearrangement are 
used interchangeably.) Elucidation of the mechanisms 
of antigen receptor gene rearrangement, and therefore 
of the underlying basis for th e generation of immune 
diversity, represents one of the landmark achievements 
of modern immunology. 

JH chain locus {1250 kb; chromosome 14)J 
(n = - 100} 

L VH1 L VHn DH (n = 23} 
5' -1{]-rr-fO--rr-{}-- -- -- ._ 

I K chain locus (1820 kb; chromosome 2) I 

5' 

(n = - 35) 
L V"n 

enh 

I 'A chain locus (1 050 kb; chromosome 22) I 
5' 

(n = - 30) 
L v,,n 

The first insights into how millions of different 
antigen receptors could be generated from a limited 
amount of coding DNA in the genome came from 
analyses of the amino acid sequences of Ig molecules. 
These analyses showed that the polypeptide chains 
of many different antibodies of the same isotype shared 
identical sequences at their C-terminal ends (corre-
sponding to the constant domains of an tibody heavy 
and light chains) but differed considerably in the 
sequences a t their N-terminal ends that correspond 
to the variable domains of immunoglobulins (see 
Chapter 4). Co ntrary to one of the central tenets of 
molecular genetics, enunciated as the "one gene-one 
polypeptide hypothesis" by Beadle and Tatum in 1941, 
Dreyer and Bennett postulated in 1965 that each anti-
body chain is actually encoded by at least two genes, one 
variable and the other constan t, and that the two are 
physically combined at the level of DNA or of messen-
ger RNA (mRNA) to eventually give rise to functional Ig 
proteins. 

Formal proof of this hypothesis came more than a 
decade later when Susumu Tonegawa demonstrated 
that the structure of Ig genes in the cells of an antibody-
producing tumor, called a myeloma or plasmacytoma, is 
different from that in embryonic tissues or in nonlym-
phoid tissues not committed to Ig production . These dif-
ferences arise because during B cell development, there 
is a recombination of DNA sequences within the loci 
encoding lg heavy and light chains. Furthermore, similar 
rearrangements occur during T cell development in the 
loci encoding the polypeptide chains of TCRs. Antigen 
receptor gene rearrangement is best w1derstood by first 
describing the unrearranged, or germline, organization 
of lg and TCR genes and then describing their rearrange-
ment during lymphocyte maturation. 

3' 
enh 

enh 

3' 
enh 

FIGURE 8-5 Germline organiza-
tion of human lg loci. The human 
heavy chain. K light chain. and A. 
light chain loci are shown. Only 
functional genes are shown; 
pseudogenes have been omitted 
for simplicity. Exons and introns are 
not drawn to scale. Each CH gene is 
shown as a single box but is com-
posed of several exons. as illus-
trated for C,,. Gene segments are 
indicated as follows: L. leader 
(often called signal sequence); V. 
variable; D. diversity; J . joining; C. 
constant; enh. enhancer. 
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体細胞突然変異
Chapter 4- ANTIBODIES AND ANTIGENS 85 
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FIGURE 4-4 Hypervariable regions i n lg molecules. A. Kabat-Wu plot of amino acid variability in lg molecules. The histograms depict the 
extent of variability defined as the number of differences in each amino acid residue among various independently sequenced lg light chains. 
plotted against amino acid residue number, measured from the amino terminus. This method of analysis, developed by Elvin Kabat and Tai 
Te Wu, indicates that the most variable residues are clustered in three "hypervariable" regions, colored in blue, yellow, and red, corre-
sponding to CDR1, CDR2, and CDR3, respectively. Three hypervariable regions are also present in heavy chains. (Courtesy of Dr. EA Kabat. 
Department of Microbiology, Columbia University College of Physicians and Surgeons. New York.) B. Three-dimensional view of the hyper-
variable CDR loops in a light chain V domain. The V region of a light chain is shown with CDR1 , CDR2, and CDR3 loops, colored in blue. 
yellow, and red, respectively. These loops correspond to the hypervariable regions in the variabi lity plot in A. Heavy chain hypervariable 
regions (not shown) are also located in three loops, and all six loops are juxtaposed in the antibody molecule to form the antigen-binding 
surface (see Fig. 4-5). 

to the three-dimensional s tructure of the bound antigen, 
the hypervariable regions are a lso called complemen-
tarity-determining regions (CDRs). Proceeding from 
either the VL or the V11 amino terminus, these regions are 
called CDR l , CDR2, and CDR3 (see Fig. 4-4). The CDR3s 
of both the V11 segment and the VL segment are the most 
variable of the CDRs. As we will discuss in Chapter 8, 
there are special genetic mechanisms for generating 
more sequence diversity in CDR3 than in CDRl and 
CDR2. Crystallographic analyses of antibodies reveal 
that the CDRs form extended loops that are exposed on 
the surface of the antibody and are thus ava il able to 
interact with antigen (see Fig. 4-4). Sequence differences 
among the CDRs of different antibody molecules con-
tribute to distinct interaction surfaces and, therefore, 
specificities of individual antibodies. The abili ty of a V 
region to fold into an Ig domain is mostly determined by 
the conserved sequences of the framework regions adja-
cent to the CDRs. Confining the sequence variability to 
three short stretches allows the basic structure of all 
antibodies to be mainta ined despite the variability 
among different antibodies. 

Antigen binding by antibody molecules is primarily 
a function of the hypervariable regions of V11 and Vj_. 
Crystallographic analyses of antigen-antibody com-
plexes show t11at the amino acid residues of the hyper-
variable regions form multiple contacts with bound 
antigen (Fig. 4-5). The most extensive contact is with the 

third hypervariable region (CDR3). wh ich is also the 
most variable of the three CDRs. However, antigen 
binding is not solely a function of the CDRs, and frame-
work residues may also contact the antigen. Moreover, 
in the binding of some antigens, one or more of the 
CDRs may be outside the region of contact with antigen, 
thus not participating in antigen binding. 

Structural Features of Constant 
Regions and Their Relationship to 
Effector Functions 

Antibody molecules can be divided into distinct classes 
and subclasses on the basis of differences in the struc-
ture of their heavy chain C regions. The classes of anti-
body molecules are also called isotypes and are named 
IgA, lgD, IgE, IgG, and lgM (Table 4- 2). In humans, IgA 
and IgG isotypes can be furth er subdivided into closely 
related subclasses, or subtypes, called lgAl and lgA2, 
and IgG l , IgG2, IgG3, and IgG4. (Mice, which are often 
used in the study of immune responses, differ in tha t tl1e 
IgG isotype is divided into the IgG 1. IgG2a, IgG2b, and 
IgG3 subclasses.) The heavy chain C regions of all anti-
body molecules of one isotype or subtype have essen-
tially the same amino acid sequence. This sequence is 
diffe rent in antibodies of other isotypes or subtypes. 
Heavy chains are designated by the letter of the Greek 
alphabet corresponding to the isotype of the antibody: 

complementarity-determining region (CDR)
Cellular and Molecular Immunology 6th ed.



activation-induced cytidine deaminase (AID)

• 体細胞突然変異とクラススイッチ組換えに必須の酵素。 

• DNAのシトシンを脱アミノ化して、ウラシルを生成す
る。DNAのウラシルはDNA修復機構によりシトシンに
戻されようとするが、一部、修復されずにさまざまな変
異を生む起点となる。 

• apolipoprotein B-editing complex (APOBEC)ファミ
リーの一員。 

• 発がんの原因にもなる。 

• 軟骨魚類以降のゲノムに存在する。



核酸編集酵素 AID/Apobec ファミリー

species metabolic
cytidine

 deaminase AID Apobec2 Apobec4 Apobec1 Apobec3

yeast
worm

fly
fish
frog
bird

rodent 1
primate 7

funticion 代謝 抗体 ？ ？ 脂質代謝 抗HIV

赤はcytidine deaminase motifを２つ持つもの

Apobec = apolipoprotein B editing complex

10 kb

Chromosome 22

Chromosome 6

Chromosome 12
AID

Chromosome 1

Apobec3A

Apobec2

Apobec1

Apobec4

3B 3C 3DE 3F 3G 3H

AIDAIDAIDAID



抗体のクラススイッチ
抗原処理の多様化抗原認識

Bリンパ球
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C a n c e r  i m m u n o t he ra p y  b y  blockade 

is  a  m e mbrane receptor molecule  that w a s  accidentally  discovered by Ishida et al. in  19 9 2  when they used 
subtraction hybridization to isolate a  c DN A  whose expression is induced by cell death in the thymus. After  that. 
Nishimura et al. analyzed PD- l  knockout mice and discovered that  is an immunoinhibitory molecule.  In 2002. 
Iwai  et al. discovered that monoclonal  antibodies that block PD-1  signaling activate  the immune system and  are 
effective in the treatment of diseases such as viral  infections and cancer. In  a  joint study with the Department of 
Gynecology and Obstetrics at Kyoto University. w e  found a  remarkable correlation between the prognosis of ovarian 
cancer and ligand expression in tumor c ells. This meant that  P D-1  ligand expression by a  tumor w a s  associated 
with a  poor prognosis. leading the team to hypothesize that these tumors might have some mechanism for avoiding 
attacks  by killer T  cells. In light of these findings. w e  met with a  pharmaceutical company to  propose that  they 
develop human monoclonal antibodies to treat cancer and convinced the company to start  the process 

Through this collaboration. a  human anti-PD-1 monoclonal antibody w a s  generated using human antibody production 
technologies in 2006. Phase 1  clinical studies of the antibody conducted in the United States and Japan demonstrated 
the tolerability and efficacy of the antibody in patients with a  variety  of cancers. T o  build o n  these findings. the 
Translational Research Center at Kyoto University started a  phase 11 clinical  study that exclusively enrolled ovarian 
cancer patients in the winter of 201 1. After that. clinical studies  continued. and the  antibody  w a s  approved 
by the P M D A  for the indication of melanoma in June  2014. Nearly 2 0 0  clinical studies of antibodies against  
various types of cancers are currently being conducted all over the world.  and their  results demonstrate the efficacy 
of the antibodies. It will be interesting to see h o w  Japanese com panies will  aid  in the development of the next  
generation of n e w  drug candidates discovered through  academic research in the future 
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AIDがDNA二重鎖切断を誘発する
Switch region Coding 

1 germline transcript strand 

DNA �������������������������

��DNA �������������������������������

��DNA ������������������������������
��
� ��

Ape I endonuclease 
generates nicks 

DNA 
Eventual double strand 
breaks in switch region 

Uracil N glycosylase 
creates abasic sites 

FIGURE 10-15 Mechanism by which AID and germline tran-
scription collaborate to generate double-strand breaks at switch 
regions. Germline transcripts form DNA RNA hybrids in the switch 
region freeing up the nontemplate strand as an A-loop of single-
stranded DNA. This is a particularly good template for AID. which 
deaminates C residues to generate U residues in single-stranded 
DNA. Uracil N-glycosylase (UNG) removes U residues to generate 
abasic sites that can be sites of nick generation following the action 
of the Ape I endonuclease. Two nicks roughly opposite each other 
contribute to a double-strand break. The mechanism of generation 
of the nick in the template strand is less well understood. 

the need for CD40 reflects the ability of this receptor to 
induce AJD in B cells when triggered. 

In proliferating dark zone germinal center B cells, the 
Ig V genes undergo point mutations at an extremely high 
rate. This rate is estimated to be 1 in 103 V gene base pairs 
per cell divis ion, which is 103 to 104 times higher than the 
spontaneous rate of mutation in other mammalian 
genes. (For this reason, mutation in Ig V genes is also 
called hypermutation.) The V genes of expressed heavy 
and light chains in each B cell contain a total of about 
700 nucleotides; this implies that mutations will accu-
mulate in expressed V regions at an average rate of 
almost one per cell division. Ig V gene mutations con-
tinue to occur in the progeny of individual B cells. As a 
result, any B cell clone can accumulate more and more 
mutations during its life in the germinal center. It is 
estimated that as a result of somatic mutations, the 
nucleotide sequences of JgG antibodies derived from 
one clone of B cells can diverge as much as 5% from the 

Chapter 10 - B CELL ACTIVATION AND ANTIBODY PRODUCTION 233 

original germline sequence. This usually translates to 
up to 10 amino acid substitu tions. The importance of 
somatic hypermutation in the process of affinity matu-
ration is well established. 

o Analysis of the Ig genes of B cell clones isolated at 
different stages of antibody responses to proteins or 
hapten-protein conjugates first showed the accumu-
lation of point mutations in the V regions of the anti-
bodies (Fig. I 0-1 6) . Several features of these 
mutations are noteworthy. First, the mutations are 
clustered in the V regions, mostly in the antigen-
binding complementarity-determining regions. 
Second, there are more mutations in IgG than in IgM 
antibodies. Third, the presence of mutations corre-
lates with the increasing affinities of the antibodies 
for the antigen that induced the response. 

0 Mutations in Ig genes were also found in clones of 
B cells isolated from germinal centers microdissected 
from the spleens of mice that had been immunized 
with an antigen. Analyses of these Jg genes showed 
that the progeny of a single antigen-specific B cell 
clone progressively accumulate mutations with time 
after immunization. 

