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免疫が関与する病気／医療行為

• プリントの疾患名に○✕をつけてください。 

• 答え合わせは第３回講義で！



免疫 immunity

•疫病を免れる、二度無し 

•語源は「課税(munis)を免除(in)する」 
(New Oxford American Dictionary)



免疫の記憶

Immunology 2nd edition, by Roitt, Brostoff, and Male (1989)

クラススイッチ
１回目 
抗原投与

２回目 
抗原投与



歴史
• BC431	ペロポネソス戦争 

• 14世紀	ペスト流行 

• 16世紀	中国 種痘の記録 

• 1796	 ジェンナー(英)の種痘 

• 1885	 パスツール (仏) の狂犬病ワクチン 

• 1890	 コッホ (独) のツベルクリン（結核の診断）
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• 達成 
• 天然痘（1977年ソマリア以降なし） 

• ほぼ撲滅宣言、から遠のいている 
• ポリオ https://www.anzen.mofa.go.jp/info/pcwideareaspecificinfo_2025C004.html 

• あと一息？ 
• 麻疹（はしか）：地域差あり 
• 南北アメリカ大陸：2016年根絶認定、その後取消 
• 日本：2015年排除認定、その後流行あり。 
• ヨーロッパ：流行中

感染症の撲滅宣言



抗体の発見
• ベーリングと北里 
コッホ研で研究する二人は、1890年、ジフテリアと破傷風の毒
素を中和する成分を血清中に見いだし、抗毒素と名付けた。これ
が抗体であった。

.Jlpp[ication 

Emil Adolf von Behring 

@ The  Nobel Foundation Paul Ehrlich (1854'"'-'1915) 

@ The Nobel  Foundation 
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Dr. Shibasaburo KITASATO
北里 柴三郎　博士

2024年発行



血液型
• ラントシュタイナー(墺)による ABO血液型の発見

crlie (゚ [ood 

Karl Landsteiner (1868"-'1943) 
(ﾇ)The  Nobel  Foundation 

出典：「ノーベル賞からみた免疫学入門」石田寅夫 著



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



Cellular and Molecular Immunology 10th ed.

これだけ覚える：タイムスケールに注目
1st line 2nd line微生物

自然免疫 適応免疫
上皮バリア

Bリンパ球 抗体

食細胞

補体

NK細胞

Tリンパ球 エフェクターT細胞

橋
渡
し

肥満細胞

innate lymphoid cells (自然リンパ球)

樹状細胞



講義の構成

• 第１回（11/6）自然免疫 innate immunity 

• 第２回（11/13）適応免疫 adaptive immunity 

• 第３回（11/20）免疫学と社会との関わり



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



Cellular and Molecular Immunology 10th ed.

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 

Molecular Biology of the Cell 6th ed.

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
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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.

Cellular and Molecular Immunology 10th ed.



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。

28 Section I - INTRODUCTION TO THE IMMUNE SYSTEM 

•* Physical barrier I to infection CIIIIIJ 
Peptide 

Killing of microbes antibiotcs * by locally produced 
antibiotics 

(defensins, QIJII] cathelicidins) 

lntraepithelial 

Killing of microbes 
and infected cells ...... 
by intraepithelial 

lymphocytes ll I , .. 
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.



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. 
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tides that have antimicrobial properties. Two struc-
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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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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-

Chapter 2 - INNATE IMMUNITY 29 

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. 
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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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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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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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Dendritic cells play important roles in innate responses 
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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-
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tion receptors and respond to microbes by secreting 
cytokines. One subpopulation of dend ritic cells, called 
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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 
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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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白血球の組織への移動

• 好中球や単球は血流から感染した組織へと移動
する。 

• 血管内皮 endothelium の接着分子 
adhesion molecule との結合、および、感染
に伴って作られる化学走化性因子 
chemoattractants によって制御される。



白血球動員のメカニズム

1.ローリング（セレクチン） 

2.ケモカインによるインテグリンの活性化 

3.強固な接着（インテグリン） 

4.内皮間隙の通過



lntegrin activation 
by chemokines 

Stable 
adhesion 
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Migration through 
endothelium 

lntegrin (high-
affinity state) 