The mechanisms underlying somatic mutation in Ig 
genes are poorly understood. It is clear that the 
rearranged Ig VDJ DNA becomes highly susceptible to 
mutation, suggesting enhanced susceptibility of this 
region to DNA-binding factors that promote mutation. 
It is not known whe ther germinal center T cells provide 
specific contact-mediated signals or cytokines that stim-
ulate somatic hypermutation in B cells. The enzyme AJD, 
discussed above, plays an essential role in affinity mat-
uration. It is a DNA deaminase that converts C residues 
to U residues at hotspots fo r mutation. The Us may be 
changed to Ts when DNA replication occurs, thus gen-
erating a common type of C ��T mutation, or the U may 
be excised by uracil N-glycosylase, and the abasic site 
repaired by an error-prone repair process, thus generat-
ing all types of substitutions at each site of AID-induced 
cytidine deamination. 

On the basis of the studies described, it is believed 
that repeated stimulation by T cell-dependent protein 
antigens leads to increasing numbers of mutations in 
the Ig genes of antigen-specific germinal center B cells. 
Some of these mutations are likely to be useful because 
they will generate h igh- affinity antibodies. However, 
many of the mutations may resul t in a decl ine or even in 
a loss of antigen binding. Therefore, the next and crucial 
step in the process of affinity maturation is the selection 
of the useful, high-affinity B cells. 

FDCs in the germinal centers display antigens, and 
the B cells that bind these antigens with high affinity are 
selected to survive (see Fig. 1 0- 17) . The early response to 
antigen results in the production of antibodies, some of 
which form complexes with residual antigen and may 
activate complement. FDCs express receptors for the Fe 
portions of antibodies and for products of complement 
activation, including C3b and C3d. These receptors bind 
and display antigens that are complexed with antibod-
ies or complement p roducts. Antigen may also be d is-
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クラススイッチの遺伝子欠失モデル
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in 1974
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“before cloning” (BC) era



クラススイッチの遺伝子欠失モデル

in 1974

relative copy number

γ1 γ2a γ2b γ3
IgG1 producer 1 1 1 0.5
IgG2a producer 0.5 1 0.5 0.5
IgG2b producer 0.5 1 1 0.5
IgG3 producer 1 1 1 1
IgM producer 1 1 1 1
IgA producer 0.5 0.5 0.5 0.5
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抗体のクラス

免疫学の基本がわかる事典（鈴木隆二著）
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選択的スプライシングによる分泌型/膜型の転換
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pathway, and also involves a change in Ig heavy chain 
gene expression from the membrane to the secreted 
form. Membrane and secreted Ig molecules differ in 
their carboxyl termini (see Chapter 4, Fig. 4-6). For 
instance, in secreted IgM, the Cp4 domain is followed by 
a ta il piece containing polar amino acids. In membrane 
J.l., on th e other hand, C)14 is followed by a short spacer, 
26 hydrophobic transmembrane residues, and a cyto-
plasmic tail of three amino acids (lysine, valine, and 
lysine) . The transition from membrane to secreted Ig 
reflects a change in the processing of the heavy chain 
messenger RNA (mRNA). The primary RNA transcript in 
all IgM-producing B cells contains the rearranged VJJJ 
cassette, the four C)l exons coding for the constant (C) 
region domains, and the two exons encoding the trans-
membrane and cytoplasmic domains. Alternative pro-
cessing of this transcript, which is regulated by RNA 
cleavage and the choice of polyadenylation sites, deter-
mines whether the tran smembrane and cytoplasmic 
exons are included in the mature mRNA (Fig. 10- 18). If 
they are, the 11 chain produced contains the amino acids 
that make up the transmembrane and cytoplasmic seg-
ments and is therefore anchored in the lipid bilayer of 
the plasma membrane. If, on the other hand, the trans-
membrane segment is excluded from the 11 chain, the 
carboxyl terminus consists of about 20 amino acids con-
stituting the tai l piece. Because this protein does not 
have a stretch of hydrophobic amino acids or a positively 
charged cytoplasmic tail, it cannot remain anchored in 
the endoplasmic reticulum membrane, resides initially 
in the luminal space of the secretory pathway, and is 
secreted. Thus, each B cell can synthesize both mem-
brane and secreted Ig. As differentiation proceeds, more 
and more of the Ig mRNA is of the form encoding 
secreted Ig. The biochemical signals initiated by antigen 

binding to membrane Ig and by helper T cells that regu-
late th is process of alternative RNA splicing are not 
known. All C11 genes contain similar membrane exons, 
and all heavy chains can apparently be expressed in 
membrane-bound and secreted forms. The secretory 
form of the 8 heavy chain is rarely made, however, so 
that IgD is usually present only as a membrane-bound 
protein. 

Generation of Memory B Cells and 
Secondary Humoral Immune Responses 

Some of the antigen-activated B cells emerging from 
germinal centers acquire the ability to survive for 
long periods, apparently without an tigenic stimulation. 
These are memory cells, capable of mounting rapid 
responses to subsequent introduction of an tigen. We do 
not know exactly how some of the progeny of an antigen-
stimulated B cell clone differentiate into antibody-
secreting cells whereas others become functionally 
quiescent, long-lived memory cells. Some memory B 
cells may remain in the lymphoid organ whereas others 
exit germinal centers and recircula te between the spleen 
and lymph nodes. Memory cells typically bear high-
affinity (mutated) antigen receptors and Ig molecules of 
switched isotypes more commonly than do naive B lym-
phocytes. The production of large quantities of isotype-
switched, high-affinity antibodies is greatly accelerated 
after secondary exposure to antigens, and this can be 
attributed to the activation of memory cells in germinal 
centers and the rapid formation of immune complexes 
that can be concentrated by FDCs. 

Many of the features of secondary antibody responses 
to protein antigens, and their differences from primary 

Polyadenylation sites 

Transmembrane 

AAA 

Cytoplasmic 

Membrane lgM 

Tail piece 

AAA 

Secreted lgM 

FIGURE 10-18 Production of 
membrane and secreted J.l. Chains in 
B lymphocytes. Alternative process-
ing of a primary RNA transcript 
results in the formation of mRNA for 
the membrane or secreted form of 
the 11 heavy chain. B cell differentia-
tion results in an increasing fraction 
of the 11 protein produced as the 
secreted form. TP. TM , and CY refer 
to tail piece, transmembrane, and 
cytoplasmic segments, respectively. 
C,,l , �����C,,3, and C,.4 are four exons 
of the C,, gene. 

 poly A site
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抗体の多様化まとめ

• V遺伝子の組換えは RAGタンパク 

• V遺伝子の突然変異は AID タンパク 

• 無限種類の抗原認識を可能に 

• C遺伝子のクラススイッチも AID タンパク 

• 抗体機能は複数種類のモジュールを付け替
えることで変換できる

���� ������� ��rtlie �������� ����������

ﾇ]eneration �������� ﾐiversity 

Susumu Tonegawa (1939-----) 
���� ���������������

@ The Nobel Foundation 
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C a n c e r  i m m u n o t he ra p y  b y  blockade 

is  a  m e mbrane receptor molecule  that w a s  accidentally  discovered by Ishida et al. in  19 9 2  w h e n  they used 
subtraction hybridization to isolate a  c DN A  whose expression is induced by cell death in the thymus. After  that. 
Nishimura et al. analyzed PD- l  knockout mice and discovered that  is an immunoinhibitory molecule.  In 2002. 
Iwai  et al. discovered that monoclonal  antibodies that block PD-1  signaling activate  the immune system and  are 
effective in the treatment of diseases such as viral  infections and cancer. In  a  joint study with the Department of 
Gynecology and Obstetrics at Kyoto University. w e  found a  remarkable correlation between the prognosis of ovarian 
cancer and ligand expression in tumor c ells. This meant that  P D-1  ligand expression by a  tumor w a s  associated 
with a  poor prognosis. leading the team to hypothesize that these tumors might have some mechanism for avoiding 
attacks  by killer T  cells. In light of these findings. w e  met with a  pharmaceutical company to  propose that  they 
develop human monoclonal antibodies to treat cancer and convinced the company to start  the process 

Through this collaboration. a  human anti-PD-1 monoclonal antibody w a s  generated using human antibody production 
technologies in 2006. Phase 1  clinical studies of the antibody conducted in the United States and Japan demonstrated 
the tolerability and efficacy of the antibody in patients with a  variety  of cancers. T o  build o n  these findings. the 
Translational Research Center at Kyoto University started a  phase 11 clinical  study that exclusively enrolled ovarian 
cancer patients in the winter of 201 1. After that. clinical studies  continued. and the  antibody  w a s  approved 
by the P M D A  for the indication of melanoma in June  2014. Nearly 2 0 0  clinical studies of antibodies against  
various types of cancers are currently being conducted all over the world.  and their  results demonstrate the efficacy 
of the antibodies. It will be interesting to see h o w  Japanese com panies will  aid  in the development of the next  
generation of n e w  drug candidates discovered through  academic research in the future 
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T 細胞抗原受容体
• お皿(MHC)の上に抗原を載せて認識する。 
• 体細胞突然変異、クラススイッチはない！ 
• 分泌型もない！

138 Section II- RECOGNITION OF ANTIGENS 

lntegrin 

I Principal function I 

Signal 
transduction 

FIGURE 7-1 T cell receptors and accessory molecules. The prin-
cipal T cell membrane proteins involved in antigen recognition and 
in responses to antigens are shown. The functions of these proteins 
fall into three groups: antigen recognition. signal transduction, and 
adhesion. 

receptor (see Chapter 8) play important roles during the 
development ofT cells. 

T cells also express other membrane receptors that do 
not recognize antigen but participate in responses to 
antigens; these are collectively called accessory mole-
cules. The physiologic role of some accessory molecules 
is to facilitate signaling by the TCR complex, while others 
provide "second signals" to fully activate T cells. Yet other 
accessory molecules function as adhesion molecules to 
stabilize the binding ofT cells to APCs, thus allowing the 
TCR to be engaged by antigen long enough to transduce 
the necessary signals. Adhesion molecules also regulate 

the migration ofT cells to the sites where they locate and 
respond to antigens, as discussed in Chapter 3. In addi-
tion to mediating firm attachment, most adhesion 
molecules initiate signaling and participate in the 
formation of "immunological synapses" between T cells 
and APCs (Chapter 9). 

With this background, we proceed to describe the T 
cell membrane molecules that are required for antigen 
recognition and the initiation of functional responses. 
The maturation ofT cells is discussed in Chapter 8, and 
the biology and biochemistry of T cell responses to 
antigen are discussed in Chapter 9. 

���TCR FOR MHC-ASSOCIATED 
PEPTIDE ANTIGEN 

The TCR was discovered in the early 1980s, around 
the same time that the structure of MHC-peptide com-
plexes was being defined. A number of separate 
approaches were used to molecularly identify the TCR 
(Box 7-l). One approach depended on the identification 
of genes that were expressed only in T cells and that also 
could be shown to have undergone recombination 
specifically in these cells. The first gene thus identified 
was homologous to immunoglobulin genes. In another 
approach, clonal populations ofT cells were generated 
and monoclonal antibodies that recognized specific 
clones were identified. These clonotype-specific anti-
bodies identifi ed th e TCR. These early studies have cul-
minated in the x-ray crystallographic analysis of TCRs 
and , most informatively, of trimolecular complexes of 
MHC molecules, bound peptides, and specific TCRs. As 
we shall see in the following section, on the basis of these 
analyses, we now understand the structm al featmes of 
antigen recognition by the TCR precisely. The compo-
nents of the TCR complex, in addition to the TCR itself, 
have been identified by biochemical studies an d molec-
ular cloning. 

I T cell receptor (TCR) I I Antibody (Immunoglobulin) I 

Signal 
transduction 

I 
Signal 

transduction 

FIGURE 7-2 Antigen recognition and signaling func-
tions of lymphocyte antigen receptors. The antigen 
recognition and signaling functions of antigen receptors 
are mediated by distinct proteins of the antigen receptor 
complex. When TCR or lg molecules recognize antigens, 
signals are delivered to the lymphocytes by proteins asso-
ciated with the antigen receptors. The antigen receptors 
and attached signaling proteins form the T and B cell 
receptor complexes. Note that single antigen receptors 
are shown recognizing antigens, but signaling requires the 
cross-linking of two or more receptors by binding to adja-
cent antigen molecules. 
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������� N N a chain 

c c lgdomain D 
Carbohydrate --@ 
group 

FIGURE 7-3 Structure of the T cell receptor. The 
schematic diagram of the ��� TCR (left) shows the 
domains of a typical TCR specific for a peptide-MHC 
complex. The antigen-binding portion of the TCR is 
formed by the V0 and ���domains. The ribbon diagram 
(right) shows the structure of the extracellular portion of 
a TCR as revealed by x-ray crystallography. The hyper-
variable segment loops that form the peptide-MHC 
binding site are at the top. (Adapted from Bjorkman PJ. 
MHC restriction in three dimensions: a view of T cell 
receptor/ligand interactions. Cell89:167-1 70, 1997. Copy-
right Cell Press.) 

that contribute to a disulfide bond linking the two 
chains. The hinge is followed by hydrophobic trans-
membrane portions, an unusual feature of which is the 
presence of positively charged amino acid residues, 
including a lysine residue (in the a chain) or a lysine and 
an arginjne residue (in �����chain). These residues inter-
act with negatively charged residues present in the 
transmembrane portions of other polypeptides (CD3 
and ��� that are part of the TCR complex. Both a and p 
chains have carboxy-terminal cytoplasmic tails that are 
5 to 12 amino acids long. Like membrane Ig on B cells, 
these cytoplasmic regions are roo small to transduce 
signals, and specific molecules physically associated 
with the TCR serve the signal-transducing functions of 
this antigen receptor complex. 

TCRs and Ig molecules a re s tructurally similar, but 
there are also several significant differences between 
these two types of antigen receptors (Table 7-1). The 
TCR is not produced in a secreted form, and it does not 
perform effector functions on its own. Instead, on 
binding peptide-M HC complexes, the TCR complex ini-
tiates signals that activate the effector functions of 
T cells. Also, unlike antibodies, the TCR chains do 
not undergo changes in C region expression (i.e., 
isotype switching) or affinity maturation during T cell 
differentiation. 

Role of the aj3 TCR in the Recognition of 
MHC-Associated Peptide Ant igen 
The recognition ofpeptide-MHC complexes is mediated 
by the CDRs formed by both the a and {3 chains of the 

TCR. Several types of experiments have definitively 
established that both the a and ��chains fo rm a single 
heterodimeric receptor that is responsible for both the 
antigen (peptide) specificity and the MHC restriction of 
aT cell. 

0 Cloned Lines ofT cells with different peptide speci-
ficities and MHC restrictions differ in the sequences 
of the V regions of both a and ��chains. 

0 TCR a and p genes can be isolated from aT cell clone 
of defined peptide and MHC specificity. When both 
these genes are expressed in other T cells by transfec-
tion, they confer on the recipient cell both the peptide 
specificity and the MHC restriction of the original 
clone from which they were isolated. Neither TCR 
chain alone is adequate for providing specific recog-
nition of peptide-MHC complexes. 

0 To create transgenic mice expressing a TCR of a par-
ticular antigen specificity and MHC restriction, it is 
necessary to express both the a and p chains of the 
TCR as transgenes. 

The antigen-binding site of the TCR is formed by the 
six CDRs of the a and p chains that are splayed out 
to form a surface for MHC-peptide recognition (Fig. 
7-4). Tills interface resembles the antigen-binding 
surfaces of antibody molecules, which are formed by 
the V regions of the heavy and light chains (see Chapter 
4, Fig. 4-5). In the TCR structures that have been 
analyzed in detail, the TCR contacts the peptide-MHC 
complex in a diagonal orientation , fitting between the 
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I Human TCR P chain locus (620 kb; chromosome 7) I 
(n = -67) 

L Vp1 L Vpn Dp1 Jp1 \ Cp1 /op2 Jp2 Cp2 

s·---f[Y r-J[Y 

8 enh 

Cy1 Jy2 Cy2 

FIGURE 8-7 Germ line organization of human TCR loci. The human TCR p, a. y, and o chain loci are shown, as indicated. Exons and introns 
are not drawn to scale, and nonfunctional pseudogenes are not shown. Each C gene is shown as a single box but is composed of several 
exons, as illustrated for ����Gene segments are indicated as follows: L, leader (usually called signal sequence); V. variable; D. diversity; J, 
joining; C, constant; enh, enhancer; sil, silencer (sequences that regulate TCR gene transcription). 

0 The recombination of antigen receptor genes can be 
demonstrated by a technique called Southern blot 
hybridization, which is used to examine the sizes of 
DNA fragments produced by restriction enzyme 
digestion of genomic DNA. By this method, it can be 
shown that the enzyme-generated DNA fragments 
containing lg or TCR gene segments are a different 
size when the DNA is from cells that make antibodies 
orTCRs, respectively, than when the DNA is from cells 
that do not make these antigen receptors (Fig. 8-8). 
The explanation for these different sizes is that V and 
C regions of antigen receptor chains are encoded by 
different gene segments that are located far apart in 
embryonic and nonlymphoid cells and brought close 
together in cells committed to antibody or TCR syn-
thesis (i.e. , in B or T lymphocytes). 

The process ofV(D)J recombination at any Ig or TCR 
locus involves selecting one V gene, one J segment, and 
one D segment (when present) in each lymphocyte and 
rearranging these gene segments together to form a 
single V(D)J exon that will code for the variable region of 
an antigen receptor protein. The C regions lie down-
stream of the V(D)J exon separated by the same germline 
J-C intron in the rearranged DNA as well as in the 
primary RNA tran script. RNA splicing brings together 
the leader exon, the V(D)J exon, and the C region exons, 
forming an mRNA that can be translated on membrane-
bound ribosomes to produce one of the chains of the 

antigen receptor. Different clones of lymphocytes use 
different combinations ofV, D, and J gene segments at 
each relevant locus to generate functional receptor 
chains (Fig. 8- 9). In addition, during V(D)J recombina-
tion, nucleotides are added to or removed from the junc-
tions. As we will discuss in more detail later, these 
processes contribute to the tremendous diversity of 
antigen receptors. The details and unique features of the 
processes of Ig and TCR gene rearrangement will be 
described when we consider the maturation of B and T 
lymphocytes, respectively. 

Mechanisms of V(D)J Recombination 
Rearrangement of Ig and TCR genes represents a special 
kind of nonhomologous DNA recombination event, 
mediated by the coordinated activities of several 
enzymes, some of which are found only in developing 
lymphocytes while others are ubiquitous DNA double-
strand break repair (DSBR) enzymes. Critical lympho-
cyte-specific factors that mediate V(D)J recombination 
recognize certain DNA sequences called recombination 
signal sequences (RSSs), located 3' of each V gene 
segment, 5' of each J segment, and flanking each D 
segm ent on both sides (Fig. 8-lOA). The recombination 
signal sequences consist of a highly conserved stretch of 
7 nucleotides, called the heptamer, usually CACAGTG, 
located adjacent to the coding sequence, followed by 
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対立アレル排除

• IgH, IgL ともに父方母方２アレルのうち、１
アレルしか発現しない。BおよびT細胞はただ
１種類の抗原受容体しか発現しない。 

• 細胞の選択が、即ち、抗原受容体の選択に直結
する。 

• その機構は複雑で、かなり解明が進んでいる
が、謎も残されている。

allele = 遺伝子座



免疫寛容 immune tolerance
• 自己に反応しないように、自己を認識するリンパ球
を抑制する仕組み。 

• Tリンパ球の免疫寛容が大切。 
• 2種類ある。 

• 中枢性 central 
• 自己反応性Tリンパ球を生まれた直後に殺す。 

• 末梢性 peripheral 
• 自己反応性Tリンパ球を抑制する。



抗原提示細胞

• 微生物／抗原を貪食し、消化する。その断片を
class II MHCというお皿に載せて T 細胞に提
示する。 

• 樹状細胞 

• マクロファージ 

• Bリンパ球



普通の細胞の抗原提示
• 赤血球を除くすべての細胞は細胞質（自分自身ま
たはウイルス由来）のタンパクの断片を class I 
MHC にのせて T 細胞に提示する。 

• 免疫寛容機構の働きで T 細胞は自分の細胞の抗
原には反応しない。 

• T細胞はウイルスに感染した細胞を認識し殺す。 

• ある種のウイルス／腫瘍細胞はclass I MHC 
が表面にでないようにできる。T 細胞はこれ
を認識できない。その場合は……



主要組織適合性複合体 (MHC)
• major histocompatibility complex の翻訳。主要組
織適合性抗原とも。 

• ヒトでは human leukocyte antigen (HLA)とも呼ば
れる。 

• ２種類ある。 

• class I: キラーT細胞により認識される。CD8 を補
助受容体とする。 

• class II: ヘルパーT細胞により認識される。CD4 を
補助受容体とする。



MHCの構造

Class I MHC l Peptide-binding ----...._. 
J 1\ cleft "-... 

CJ.2 CJ. l 

Disulfide bond 

D lg domain 
c 

FIGURE 54 Structure of a class I MHC molecule. The schematic 
diagram (left) illustrates the different regions of the MHC molecule 
(not drawn to scale). Class I molecules are composed of a poly-
morphic a chain noncovalently attached to the nonpolymorphic P2-

microglobulin IP2m). The a chain is glycosylated; carbohydrate 
residues are not shown. The ribbon diagram (right) shows the struc-
ture of the extracellular portion of the HLA-827 molecule with a 
bound peptide, resolved by x-ray crystallography. (Courtesy of Dr. P. 
Bjorkman. California Institute of Technology, Pasadena, California.) 

hydrophobic segment spans the cell membrane, and the 
carboxy-terminal residues are located in the cytoplasm. 
The amino-terminal (N-terminal) al and a2 segments of 
the a chain, each approximately 90 residues long, inter-
act to form a platform of an eight-stranded, antiparallel 

sheet supporting two parallel strands of a-
helix. This forms the peptide-binding cleft of class I mol-
ecules. Its size is large enough (-25A x lOA x llAl to bind 
peptides of 8 to 11 amino acids in a flexible, extended 
conformation. The ends of the class I peptide-binding 
cleft are closed so that larger peptides cannot be accom-
modated. Therefore, native globular proteins have to be 
"processed" to generate fragments that are small enough 
to bind to MHC molecules and to be recognized by T 
cells (see Chapter 6). The polymorphic residues of class 
I molecules are confined to the al and a2 domains, 
where they contribute to variations among diffe rent 
class I alleles in peptide binding and T cell recognition 
(Fig. 5-5). The a3 segment of the a chain folds into an Ig 
domain whose amino acid sequence is conserved 
among all class I molecules. Tlus segment contains the 
binding site for CD8. At the carboxy-terminal end of the 
CJ.3 segment is a stretch of approximately 25 hydropho-
bic amino acids that traverses the lipid bilayer of the 
plasma membrane. Immediately following this are 
approximately 30 residues located in the cytoplasm, 
included in which is a cluster of basic amino acids that 
interact with phospholipid head groups of the inner 
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leaflet of the lipid bilayer and anchor the MHC molecule 
in the plasma membrane. 

The light chain of class I molecules, which is encoded 
by a gene outside the MHC, is called 
for its electrophoretic mobility size (micro), and 
solubility (globulin) . interacts nonco-
valently with the CJ.3 domain of the a chain. Like the a3 
segment, is structurally homologous 
to an Ig domain and is invariant among all class I 
molecules. 

The fully assembled class I molecule is a heterotrimer 
consisting of an a chain, f3z-microglobulin, and a bound 

c 
Class II MHC 

r Peptide-binding 
cleft 

c c 

Top view 

Top view 

FIGURE 5-5 Polymorphic residues of MHC molecules. The poly-
morphic residues of class I and class II MHC molecules (shown as 
red circles) are located in the peptide-binding clefts and the a-helices 
around the clefts. In the class II molecule show n (HLA-DR). essen-
tially all the polymorphism is in the p chain. However, other class II 
molecules in humans and mice show varying degrees of polymor-
phism in the a chain and usually much more in the p chain. (Cour-
tesy of Dr. J. McCluskey, University of Melbourne. Parkville. 
Australia.) 
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antigenic peptide, and stable expression of class I mole-
cules on cell surfaces requires the presence of all three 
components of the heterotrimer. The reason for this is 
that the interaction of the a chain with P2-microglobu-
lin is stabilized by binding of peptide antigens to the cleft 
formed by the a l and a2 segments, and conversely, the 
binding of peptide is strengthened by the interaction of 
P2-microglobulin with the a chain. Because antigenic 
peptides are needed to stabilize the MHC molecules, 
only useful peptide-loaded MHC molecules are 
expressed on cell surfaces. The process of assembly of 
stable peptide-loaded class I molecules will be detailed 
in Chapter 6. 

Most individuals are heterozygous for MHC genes 
and therefore express six different class I molecules on 
every cell, containing a chains encoded by the two 
inherited alleles of HLA-A, HLA-B, and HLA-C genes. 

Class II MHC Molecules 
Class II MHC molecules are composed of two noncova-
lently associated polypeptide chains, a 32 to 34 kD a 
chain and a 29 to 32 kD p chain (Fig. 5-6). Unlike class I 
molecules, the genes encoding both chains of class II 
molecules are polymorphic. 

The amino-terminal al and PI segments of the class 
II chains interact to form the peptide-binding cleft, 
which is structurally similar to the cleft of class 1 mole-
cules. Four strands of the floor of the cleft and one of the 
a-helical walls are formed by the al segment, and the 

Class II MHC r Peplide-b;nd;ng cleft\ 

PI 

c c 

Disulfide bond 

lg domain D 
FIGURE 5-6 Structure of a class II MHC molecule. The schematic 
diagram (left) illustrates the different regions of the MHC molecule 
(not drawn to scale). Class II molecules are composed of a poly-
morphic a chain noncovalently attached to a polymorphic chain. 
Both chains are glycosylated; carbohydrate residues are not shown. 
The ribbon diagram (right) shows the structure of the extracellular 
portion of the HLA-DR1 molecule with a bound peptide. resolved by 
x-ray crystallography. (Courtesy of Dr. P. Bjorkman, California Insti-
tute of Technology, Pasadena. California.) 

other four strands of the floor and the second wall are 
formed by the Pl segment. The polymorphic residues are 
located in the al and Pl segments, in and around the 
peptide-binding cleft, as in class I molecules (see Fig. 
5-5). In human class II molecules, most of the polymor-
phism is in the p chain. In class II molecules, the ends of 
the peptide-binding cleft are open, so that peptides of30 
residues or more can fit. 

The a2 and pz segments of class II molecules, like 
class 1 a3 and Prmicroglobulin, are folded into Ig 
domains and are non polymorphic among various alleles 
of a particular class II gene. The pz segment of class 11 
molecules contains Lhe bimling site for CD4, similar tu 
the binding site for CD8 in the a3 segment of the class 
I heavy chain. In general, a chains of one class II MHC 
locus (e.g., DR) most often painvith p chains of the same 
locus and less commonly "Vvith p chains of other loci (e.g., 
DQ, DP). 

The carboxy-terminal ends of the a2 and p2 segments 
continue into short connecting regions followed by 
approximately 25-amino acid stretches of hydrophobic 
transmembrane residues. In both chains, the trans-
membrane regions end with clusters of basic amino acid 
residues, followed by short, hydrophilic cytoplasmic 
tails. 

The fully assembled class ll molecule is a het-
erotrimer consisting of an a chain, a {3 chain, and a 
bound antigenic peptide, and stable expression of class 
ll molecules on cell surfaces requires the presence of all 
three components of the heterotrimer. As in class I mol-
ecules, this ensures that the MHC molecules that end up 
on the cell surface are the molecules t11at are serving 
their normal function of peptide display. 

Humans inherit, from each parent, one DPBl and one 
OPAl gene encoding, respectively, the p and a chains of 
an HLA-DP molecule; one DQAl and one DQBl gene; 
and one ORAl gene, a DRBl gene, and a separate dupli-
cated DRB gene that may encode the alleles DRB3, 4, or 
5. Thus, each heterozygous individual inherits six or 
eight class II MHC alleles, three or four from each parent 
(one set each ofDP and DQ, and one or two of DR). Typ-
ically, t11ere is not much recombination between genes 
of different loci (i.e., DRa with DQP, and so on), and each 
haplotype tends to be inherited as a single unit. 
However, because some haplotypes contain extra DRB 
loci that produce P chains that assemble witl1 DRa, and 
some DQa molecules encoded on one chromosome can 
associate with DQP molecules encoded from the other 
chromosome, the total number of expressed class II 
molecules may be considerably more than 6. 

BINDING OF PEPTIDES TO MHC MOLECULES 

With the real ization that MHC molecules are the peptide 
display molecules of the adaptive immune system, con-
siderable effort has been devoted to elucidating the 
molecular basis of peptide-MHC interactions and the 
characteristics of peptides that allow them to bind to 
MHC molecules. These issues are important not only for 
understanding the biology ofT cell antigen recognition 
but also for defining the properties of a protein that 

to many peptide antigens, using T cells to measure 
responses to these peptides (see Fig. 5-8C). 

The realization that the polymorphic residues of 
MHC molecules determine the specificity of peptide 
binding and T cell antigen recognition has led to the 
question of why MHC genes are polymorphic. One pos-
sibility is that the presence of multiple MHC alleles in 
a population provides an evolutionary advantage 
because it will ensure that virtually all peptides derived 
from microbial antigens will be recognized by the 
immune system of at least some individuals. At the pop-
ulation level, this will increase the range of microbial 
peptides that may be presented toT cells and reduce the 
likelihood that a single pathogen can evade host 
defenses in all the individuals in a given species. 

GENOMIC ORGANIZATION OF THE MHC 
In humans, the MHC is located on the short arm of chro-
mosome 6, and is encoded by a gene 
on chromosome 15. The human MHC occupies a large 
segment of DNA, extending about 3500 kilobases (kb). 
(For comparison, a large human gene may extend 
up to 50 to 100 kb, and the size of the entire genome of 
the bacterium Escherichia coli is approximately 4500 kb.) 
In classical genetic terms, the MHC locus extends about 
4 centimorgans, meaning that crossovers within the 
MHC occur with a frequency of about 4% at each 
meiosis. A molecular map of the human MHC is shown 
in Figure 5-9. 

Many of the proteins involved in the processing of 
protein antigens and the presentation of peptides to T 
cells are encoded by genes located within the MHC. In 
other words, this genetic locus contains much of the 
information needed for the machinery of antigen pres-
entation. The class I genes, HLA-A, HLA-B, and HLA-C, 
are in the most telomeric portion of the HLA locus, and 
the class II genes are the most centromeric in the HLA 
locus. Within the class II locus are genes that encode 
several proteins that play critical roles in antigen pro-
cessing. One of these proteins, called the transporter 
associated with antigen processing (TAP), is a het-
erodimer that transports peptides from the cytosol into 
the endoplasmic reticulum, where the peptides can 
associate with newly synthesized class I molecules. The 
two subunits of the TAP dimer are encoded by two genes 
within the class II region. Other genes in this cluster 
encode subunits of a cytosolic protease complex, called 
the proteasome, that degrades cytosolic proteins into 
peptides that are subsequently presented by class I MHC 
molecules. Another pair of genes, called HLA-DMA and 
HLA-DMB, encodes a nonpolymorphic heterodimeric 
class II-like molecule, called HLA-DM (or H-2M in 
mice), that is involved in peptide binding to class II mol-
ecules. The functions of these proteins in antigen pres-
entation are discussed in Chapter 6. 

Between the class I and class II gene clusters are genes 
that code for several components of the complement 
system; for three structurally related cytokines, tumor 
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FIGURE 5-8 Peptide binding to MHC molecules. A. These top 
views of the crystal structures of MHC molecules show how pep-
tides lie in the peptide-binding clefts. The class I molecule shown 
is HLA-A2, and the class II molecule is HLA-DR1 . The cleft of the 
class I molecule is closed, whereas that of the class II molecule is 
open. As a result. class II molecules accommodate longer peptides 
than do class I molecules. (Reprinted with permission of Macmillan 
Publishers Ltd. from Bjorkman PJ, MA Saper, B Samraoui, WS 
Bennett, JL Strominger, and DC Wiley. Structure of the human class 
I histocompatibility antigen HLA-A2. Nature 329:506-512, 1987: and 
Brown J et al. Three-dimensional structure of the human class II 
histocompatibility antigen HLA-DR1 . Nature 364:33-39, 1993.) B. 
The side view of a cut-out of a peptide bound to a class II MHC mol-
ecule shows how anchor residues of the peptide hold it in the 
pockets in the cleft of the MHC molecule. (From Scott CA, PA Peter-
son, L Teyton, and lA Wilson. Crystal structures of two 1-Ad·peptide 
complexes reveal that high affinity can be achieved without large 
anchor residues. Immunity 8:319-329, 1998. Copyright 1998, with 
permission from Elsevier Science.) C. Different residues of a peptide 
bind to MHC molecules and are recognized by T cells. The immun-
odominant epitope of the protein hen egg lysozyme (HELl in H-2k 
mice is a peptide composed of residues 52-62. The ribbon diagram 
modeled after crystal structures shows the surface of the peptide-
binding cleft of the 1-Ak class II molecule and the bound HEL peptide 
with amino acid residues (P1-P9) indicated as spheres. Mutational 
analysis of the peptide has shown that the residues involved in 
binding to MHC molecules are P1 (Asp52). P4 (lle55), P6 (Gin57). 
P7 (lie 58). and P9 (Ser60); these are the residues that project down 
and fit into the peptide-binding cleft. The residues involved in recog-
nition by T cells are P2 (Tyr53l. P5 (Leu56), and P8 (Asn59); these 
residues project upward and are available to T cells. (From Fremont 
DH, D Monnale. CA Nelson, WA Hendrickson, and ER Unanue. 
Crystal structure of 1-A in complex with a dominant epitope of 
lysozyme. Immunity 8:305-317, 1998. Copyright 1998, with per-
mission from Elsevier Science.) 

to many peptide antigens, using T cells to measure 
responses to these peptides (see Fig. 5-8C). 

The realization that the polymorphic residues of 
MHC molecules determine the specificity of peptide 
binding and T cell antigen recognition has led to the 
question of why MHC genes are polymorphic. One pos-
sibility is that the presence of multiple MHC alleles in 
a population provides an evolutionary advantage 
because it will ensure that virtually all peptides derived 
from microbial antigens will be recognized by the 
immune system of at least some individuals. At the pop-
ulation level, this will increase the range of microbial 
peptides that may be presented toT cells and reduce the 
likelihood that a single pathogen can evade host 
defenses in all the individuals in a given species. 

GENOMIC ORGANIZATION OF THE MHC 
In humans, the MHC is located on the short arm of chro-
mosome 6, and is encoded by a gene 
on chromosome 15. The human MHC occupies a large 
segment of DNA, extending about 3500 kilobases (kb). 
(For comparison, a large human gene may extend 
up to 50 to 100 kb, and the size of the entire genome of 
the bacterium Escherichia coli is approximately 4500 kb.) 
In classical genetic terms, the MHC locus extends about 
4 centimorgans, meaning that crossovers within the 
MHC occur with a frequency of about 4% at each 
meiosis. A molecular map of the human MHC is shown 
in Figure 5-9. 

Many of the proteins involved in the processing of 
protein antigens and the presentation of peptides to T 
cells are encoded by genes located within the MHC. In 
other words, this genetic locus contains much of the 
information needed for the machinery of antigen pres-
entation. The class I genes, HLA-A, HLA-B, and HLA-C, 
are in the most telomeric portion of the HLA locus, and 
the class II genes are the most centromeric in the HLA 
locus. Within the class II locus are genes that encode 
several proteins that play critical roles in antigen pro-
cessing. One of these proteins, called the transporter 
associated with antigen processing (TAP), is a het-
erodimer that transports peptides from the cytosol into 
the endoplasmic reticulum, where the peptides can 
associate with newly synthesized class I molecules. The 
two subunits of the TAP dimer are encoded by two genes 
within the class II region. Other genes in this cluster 
encode subunits of a cytosolic protease complex, called 
the proteasome, that degrades cytosolic proteins into 
peptides that are subsequently presented by class I MHC 
molecules. Another pair of genes, called HLA-DMA and 
HLA-DMB, encodes a nonpolymorphic heterodimeric 
class II-like molecule, called HLA-DM (or H-2M in 
mice), that is involved in peptide binding to class II mol-
ecules. The functions of these proteins in antigen pres-
entation are discussed in Chapter 6. 

Between the class I and class II gene clusters are genes 
that code for several components of the complement 
system; for three structurally related cytokines, tumor 
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FIGURE 5-8 Peptide binding to MHC molecules. A. These top 
views of the crystal structures of MHC molecules show how pep-
tides lie in the peptide-binding clefts. The class I molecule shown 
is HLA-A2, and the class II molecule is HLA-DR1 . The cleft of the 
class I molecule is closed, whereas that of the class II molecule is 
open. As a result. class II molecules accommodate longer peptides 
than do class I molecules. (Reprinted with permission of Macmillan 
Publishers Ltd. from Bjorkman PJ, MA Saper, B Samraoui, WS 
Bennett, JL Strominger, and DC Wiley. Structure of the human class 
I histocompatibility antigen HLA-A2. Nature 329:506-512, 1987: and 
Brown J et al. Three-dimensional structure of the human class II 
histocompatibility antigen HLA-DR1 . Nature 364:33-39, 1993.) B. 
The side view of a cut-out of a peptide bound to a class II MHC mol-
ecule shows how anchor residues of the peptide hold it in the 
pockets in the cleft of the MHC molecule. (From Scott CA, PA Peter-
son, L Teyton, and lA Wilson. Crystal structures of two 1-Ad·peptide 
complexes reveal that high affinity can be achieved without large 
anchor residues. Immunity 8:319-329, 1998. Copyright 1998, with 
permission from Elsevier Science.) C. Different residues of a peptide 
bind to MHC molecules and are recognized by T cells. The immun-
odominant epitope of the protein hen egg lysozyme (HELl in H-2k 
mice is a peptide composed of residues 52-62. The ribbon diagram 
modeled after crystal structures shows the surface of the peptide-
binding cleft of the 1-Ak class II molecule and the bound HEL peptide 
with amino acid residues (P1-P9) indicated as spheres. Mutational 
analysis of the peptide has shown that the residues involved in 
binding to MHC molecules are P1 (Asp52). P4 (lle55), P6 (Gin57). 
P7 (lie 58). and P9 (Ser60); these are the residues that project down 
and fit into the peptide-binding cleft. The residues involved in recog-
nition by T cells are P2 (Tyr53l. P5 (Leu56), and P8 (Asn59); these 
residues project upward and are available to T cells. (From Fremont 
DH, D Monnale. CA Nelson, WA Hendrickson, and ER Unanue. 
Crystal structure of 1-A in complex with a dominant epitope of 
lysozyme. Immunity 8:305-317, 1998. Copyright 1998, with per-
mission from Elsevier Science.) 
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MHCの多様性
• HLA class I: ３種類（A, B, C） 

• HLA class II: ３種類 (DP, DQ, DR) 

• 多型によって頻度に違いがあり、日本人
上位１０アレルの合計頻度は A: 97%, 
B 74%, C 95%, DPA1 100%等。http://

hla.or.jp/med/frequency_search/ja/allele/

多型の種類
A 4,450
B 5,471
C 4,218

多型の種類(α : β)
DP 223 : 1321
DQ 255 : 1463
DR 5 : 2823

https://www.ebi.ac.uk/ipd/imgt/hla/about/statistics/

4 mb

170 mb

http://hla.or.jp/med/frequency_search/ja/allele/
http://hla.or.jp/med/frequency_search/ja/allele/


CD4とCD8
• 細胞傷害性 T 細胞 CD8 陽性 

• ヘルパー T 細胞 CD4 陽性
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estimated that as few as 100 complexes of a particular 
peptide with a class II MHC molecule on the surface of 
an APC can initiate a specific T cell response. This rep-
resents less than 0.1 % of the to tal number of class II mol-
ecules likely to be present on the surface of the APC. 
Thus, a newly introduced antigen may be processed into 
peptides that load enough MHC molecules of APCs to 
activate T cells specific for that antigen, even though 
most of the MHC molecules are occupied with self pep-
tides. In fact, the ability of APCs to internalize, process, 
and present the heterogeneous mix of self proteins and 
foreign proteins ensures that the immune system will 
not miss transient or quantitatively small exposures to 
foreign antigens. Antigen recognition by aT cell may also 
trigger redistribution of MHC molecules on the APC 
toward the T cell , thus setting up a positive feedback 
loop that promotes recognition of the antigen. 

Second, if individuals process their own proteins and 
present them in association with their ovvn class II MHC 
molecules, why do we normally not develop immune 
responses against self proteins? The answer is that self 
peptide-MHC complexes are formed but do not induce 
autoimmunity because T cells specific fo r such com-
plexes are killed or inactivated. Therefore, T cells cannot 
normally respond to self antigens (see Chapter 11). 

Processing of Cytosolic Antigens for 
Class I MHC-Associated Presentation 
Class I MHC-associated peptides a re produced by the 
proteolytic degradation of cytosolic proteins, the trans-
port of the generated peptides into the ER, and their 
binding to newly synthesized class I molecules. This 

sequence of events is illustrated in Figure 6-13, and the 
individual steps are described next. 

l . SO URCES OF CYTOSOLIC ANTIGENS 
The pep tides that are presented bound to class I MHC 

molecules are derived from cytosolic proteins, most of 
which are endogenously synthesized in nucleated cells. 
Foreign antigens in the cytosol may be the products of 
viruses or other intracellular microbes that infect such 
cells. In tumor cells, various mutated or overexpressed 
genes may produce protein antigens that are recognized 
by class !- restricted CTLs (see Chapter 17). Peptides that 
are presented in association with class I molecules may 
also be derived from microbes and other particulate 
antigens that are internalized into phagosomes. Some 
microbes a re able to damage phagosome membranes 
and create pores through which the microbes and their 
antigens enter the cytosol. For instance, pathogenic 
s trains of Listeria monocytogenes produce a protein, 
called listeriolysin, which enables bacteria to escape 
from vesicles into the cytosol. (This escape is a mecha-
nism that the bacteria have evolved to resist kill ing by 
the microbicidal mechanisms of phagocytes, most of 
which a re limited to phagolysosomes.) Once the anti-
gens of the phagocytosed microbes a re in the cytosol, 
they are processed like other cytosolic antigens. 

2. PROTEOLYTIC DEGRADATION OF CYTOSOLIC 
PROTEINS 

The major mechanism for the generation of pep tides 
from cytosolic protein antigens is proteolysis by the pro-
teasome. The proteasome is a large multiprotein enzyme 
complex with a broad range of proteolytic activity that is 
found in the cytoplasm of most cells. A 700-kD form of 
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FIGURE 6-13 The class I MHC pathway of antigen presentation. The numbered stages in the processing of cytosolic proteins correspond 
to the stages described in the text. 
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FIGURE 6-9 The class II MHC pathway of antigen presentation. The numbered stages in processing of extracellular antigens correspond 
to the stages described in the text. APC, antigen·presenting cell. 

ER-resident chaperones, such as caJnexin. The nonpoly-
morphic 11 also associates with the class II MI-IC het-
erodimers in the ER. The 11 is a trimer composed of three 
30-kD subunits, each of which binds one newly synthe-
sized class II heterodimer in a way tha t interferes wid1 
peptide loading of the cleft formed by the a chains 
(Fig. 6-11). As a result, class II MHC molecules cannot 
bind and present peptides d1ey encounter in the ER, 
leaving such pep tides to associate with class I molecules. 
The 11 also promotes folding and assembly of class II 
molecules and directs newly formed class II molecules 
to the late endosomes and lysosomes where inte rnalized 
proteins have been proteolytically degraded into pep-
tides. Unlike vesicles containing proteins destined for 
secretion or for the cell surface, vesicles containing class 
II MHC molecules emerge from the Golgi complex and 
are targeted to late endosomes and lysosomes. During 
their passage toward the cell surface, d1e exocytic vesi-
cles transporting class II molecules out of the ER meet 
and fuse with d1e endocytic vesicles containing inter-
nalized and processed antigens. The net result of this 
sequence of events is that class II molecules enter the 
vesicles that also contain peptides generated by proteol-
ysis of endocytosed proteins. 

lmmunoelectron microscopy and subcellular frac-
tiona tion studies have defined a class 11-rich subset of 
late endosomes that plays an important role in antigen 
presentatio n (Fig. 6- 12). In macrophages and human B 
cells, it is called d1e MHC class II compartment, or MIIC. 
(In some mouse B cells, a similar organelle co ntaining 

class II molecules has been identified and named the 
class ll vesicle.) The MIIC has a characteristic multil-
amellar appearance by electron microscopy. Impor-
tantly, it contains all the components required for 
peptide-class II association, including the enzymes that 
degrade protein antigens, the class II molecules, the 11 (or 
invariant chain-derived peptides), and a molecule 
called human leukocyte antigen OM (HLA-DM), whose 
function is described below. 

APCs from knockout mice lacking the 11 show defec-
tive presentation of some protein antigens but are still 
able to present class ]!-associated pep tides derived from 
a wide variety of proteins. This result suggests that the 
importance of the 11 may vary according to the antigen 
being presented. 

4. ASSOCIATION OF PROCESSED PEPTIDES WlTH 
CLASS II MHC MOLECULES IN VESICLES 

Within the MIIC, the I; dissociates from class II MHC 
molecules by the combined action of proteolytic enzymes 
and the HLA-DM molecule, and antigenic peptides are 
then able to bind to tlze available peptide-binding clefts 
of the class II molecules (see Fig. 6-11). Because the 11 
blocks access to the peptide-binding cleft of a class II 
MHC molecule, it must be removed before complexes of 
peptide and class II molecules can form. The same pro-
teolytic enzymes, such as cathepsin S, that generate pep-
tides from internalized proteins also act on the 11, 

degrading it and leaving only a 24-amino acid remnant 
called class Il- associated invariant chain peptide (CLIP). 

class I 
MHC

class II 
MHC

細胞質由来 
ペプチド

貪食物由来 
ペプチド
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補助刺激受容体

• 自然免疫からの入力（シグナル２）が無けれ
ば、適応免疫は発動しない。 

• シグナル１：抗原受容体からのシグナル 

• シグナル２：自然免疫反応により誘導され
るリガンドを認識する受容体（補助刺激受
容体）からのシグナル



Microbial 
antigen 

Innate immune 
response 

to microbe 

Molecule induced by 
innate response 
(e.g. costimulator, 
complement fragment) 

Lymphocyte 
proliferation 

and differentiation 

Adaptive 
immune response 

2-13 Stimulation of adaptive immunity by innate 
Immune responses. Antigen recognition by lymphocytes provides 
stgnal 1 for the activation of the lymphocytes. and molecules 
induced on host cells during innate immune responses to microbes 
provide signal 2. In this illustration. the lymphocytes are B cells. but 
the same principles apply to T lymphocytes. The nature of second 
signals diHers for B and T cells and is described in later chapters. 

signaling enhances the ability of antigen-presenting 
ce!Js to induce the differentiation ofT cells into effector 
cells called T,,l cells. T1.11 cells produce the cytokine lFN-
'Y· which can activate macrophages to kill microbes that 
might otherwise survive within phagocytic vesicles. T11 1 
cells and cell-mediated immunity are discussed in detail 
in Chapter 13. In contrast, many extracellular microbes 
that enter the blood activate the alternative complement 
pathway, which in turn enhances the production of 
antibodies by B lymphocytes. This humoral immune 
response serves to eliminate extracellular microbes. The 
role of complement in enhancing B cell activation is dis-
cussed in Chapter 14. 

The role of innate immunity in stimulating adaptive 
immune responses is the basis of the action of adju-
vants, which are substances that need to be adminis-
tered together with protein antigens to elicit maximal 
T cell-dependent immune responses (see Chapter 6). 
Adjuvants are useful in experimental immunology and 
in clinical vaccines. Many adjuvants in experimental use 
are microbial products, such as killed mycobacteria and 
LPS, that engage TLRs and elicit strong innate immune 
responses at the site of antigen entry. 

SUMMARY 
o The innate immune system provides the first line 

of host defense against microbes. The mechanisms 
of innate immunity exist before exposure to 
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microbes. The components of the innate immune 
system include epithelial barriers, leukocytes 
(neutrophils, macrophages, and NK cells), circu-
lating effector proteins (complement, collectins, 
pentraxins), and cytokines (e.g., TNF, IL-l, 
chemokines, IL-2, type I IFNs, and IFN-y). 

o The innate immune system uses ce!J-associated 
pattern recognition receptors to recognize struc-
tures ca!Jed pathogen-associated molecular pat-
terns (PAMPs), which are shared by microbes, are 
not present on mammalian ce!Js, and are often 
essential for survival of the microbes, thus limiting 
the capacity of microbes to evade detection by 
mutating or losing expression of these molecules. 
TLRs are the most important family of pattern 
recognition receptors, recognizing a wide variety 
of ligands, including microbial nucleic acids, 
sugars, glycolipids, and proteins. 

o Neutrophils and macrophages are phagocytes that 
kill ingested microbes by producing ROS, nitric 
oxide, and enzymes in phagolysosomes. 
Macrophages also produce cytokines that stimu-
late inflammation and promote tissue remodeling 
at sites of infection. Phagocytes recognize and 
respond to microbial products by several different 
types of receptors, including TLRs, C-type lectins, 
scavenger receptors, and N-formyl Met-Leu- Phe 
receptors. 

o Neutrophils and monocytes (the precursors of 
tissue macrophages) migrate from blood into 
inflammatory sites during innate immune 
responses. Cytokines, including IL-l and TNF, pro-
duced at these sites in response to microbial prod-
ucts induce the expression of adhesion molecules 
on the endotheHal cells of local venules. These 
adhesion molecules mediate the attachment of the 
circulating leukocytes to the vessel wa!J. The 
process of leukocyte migration involves sequential 
steps, starting with low affinity leukocyte binding 
to and rolUng along the endotheHa surface (medi-
ated by endothelial selectins and leukocyte 
selectin ligands). Next, the leukocytes become 
firmly bound, via interactions of leukocyte inte-
grins binding to Ig-superfarnily Hgands on the 
endothelium. Intergrin binding is strengthened by 
chemokines, produced at the site of infection, 
which bind to receptors on the leukocytes. 
Chemokines also stimulate directed migration of 
the leukocytes through the vessel wall into the site 
of infection. 

o NK cells are lymphocytes that defend against intra-
cellular microbes by killing infected cells and pro-
viding a source of the macrophage-activating 
cytokine IFN-y. NK cell recognition of infected cells 
is regulated by a combination of activating and 
inhibitory receptors. Inhibitory receptors recog-
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抑制性の補助シグナル
• 自己寛容（自己免疫の抑止）＝末梢性免疫寛容 

• 感染時の炎症による組織障害の防止

Tリンパ球 抗原提示 
細胞

興奮性補助シグナル

抑制性補助シグナル
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C a n c e r  i m m u n o t he ra p y  b y  blockade 

is  a  m e mbrane receptor molecule  that w a s  accidentally  discovered by Ishida et al. in  19 9 2  w h e n  they used 
subtraction hybridization to isolate a  c DN A  whose expression is induced by cell death in the thymus. After  that. 
Nishimura et al. analyzed PD- l  knockout mice and discovered that  is an immunoinhibitory molecule.  In 2002. 
Iwai  et al. discovered that monoclonal  antibodies that block PD-1  signaling activate  the immune system and  are 
effective in the treatment of diseases such as viral  infections and cancer. In  a  joint study with the Department of 
Gynecology and Obstetrics at Kyoto University. w e  found a  remarkable correlation between the prognosis of ovarian 
cancer and ligand expression in tumor c ells. This meant that  P D-1  ligand expression by a  tumor w a s  associated 
with a  poor prognosis. leading the team to hypothesize that these tumors might have some mechanism for avoiding 
attacks  by killer T  cells. In light of these findings. w e  met with a  pharmaceutical company to  propose that  they 
develop human monoclonal antibodies to treat cancer and convinced the company to start  the process 

Through this collaboration. a  human anti-PD-1 monoclonal antibody w a s  generated using human antibody production 
technologies in 2006. Phase 1  clinical studies of the antibody conducted in the United States and Japan demonstrated 
the tolerability and efficacy of the antibody in patients with a  variety  of cancers. T o  build o n  these findings. the 
Translational Research Center at Kyoto University started a  phase 11 clinical  study that exclusively enrolled ovarian 
cancer patients in the winter of 201 1. After that. clinical studies  continued. and the  antibody  w a s  approved 
by the P M D A  for the indication of melanoma in June  2014. Nearly 2 0 0  clinical studies of antibodies against  
various types of cancers are currently being conducted all over the world.  and their  results demonstrate the efficacy 
of the antibodies. It will be interesting to see h o w  Japanese com panies will  aid  in the development of the next  
generation of n e w  drug candidates discovered through  academic research in the future 
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胚中心反応 geminal center reaction
• 抗原を貪食した樹状細胞は感染部位からリンパ節へ移動し、ヘル
パーT細胞へ抗原提示する。 

• 血液中の病原体は脾臓でマクロファージにより貪食され、ヘル
パーT細胞へ抗原提示される。 

• ヘルパーT細胞は B リンパ球と相互作用し、これを刺激する。
B 細胞は分裂を開始し、AID を発現する。抗体可変領域の体細
胞突然変異、定常領域のクラススイッチ組換えが起こる。
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FIGURE 10-8 Migration and interactions of B cells and helper T cells. A. The initiation of humoral immune responses to protein anti-
gens in lymph nodes is shown schematically. Antigen-activated helper T cells and 8 cells move toward one another and make contact adja-
cent to the edge of primary follicles. In this location, the 8 cell presents antigen to the T cell. and the B cell receives activating signals from 
the T cell. B. An immunohistochemical analysis of antigen-dependent T cell- S cell interactions in a lymph node is shown. In this experiment. 
T cells expressing a TCR specific for the protein antigen ovalbumin and 8 cells specific for the protein hen egg lysozyme were adoptively 
transferred into normal mice. and the mice were immunized with a conjugate of ovalbumin- hen egg lysozyme. (The T cells and B cells were 
obtained from TCR- and lg-transgenic mice. respectively. See Appendix Ill for a description of antigen receptor transgenic mice.) The loca-
tions of the antigen-specific T cells and 8 cells in draining lymph nodes were followed after immunization w ith use of antibodies specific 
for the cell populations and two-color immunohistochemistry. (Adapted with permission from Garside P. E lngulli, RR Merica. JG Johnson. 
RJ Noell. and MK Jenkins. Visualization of specific B and T lymphocyte interactions in the lymph node. Science 281 :96-99. 1998. Copyright 
1998, AAAS.) 
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T-B 相互作用

• B 細胞はB細胞受容体 (B-
cell receptor = 膜型抗体)
からの刺激 (signal 1)と同
時に、T 細胞から補助シグ
ナル (singal 2) を受けて
初めて活性化される。 

• その際、B 細胞は貪食し
た抗原を提示する。
cognate interaction
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FIGURE 10-9 B cell antigen presentation to activated helper T 
cells. Protein antigens bound to membrane lg are endocytosed 
and processed, and peptide fragments are presented in association 
with class II MHC molecules. Activated helper T cells recognize 
the MHC-peptide complexes and then stimulate B cell responses. 
Activated B cells also express costimulators (not shown) that 
enhance helper T cell responses. 

antibody responses against the haptens. There are 
three important characteristics of antihapten antibody 
responses to hapten-protein conjugates. First, such 
responses require both hapten-specific B cells and 
protein (carrier)-specific helper T cells. Second, to stim-
ulate a response, the hapten and carrier portions have to 
be physically linked and cannot be administered sepa-
rately. Third, the interaction is class II MHC restricted 
(i.e., the helper T cells cooperate only with B lympho-
cytes that express class II MHC molecules recognized as 
self by the T cells). All th ese features of antibody 
responses to hapten-protein conjugates can be 
explained by the antigen-presenting functions of B 
lymphocytes. Hapten-specific B cells bind the anti-
gen through the hapten determinant, endocytose the 
hapten-carrier conjugate, and present peptides derived 
from the carrier protein to carrier-specific helper T lym-
phocytes (Fig. 10-10). Thus, the two cooperating lym-
phocytes recognize different epitopes of the same 
complex antigen. The hapten is responsible for effici ent 
carrier uptake, which explains why hapten and carrier 
must be physically linked. The requirement for MI-le-
associated antigen presentation for T cell activation 
accounts for the MHC restriction of T cell-B cell 
interactions. 

The characteristics of humoral responses elucidated 
for hapten-carrier conjugates apply to all protein anti-
gens in which one intrinsic determinant, usually a native 
conformational determinant, is recognized by B cells 
(and is, therefore, analogous to the hapten) and another 
determinant, in the form of a class II-associated linear 
peptide, is recognized by he! perT cells (and is an alogous 
to the carrier). The hapten-carrier effect is the basis for 
the devleopment of conjugate vaccines, d iscussed la ter 
in the chapter. 

Helper T Cell-Dependent 8 Cell Activation 

Helper T cells activated by antigen and B7 costimulation 
express a surface molecule called CD40 ligand (CD40L) 
that engages its receptor, CD40, on the B cells that are 
presenting antigen, and this interaction stimulates B 
cell proliferation and both early differentiation and 
germinal center formation (Fig. 10- 11). CD40 is a 
member of the TNF receptor family. CD40L (CD154) is a 
trimeric T cell membran e protein that is structurally 
homologous to TNF and Fas ligand. CD40 is consti tu-
tively expressed on B cells, and CD40L is expressed on 
the surface of helper T cells after activation by antigen 
and costimulators. When these act ivated helper T cells 
bind to antigen-presenting B cells, CD40L interacts with 
CD40 on the B cell surface. CD40L binding to CD40 
results in the conformational altera tion of preformed 
CD40 trimers, and this induces the association of 
cytosolic proteins called TRAFs (TNF receptor-
associated factors) with the cytoplasmic domain of 
CD40. The TRAPs recruited to CD40 initiate enzyme cas-
cades that lead to the activation and nuclear transloca-

Processing of Carrier 
internalized peptide binds 

carrier to class II MHC 
FIGURE 10-10 T-B collaboration and the hapten-carrier effect. 
A monovalent protein conjugated to a hapten is internalized by a 
hapten-specific B cell that processes the antigen and presents the 
linear peptide or "carrier determinant " on class II MHC molecules 
to an activated helper T cell. w hich then triggers the B cell via a 
CD40L-CD40 interaction. 



親和性成熟 affinity maturation
• AIDによる体細胞突然変異により多様化した抗体の
中から、抗原により強く結合できるものを選択する
機構。 

• 抗原は濾胞性樹状細胞 follicular dendritic cell 
(FDC) によって捕捉され、貪食されずにそのままの
形で B 細胞に提示する。 

• B 細胞はFDC上の抗原を競い合う。抗原に結合でき
ない B 細胞はアポトーシスを起こす。 

• 胚中心は抗体が進化する場所である。
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FIGURE 10- 12 Germinal center reactions i n T ce ll- dependent antibody responses. A. Schematic diagram of germinal center reactions 
in a lymph node. B cells that have been activated by helper T cells at the edge of a primary follicle migrate into the follicle and proliferate. 
forming the dark zone. Somatic mutations of lg V genes occur in these B cells. and they migrate into the light zone where they encounter 
follicular dendritic cells displaying antigen. B cells with the highest affinity lg receptors are selected to suNive. and they differentiate into 
antibody-secreting or memory B cells. B. Histology of a secondary follicle with a germinal center in a lymph node. The germinal center 
is contained within the follicle and includes a basal dark zone and an adJacent light zone. The mantle zone is the parent follicle within 
which the germinal center has formed. (Courtesy of Dr. James Gulizia. Department of Pathology, Brigham and Women's Hospital. Boston.) 
C. Cellular components of the germinal center. A secondary follicle has been stained with an anti-CD23 antibody (green). which brightly 
stains follicular dendritic cells in the light zone and dimly stains naive B cells in the mantle zone. Anti-Ki67 (red). which detects cycling 
cells, stains mitotically active 8 cell blasts in the dark zone. (Adapted from Liu Y J. GO Johnson. J Gordon. and IC MacLennan. Germinal 
centres in T-cell-dependent antibody responses. Immunology Today 13:17-21. Copyright 1992. with permission from Elsevier.) 
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AID遺伝子座にRFPを挿入したノックインマウス
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RGURE 10-13 lg heavy chain isotype switching. 8 cells activated by helper T cell signals (CD40L. cytokines) undergo switching to 
different lg isotypes. which mediate distinct effector functions. Selected examples of switched isotypes in humans are shown. 

a protein of the TNF receptor family that is present on 
B cells and is a receptor for the TNF family cytokines 
BAFF and APRlL. 

The major mechanism by which CD40 signa ls induce 
isotype switching is the induction of the AlD gene down-
stream of CD40. AID, as we shall see, is an activation-

induced deaminase that is crucial for both isotype 
switching and somatic muta tion. While CD40 is the 
major signaling receptor that contributes to the induc-
tion of AID, cytokines induce transcrip tion factors that 
identify which Ig heavy chain loci will be the target of 
isotyp e switching mediated by AID in a given activated 
B cell. Cytokines may initiate transcrip tion and create 

Table 10-1. Heavy Chain lsotype Switching Induced by Cytokines 
8 cells cultured with lg isotype secreted (percent of 

totallg produced) 
Polyclonal Activator Cytokine lgM lgG1 lgG2a lgE lgA 
LPS None 85 2 <1 <1 <1 

LPS IL-4 70 20 <1 5 <1 
LPS IFN-y 80 2 10 <1 <1 

LPS ������+ IL-5 75 2 <1 <1 15 

Addition of various cytokines to purified lgM•IgD• mouse B cells cultured with the polyclonal 
activator lipopolysaccharide (LPS) induces switching to different heavy chain isotypes (bold). 
The values of the isotypes shown are approximations and do not add up to 1 00% because not 
all were measured. (Courtesy of Dr. Robert Coffman, Dynavax Technologies Corp., California) 

胚中心ではクラススイッチも起こる
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形質細胞とメモリーB細胞
• 胚中心反応を経てクラススイッチした高親和性
抗体は以下のいずれかの運命をたどる。 

• 形質細胞 plasma cell 

• 大量の抗体を分泌 

• 骨髄で長期生存するものも 

• メモリーB細胞 

• 次回の感染に備え、休止状態に入る

FIGURE 3-4 Morphology of 
lymphocytes. A. Light micrograph 
of a lymphocyte in a peripheral 
blood smear. B. Electron micro-
graph of a small lymphocyte. 
(Courtesy of Dr. Noel Weidner. 
Department of Pathology, Univer-
sity of California. San Diego.) 
C. Electron micrograph of a large 
lymphocyte (lymphoblast). (From 
Fawcett OW. Bloom & Fawcett's 
Textbook of Histology, 12th ed. 
Chapman & Hall, 1994. With kind 
permission of Springer Science 
and Business Media.) 

Secreted proteins called cytokines are also essential 
for the survival of naive lymphocytes, and naive T and B 
cells constitutively express receptors for these cytokines. 
Among these cytokines are interleuk.in-7 {IL-7) , which 
promotes survival and, perhaps, low-level cycling of 
naive T cells, and B cell activating factor (BAFF), which 
is required for naive B cell survival. Naive lymphocytes 
also express surface proteins that are involved in direct-
ing migra tion into lymph nodes, as we will discuss in 
detail later in this chapter. 

Effector Cells. After naive lymphocytes are activated, 
they become larger and proliferate, and are called lym-
phoblasts. Some of these cells differentiate into effector 
lymphocytes have the ability to produce molecules 
capable of eliminating foreign antigens; effector lym-
phocytes include helper T cells, CTLs, and antibody-
secreting B cells. Helper T cells, which a re usually CD4 ' , 
express surface molecules such as CD40 ligand (CD154) 
an d secre te cytokines that interact with macrophages 
and B lymphocytes, leading to their activation. Differen-
tiated CTLs contain cytoplasmic granules containing 
proteins that kill virus-infected and tumor cells. Both 
CD4+ and CDS+ effector T cells usually express surface 
proteins indicative of recent activation, including CD25 
(a component of the receptor for the T cell growth factor 
IL-2), and class II major histocompatability complex 
(MHC) molecules (in humans, but not mice) . A subset of 
C04+ T cells called regulatory T cells, which are distinct 
from and suppress effectorT cells, constitutively express 
CD25 (discussed in Chapter 11). The majority of differ-
entiated effector T lymphocytes are short lived and not 
self-renewing. 

Many antibody-secreting B cells are morphologically 
identifiable as plasma cells. They have characteristic 
nuclei, abundant cytoplasm containing dense, rough 
endoplasmic reticulum that is the site where antibodies 
(and other secreted and membrane proteins) are synthe-
sized, and distinct perinuclear Golgi complexes where 
antibody molecules are converted to their fi nal forms 
and packaged for secretion (Fig. 3-5). It is estimated 
that half or more of the messenger RNA in plasma 
cells codes for antibody proteins. Plasma cells develop 
in lymphoid organs and at sites of immune responses 
and often migrate to the bone marrow, where some 
of them may survive for long periods after the 
immune response is induced and even after the antigen 
is eliminated. 
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Memory Cells. Memory cells may survive in a function-
ally quiescent or slowly cycling state for many years after 
the antigen is eliminated. They can be identified by their 
expression of sur face proteins that distinguish them 
from naive and recently activated effector lymphocytes, 
al though it is still not clear which of these surface pro-
teins are definitive markers of memory populations (see 
Table 3-3). Memory B lymphocytes express certain 
classes (isotypes) of membrane Ig, such as IgG, IgE, or 
lgA, as a result of isotype switching, whereas naive B cells 
express only IgM and !gO (see Chapters 4 and 10). In 
humans, CD27 expression is a good marker for memory 
B cells. Memory T cells, like naive but not effector T cells, 
express high levels of I L-7 receptors. Memory T cells also 
express surface molecules that promote their migration 
into sites of infection anywhere in the body (discussed 
later in the chapter). In humans, most naive T cells 
express a 200-kD isoform of a surface molecule called 
CD45 that contains a segment encoded by an exon des-
ignated A. This CD45 isoform can be recognized by anti-
bodies specific for the A-encoded segment and is 
therefore called CD45RA (for "restricted ./\'). In contrast, 
most activated and memory T cells express a 180-kD 
isoform of CD45 in which the A exon RNA has been 
spliced out; this isoform is called CD45RO. However, tl1is 
way of distinguishing naive from memory T cells is not 
perfect, and interconversion between CD45RN and 
CD45RQ+ populations has been documented. MemoryT 

Rough endoplasmic 
reticulum 

Mitochondrion Golgi complex 

8 
Nucleus 

FIGURE 3- 5 Morphology of plasma cells. A. Light micrograph of 
a plasma cell in tissue. B. Electron micrograph of a plasma cell . 
(Courtesy of Dr. Noel Weidner. Department of Pathology, University 
of California, San Diego, California.) 

核の偏在 
車軸様のクロマチン

形質細胞

Cellular and Molecular Immunology 6th ed.



制御性T細胞
• 他のT細胞の活性化
を抗原依存的に抑制
する細胞で、末梢性
免疫寛容の一翼を担
う。 

• 補助刺激のリガンド
（B7）を奪うことに
より補助刺激を入ら
なくさせる。

322 Chapter 15 - Immunologic Tolerance and Autoimmunity 

Cell intrinsic 
inhibitory signaling 

Signal block=} 
inhibition ofT cell 

activation 

B Blocking and 
removing 87 on APC 

Regulatory T cell 

Reduced 87 
costimulation::::} 

inhibition of T cell 
activation 

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). 8, CTLA-4 on 
regulatory or responding T cells binds to 87 molecules on APCs or removes 
these molecules from the surface of the APCs. making the 87 costimulators 
unavailable to CD28 and blocking T cell activation. CTLA-4-mediated 
inhibition by regulatory T cells is a cell-€xtrinsic action of this inhibitory 
receptor (since the responding T cells are suppressed by another cell). 

Thymus 

ago and was soon followed by experimental demonstra-
tions of populations of T lymphocytes that suppressed 
immune responses. These ini tia l fin dings led to enormo us 
interest in the topic, and suppressor T cells became one 
of rhe dominant topics of immunology research in the 
1970s. However. this field has had a somewhat checkered 
h istory, mainly because initial a ttempts to define popula-
tions o f suppressor cells and their mechanisms o f action 
were largely unsuccessful. More than 20 years later, the 
idea had an im pressive rebirth, with the application of 
beuer approaches to define, purify. a nd 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 
!Vhose function is to suppress immune responses and 
maintain self-to/era/Ice (Fig. 15-7). The majority of these 
CD4+ regulatory T lymphocytes express high levels of the 
interle ukin-2 (IL-2) recepto r a chain (CD25). A transcrip-
tion factor ca lled FoxP3, a member of the forkhead fam-
ily of transcription factors, is cri tical fo r the develo pment 
and fu nction of the majo ri ty o f regulatory T cells. Mice 
with spontaneous o r experimenta lly induced m utations 
in the foxpJ gene develop a multisystem autoimmune 
disease associated wi th an absence of CD25+ regulatory 
T cells. A ra re auto immune disease in humans called 
IPEX syndrome (imm un e dysregula tio n, polyendocri-
nopathy, enteropathy, X-linked) is ca used by mutations 
in the FOXPJ gene and is associated with deficiency of 
regulatory T cells. These observations have established 

Lymph node 

������
of self antigen Regulatory 

in thymus T cells 

Inhibition of 
T cell responses 

���
DC Tcell 

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. 
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細菌感染の経過
• 皮膚外傷＞細菌侵入＞樹状細胞による貪
食＞好中球による貪食＞マクロファージ
による貪食＞樹状細胞のリンパ節への移
動＞ TH細胞活性化 

• ＞B細胞活性化＞胚中心反応＞クラス
スイッチ・高親和性抗体＞中和・オ
プソニン作用・補体による溶菌＞ 

• ＞キラーT細胞活性化＞perforin/
granzymeを用いて感染細胞の破壊

60 Section I- INTRODUCTION TO THE IMMUNE SYSTEM 

® 

Subcapsular sinus 
Sinus lining cell 

���������

� ���������
lymphatic 
vessel 

Fibroblastic reticular cell (FRC) conduit 
Reticular fiber 

Fibroblastic reticular 
cell Subcapsular 

macrophage or 
dendritic cell 

FDCs interdigitate to form a dense reticular network in 
the germinal centers. The T lymphocytes are located 
mainly beneath and more cenu-ally to the follicles, in the 
paracortical cords. Most (-70%) of these T cells are CD4+ 
helper T cells, intermingled with relatively sparse CD8+ 
cells. These proportions can change dramatically during 
the course of an infection. For example, during a viral 
infection, there may be a marked increase in CDB+ T 
cells. Dendritic cells are also concentrated in the para-
cortex of the lymph nodes. 

The anatomic segregation of different classes of lym-
phocytes in distinct areas of the node is dependent on 
cytokines (see Fig. 3-10). Naive T and B lymphocytes 
enter the node through an a rtery. These cells leave the 
circulation and enter the stroma of the node through 
specialized vessels called high endothelial venules 
(HEVs, described in more detail la ter), which a re located 
in the center of the cortical cords. The naive T cells 
express a receptor called CCR7 that binds the CCLl9 and 
CCL21 chemokines produced in the T cell zones of the 
lymph node. Chemokines (chemoattractant cytokines) 
include a large family of 8- to 10-kDa proteins that are 
involved in a wide variety of cell motility functions in 
development, maintenance of tissue architecture, and 
immune and inflammatory responses. Chemokines 
exert their b iologic effects by b inding to chemokine 
receptors, which are cell surface, G protein-linked 
receptors that are linked to various signal transduction 
pathways. The general properties of chemokines and 
chemokine receptors are discussed in detail in Chapter 
12. CCL 19 and CCL21 attract the naive T cells into the T 
cell zone. Dendritic cells also express CCR7, and this is 
why th ey migrate to the same area of the node as do 
naive T cells (see Chapter 6). Naive B cells express 
another chemokine receptor, CXCRS, wh ich recognizes 
a chemokine CXCLl3 produced only in follicles. Thus, 
B cells are attracted into the follicles, which are the B 
cell zones of lymph nodes. Another cytokine, called 
lymphotoxin, plays a role in stimulati ng CXCLl3 
production, especially in the follicles. The functions of 
various cytokines in directing the movement of lympho-
cytes in lymphoid organs and in the forma tion of these 
organs have been established by numerous studies in 
mice. 

0 Knockout mice lacking the membrane form of the 
cytokine Iymphotoxin �������or the ����receptor show 

FIGURE 3-9 Morphology of a lymph node. A. Schematic diagram 
of a lymph node illustrating the T cell- rich and B cell-rich zones 
and the routes of entry of lymphocytes and antigen (shown captured 
by a dendritic cell). B. Schematic of the microanatomy of a lymph 
node depicting the route of lymph drainage from the subcapsular 
sinus. through fibroreticular cell conduits. to the perivenular channel 
around the HEV. C. Light micrograph of a lymph node illustrating 
the T cell and B cell zones. (Courtesy of Dr. James Gulizia, 
Department of Pathology, Brigham and Women's Hospital, Boston, 
Massachusetts.) 
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ウイルス感染の経過

• ウイルス侵入＞パターン認識受容体 

• ＞感染細胞の抗原提示＞キラーT細胞活性化
＞感染細胞の破壊＞樹状細胞・マクロ
ファージによる貪食＞以下細菌感染同様 

• class I MHC を出さなくなった細胞は NK
細胞が殺す。



Take Home Message
• 適応免疫はリンパ球を主体とする生体防御システム。 

• T 細胞は胸腺で「教育」され、MHC上のペプチド抗
原を認識するが、自己の抗原には反応しない。 

• B 細胞は骨髄で成熟し、リンパ節で抗原刺激とヘル
パー T 細胞の作用を受けて、高親和性抗体を生む胚
中心を形成する。一部は形質細胞に分化し、抗体産生
に特化する。 

• T, B ともにメモリー細胞となり、長期間２度目の感
染に備える。 

• 免疫寛容には中枢性と末梢性のものがある。



　経鼻ワクチン

• FluMist 

• M-cell / 鼻粘膜周囲リンパ組織 

• mucoadhesives 

• アジュバント 

• 嗅神経－脳経路を介した副反応
International Journal of Pharmaceutics 609 (2021) 121180
https://doi.org/10.1016/j.ijpharm.2021.121180



経鼻ワクチンの国内初承認

• ヒトで使用されている経鼻ワク
チンは FluMist （米国／日
本）, Fleunz (EU), NASOVAC-
S (インド), Ganwu （中国） 

• Nasalflu は副反応 ベル麻痺 1/
1000 人のため、撤退



鼻の解剖学
International Journal of Pharmaceutics 609 (2021) 121180
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4.2. A proper device/applicator for nasal administration 

While the nose offers access to a large mucosal surface area, nasal 
delivery of vaccines is limited by nasal anatomy and aerodynamics 
(Djupesland, 2013). An optimal device is needed to deliver a nasal spray 
or powder vaccine formulation into the posterior region of the nose, 
instead of the anterior region (Djupesland, 2013). Nasal devices for 
aerosols must achieve an optimal mean particle size (MPS) (Djupesland, 
2003). Large particles are often deposited in the anterior nose and are 
frequently blown out of the nose or wiped away before they can enter 
the more posterior nasal mucosa. However, small particles (i.e. < 10 μm) 
may bypass the nose and enter the lungs (Schroeter et al., 2011; 
Schroeter et al., 2015). Consequently, achieving a balance in MPS is 
critical to increasing antigen exposure at the nasal mucosa. Metered- 
dose spray pumps are a type of device for nasal delivery. Metered- 
dose spray pumps usually deliver 25–200 μL per spray, with 100 μL 
being the average dose, and can be adjusted for different particle sizes 
and plume geometries (Djupesland, 2013). Such devices are most suited 
for vaccines that lack a narrow therapeutic window or require precise 
control of dosing to maintain the conformity (Djupesland, 2013). 
However, preservatives must be employed to prevent the growth of 
microbes (Bagel and Wiedemann, 2004), and they can irritate nasal 
mucosa, so preservative-free delivery systems are preferred (Bagel and 
Wiedemann, 2004). Single-dose or duo-dose spray devices are preferred 
for vaccines that are administered sporadically or in single doses. 
Table 3 provides a list of nasal device/applicators used in the intranasal 
vaccination. 

The only device used for applying a nasal vaccine to humans in the U. 
S. is the AccuSpray, which is employed for the administration of Flu-
Mist® (MedImmune Vaccines, 2003; Djupesland, 2013). The device 
consists of a single-use prefilled syringe with a plastic nozzle that 

delivers a total dose of 0.2 mL (0.1 mL to each nostril). AccuSpray tends 
to generate large particles, which decreases deposition into lower air-
ways and reduce adverse respiratory events. However, the device also 
can produce a wide range of particle/droplet sizes due to its dependence 
on the speed at which the plunger is pushed downward (Weniger and 
Papania, 2013). 

Another well-known device for aerosolized vaccine delivery is the 
Classic Mexican Device, an early jet nebulizer. Invented in the 1980 s, 
the Classic Mexican Device was used to deliver measles vaccines to 
children in Mexico (Bennett et al., 2002). The device consists of a 
compressor connected to a nebulizer. The nebulizer contains the liquid 
vaccine, is located within a container with crushed ice, and works with 
the compressor to generate aerosols. The aerosol then travels through a 
tube from the nebulizer to a cone placed over the patient’s nose and 
mouth (Plotkin, 2006). Similarly, commercially available compressor- 
nebulizer systems include DeVilbiss Pulmo-Aide, which was used to 
aerosolize ovine herpesvirus 2-containing nasal secretions from infected 
sheep to cattle (Taus et al., 2006), and a measles vaccine to children 
(Sabin et al., 1983), although they have not been approved for liquid 
nasal vaccines in the U.S. (DeVilbiss, 2018). Aerovax is a compressor- 
nebulizer that can employ a pedal pump to push a stream of air into 
reconstituted vaccine, which is inhaled by patients (Sandford, 2010). 
Administration of a LAIV via Aerovax was shown to stimulate high levels 
of serum antibodies in ferrets and induce protection from homologous 
challenge, as well as some protection from heterotypic challenge (Smith 
et al., 2012). 

Teleflex developed an MAD Nasal device, which has been utilized in 
numerous studies (Amaral et al., 2020; Martini et al., 2020; Souci et al., 
2020; van Doremalen et al., 2021; Wang et al., 2014b). The MAD device 
is commonly applied to create droplets and then deliver drugs into nasal 
cavity in an atomized form (Feldman et al., 2020; Lockhart et al., 2020; 

Fig. 1. Human nose anatomy and nasal associated lymphoid tissues (i.e. Waldeyer’s ring) – lateral section (not to scale).  

H. Xu et al.                                                                                                                                                                                                                                       
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https://doi.org/10.1016/j.ijpharm.2021.121180
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glymphatic system
• 脳にリンパ管は存在しない。硬膜 
dura には存在する。 

• 脳細胞間に隙間があり、神経活動が少
ない時に拡大する。 

• CSF が流れ、免疫細胞・老廃物の通路
になっている。

lnfectio 
site 

Para-
aortic 
nodes 

--1--+:....rr-+'+ Vessels 
from 
intestines 

Inguinal 
nodes 

FIGURE 3-8 The lymphatic system. The major lymphatic 
vessels and collections of lymph nodes are illustrated. Antigens are 
captured from a site of infection, and the draining lymph node to 
which these antigens are transported and where the immune 
response is initiated. 

the body most often through the skin and the gastroin-
testinal and respiratory tracts. All these tissues are lined 
by epithelia that contain dendritic cells, and all are 
drained by lymphatic vessels. The dendritic cells capture 
some microbial antigens and enter lymphatic vessels. 
Other antigens enter the lymphatics in cell-free form. In 
addition, soluble inflammat01y mediators, such as 
chemokines, produced at sites of infection enter the 
lymphatics. The lymph nodes are interposed along lym-
phatic vessels and act as filters that sample the lymph 
before it reaches the blood. In this way, antigens cap-
tured from the portals of entry are transported to lymph 
nodes, and molecular signals of inflammation are also 
delivered to the draining lymph nodes. 

Lymph enters a lymph node via an afferent lymphatic 
vessel into the subcapsular sinus, and tissue-derived 
dendritic cells within the lymph then leave the sinus and 
enter the paracortex. In this new location, the dendritic 
cells can present antigens derived from the tissue to 
naive T cells and initiate adaptive immune responses 
(see Chapter 6) . The mechanisms by which the dendritic 
cells gain access to the paracortex are not well under-
stood. Some of the lymph from the subcapsular sinus 
is channeled through specialized conduits that run 
through the paracortical T cell zone toward specialized 
vessels ca11ed high endothelial venules (HEV) (see 
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Fig. 3-98). These conduits are organized around colla-
gen-containing reticular fibers and are delimited by 
basement membrane-like matrix molecules and a 
sheath of specialized cells called fibroblastic reticular 
cells. Dendritic cells that are resident in the lymph node 
are also closely associated with the conduits. The 
conduit system serves several functions. It provides a 
direct route for delivery of lymph-borne chemokines 
that are produced in inflamed tissues, such as CCL2, 
to the HEY, where th ey contribute to the regulation 
of leukocyte recruitment into the lymph node. The 
specialized lining of the condu it serves as a selective 
filtration barrier, a11owing only some molecules of 
particular size or chemical properties to enter the T cell 
zo nes of the node. The resident dendritic cells lining 
the conduits sample cell-free protein antigens trans-
ported through the conduits, so that these antigens may 
be processed and presented to T cells in the adjacent 
paracortex. 

Adaptive immune responses to antigens that enter 
through epithelia or are found in tissues are initiated in 
lymph nodes. Lymph nodes are small nodular organs sit-
uated along lymphatic channels throughout the body. A 
lymph node consists of an outer cortex and an inner 
medulla. As described earlier, each lymph node is sur-
rounded by a fibrous capsule that is pierced by numer-
ous afferent lymphatics, which empty the lymph into a 
subcapsular or marginal sinus (Fig. 3-9). The lymph per-
colates through the cortex into the medullary sinus and 
leaves the node through the efferent lymphatic vessel in 
the hilum. Beneath the subcapsular sinus, the outer 
cortex contains aggregates of cells called follicles. Some 
follicles contain central areas ca11ed germinal centers, 
which stain lightly witl1 commonly used histologic 
stains. Follicles without germinal centers are called 
primary follicles, and tl1ose with germinal centers are 
secondary follicles. The cortex around the follicles is 
called the parafollicular cortex o r paracortex, and is 
organized into cords, which are regions contai ning retic-
ular fibers, lymphocytes, dendritic cells, and mononu-
clear phagocytes, arranged around lymphatic and 
vascular sinusoids. Lymphocytes and APCs in these 
cords are often found near one another, but there is sig-
nificant movement of these cells relative to one anotl1er. 
Internal to the cortex is the medulla, consisting of 
medullary cords separated by a labyrinthine arrange-
ment of sinuses that drain into fibroblastic reticular cell 
conduits, and eventually into a main medullary sinus. 
These medullary cords are populated by macrophages 
and plasma cells. Blood is delivered to a lymph node by 
an artery that enters through the hilum and branches 
into capillaries in the outer cortex, and it leaves the node 
by a single vein that exits through tl1e hilum. 

Different classes of lymphocytes are sequestered in 
distinct regions of the cortex of lymph nodes (Fig. 3- 10). 
Follicles are the B cell zones of lymph nodes. Primary 
follicles contain mostly mature, naive B lymphocytes. 
Germinal centers develop in response to antigenic stim-
ula tion. They are sites of remarkable B cell proliferation, 
selection of B cells producing high-affi nity antibodies, 
and generation of memory B cells. The processes of 
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Xie et al, "Sleep Drives Metabolite Clearance from 
the Adult Brain" Science 342: 373 (2013)

https://www.science.org/doi/10.1126/science.1241224



 CSF は篩板のリンパ管から頚部リ
ンパ節へ流入する

• 篩板には arachnoid barrier の断絶が
あり、硬膜リンパ管との交通がある。 

• マウスくも膜下腔に投与された 
gadrinium が 20分後に深部頚部リン
パ節に到達した。

Hsu et al, "Neuroinflammation creates an immune regulatory 
niche at the meningeal lymphatic vasculature near the 
cribriform plate" Nat Immunol 23: 581 (2022)

https://www.science.org/doi/10.1126/science.1241224

篩骨 ethmoid bone

篩板 cribriform plate



blood-brain barrier
• 脳血管に固有の構造 

• 血管内皮のタイトジャンクショ
ンとアストロサイトの終足、周
皮細胞で構成 

• 酸素、二酸化炭素、脂溶性分子
は受動拡散通過できる。7.8 kD 
が上限。

doi: 10.1186/1471-2377-9-S1-S3

Banks, W. A. (2009). Characteristics of compounds that 
cross the blood-brain barrier. BMC Neurol. 9:S3.

Ross 組織学 ５版　邦訳
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Smyth et al, "Identification of direct connections between the dura and the brain" 
Nature 627: 165 (2024) https://doi.org/10.1038/s41586-023-06993-7



ワクチンの剤形
• protein, mRNA, viral vector, live attenuated 
virus, killed virus 

• liquid vs. dry powder 

• mucoadhesive, permeation enhancer 

• adjuvant 

• spray device

https://doi.org/10.1016/j.ijpharm.2021.121180



鼻うがい
• 経鼻ワクチン前に鼻うがい nasal irrigation 
を行うことで、効果（副作用も含め）を高める
ことができるかもしれない。木下個人の見解 

• 風邪予防や病期短縮に効果があるという報告も
ある。花粉症対策にもなる。 

• 0.9% 食塩水 250 ml ／回 

• 容器はAmazonなどで　https://amzn.asia/d/deznTHD



adjuvant
• PAMP/DAMP でシグナル２ "danger signal" を発動 

• 水酸化アルミニウム 

• TLR agonists (Pam3CsK4, MALP-2, poly I:C, MPL, 
CRX-601, RS09, flagellin, GARD, CpG oligo) 

• NKT cell agonist: α-GalCer 

• PAR-2AP, c-di-GMP, FLT3 ligand 

• FDA approved: 7 adjuvants only
https://doi.org/10.1016/j.ijpharm.2021.121180



ワクチンの種類
病原体 タイプ 抗原 アジュバント 持続 導入年

天然痘ウイルス ワクチニアウイルス ウイルス粒子 (‒) 終生? 1798

ポリオウイルス 不活化ウイルス ウイルス粒子 (‒) 終生? 1953

ポリオウイルス 弱毒生ウイルス ウイルス粒子 (‒) 終生? 1962

狂犬病ウイルス 不活化ウイルス ウイルス粒子 (‒) 1885

水痘・帯状疱疹ウイルス 弱毒生ウイルス ウイルス粒子　岡株 (‒) 1974

水痘・帯状疱疹ウイルス 遺伝子組換え スパイクタンパク AS01B 2020

麻疹ウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1963

風疹ウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1969

ムンプスウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1967

日本脳炎ウイルス 不活化ウイルス ウイルス粒子 (‒) 1955

B型肝炎ウイルス 遺伝子組換え スパイクタンパク HBs 水酸化アルミニウム 1981

インフルエンザウイルス 不活化ウイルス ウイルス粒子 (‒) 1943

新型インフルエンザ 不活化ウイルス ウイルス粒子 (‒) 2009

新型コロナウイルス mRNA スパイクタンパク (‒) 2020

新型コロナウイルス アデノウイルス スパイクタンパク (‒) 2021

パピローマウイルス 遺伝子組換え キャプシドタンパク 水酸化アルミニウム 2006

炭疽菌 生菌 弱毒菌株 (‒) 1881

結核菌 生菌 カルメット・ゲラン菌 (‒) 1921

肺炎桿菌 (Hib) 死菌 莢膜多糖-破傷風トキソイド (‒) 2007

肺炎球菌 菌抽出生成物 莢膜多糖 (‒) 2006

ジフテリア菌 不活化毒素 ジフテリアトキソイド (‒) 1923

破傷風菌 不活化毒素 破傷風トキソイド (‒) 1924

百日咳菌 不活化毒素 百日咳トキソイド (‒) 10年？ 1926



Schenk et al., 1999
• 6 週齢 APP トランスジェニックマウスに 
Aβ42 で免疫した。100 μg /回/月 。４回目
まで complete Freund's adjuvant を併用、
5 ~ 11 回目はAβ42 のみ。 

• ほぼ完璧な plaque 抑制が得られた。 

• 11ヶ月齢マウスでも同様の結果 

• 著者は全員 Elan Pharmaceuticals 社員

https://doi.org/10.1038/22124
アルツハイマー病研究、失敗の構造, p.88



原著: 2021
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Karl Herrup によるアミロ
イドカスケード説批判

• プラークと症状の乖離（他の要因がプラークと症状の両方を別々
にもたらす可能性）(p.178) 

• マウス版ADはヒトの症状と全く異なる(p.181) 

• PSEN変異マウスは無症状、プラークも無し(p.182) 

• ワクチン投与されたマウスの記憶障害が数日で回復した！この
時、プラークはまだ消えていない！(p.188) ヒトでの結果も同様
と言える (p.189) 

• アミロイドカスケード説以外にも、検討に値する学説が存在す
る。炎症説 (p.110), 脂質説 (p.113), 脱髄説 (p.115 & 277), 小
胞説 (p.120), 酸化説 (p.122), タウ説 (p.125)



conformational neoantigen?

• 体細胞変異による新生抗原で、がん免疫治療の標的と
して注目されている。 

• タウの異常フォールディングが特異的抗体反応を誘発
するために必要なこと： 

• 異常タウが胚中心の follicular dendritic cell 
(FDC)により提示され、 

• 同じリンパ節に、タウ-MHC を認識する helper T 
cell が APC により活性化されていること
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FIGURE 10- 12 Germinal center reactions i n T ce ll- dependent antibody responses. A. Schematic diagram of germinal center reactions 
in a lymph node. B cells that have been activated by helper T cells at the edge of a primary follicle migrate into the follicle and proliferate. 
forming the dark zone. Somatic mutations of lg V genes occur in these B cells. and they migrate into the light zone where they encounter 
follicular dendritic cells displaying antigen. B cells with the highest affinity lg receptors are selected to suNive. and they differentiate into 
antibody-secreting or memory B cells. B. Histology of a secondary follicle with a germinal center in a lymph node. The germinal center 
is contained within the follicle and includes a basal dark zone and an adJacent light zone. The mantle zone is the parent follicle within 
which the germinal center has formed. (Courtesy of Dr. James Gulizia. Department of Pathology, Brigham and Women's Hospital. Boston.) 
C. Cellular components of the germinal center. A secondary follicle has been stained with an anti-CD23 antibody (green). which brightly 
stains follicular dendritic cells in the light zone and dimly stains naive B cells in the mantle zone. Anti-Ki67 (red). which detects cycling 
cells, stains mitotically active 8 cell blasts in the dark zone. (Adapted from Liu Y J. GO Johnson. J Gordon. and IC MacLennan. Germinal 
centres in T-cell-dependent antibody responses. Immunology Today 13:17-21. Copyright 1992. with permission from Elsevier.) 
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