-:4 . . 
b 

Cytokines 
(TNF, IL-1) Macrophage 

with microbes Fibrin and fibronectin 
(extracellular matrix) 

FIGURE 2-7 Recruitment of leukocytes. At sites of infection. macrophages that have encountered microbes produce cytokines (such as 
TNF and IL-1) that activate the endothelial cells of nearby venules to produce selectins. ligands for integrins. and chemokines. Selectins 
mediate weak tethering and rolling of blood leukocytes. such as neutrophils on the endothelium; integrins mediate firm adhesion of neu-
trophils; and chemokines increase the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium to the 
site of infection. Blood neutrophils. monocytes, and activated T lymphocytes use essentially the same mechanisms to migrate to sites of 
infection. 

Jial cells in postcapillary venules and migration through 
the vessel wall (Fig. 2-7) . Each step is orchestrated by 
several different types of molecules. 
1. Selectin-mediated rolling of leukocytes on endothe-

lium. In response to microbes and cytokines pro-
duced by cells (e.g. macrophages) that encounter the 
microbes, endothelial cells lining postcapillary 
venules at the site of infection rapidly increase 
surface expression of proteins called selectins (Box 
2-2). Cytokines are discussed in more detail in 
Chapter 12; the most important ones for activating 
the endothelium are tumor necrosis factor (TNF) and 
interleukin-1 (IL-l). The two types of selectins 
expressed by endothelial cells are P-selectin, which is 
stored in cytoplasmic granules and is rapidly redis-
tributed to the surface in response to microbial prod-
ucts and cytokines, and E-selectin, which is 
synthesized in response to IL-l and TNF as well as 
microbial products, and is expressed on the cell 
surface within l to 2 hours. A third selectin, called L-
selectin (CD62L), is expressed on lymphocytes and 
other leukocytes. It serves as a homing receptor for 
naive T lymphocytes and dendritic cells to lymph 
nodes, mectiating the binding of T cells to high 
endothelial venules (see Chapter 3) . On neutrophils, 
it serves to bind these cells to endothelial cells that are 
activated by cytokines (TNB IL-l, and IFN-y) found at 
sites of inflammation. Leukocytes express L-selectin 

and the carbohydrate ligands for P- and E-selectins at 
the tips of their microvilli, facilitating interactions 
with molecules on the endothelial cell surface. 
Selectin-selectin ligand interactions are of low-affin-
ity CK.t - 100 mm) with a fast off-rate, and they are 
easily disrupted by the shear force of the flowing 
blood. As a result, the leukocytes repetitively detach 
and bind again and thus roll along the endothelial 
surface. This slowing of leukocytes on the endothe-
lium allows the next set of stimuli to act on the leuko-
cytes. 

2. Chemokine-mediated increase in affinity of inte-
grins. Chemokines are small polypeptide cytokines 
produced by tissue macrophages, endothelial cells, 
and several other types of cells in response to micro-
bial products and IL-l and TNF, cytokines that are 
associated with infections. The major function of 
chemokines is to stimulate chemotaxis of cells 
("chemokines" is a contraction of "chemoattractant 
cytokines"). The chemokines produced at an infec-
tion site are transported to the luminal surface of the 
endothelial cells of post capillary-venules, where they 
are bound by heparan sulfate glycosarninoglycans, 
and are displayed at high concentrations. At this loca-
tion the chemokines bind to specific chemokine 
receptors on the surface of the rolling leukocytes. 
Leukocytes express a family of adhesion molecules 
called integrins (Box 2-3), which are in a low-affinity 
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ケモカイン
• 感染巣近傍のマクロファージ、内皮が産生する
細胞遊走を引き起こすサイトカイン。 

• ローリング中の白血球に提示される。 

• ケモカイン受容体が刺激された白血球の表面
で、インテグリンが低親和性から高親和性状態
へと変化する。 

• 同時に内皮のインテグリンのリガンドの発現も
増強され、白血球は内皮に強く結合する。
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FIGURE 2-7 Recruitment of leukocytes. At sites of infection. macrophages that have encountered microbes produce cytokines (such as 
TNF and IL-1) that activate the endothelial cells of nearby venules to produce selectins. ligands for integrins. and chemokines. Selectins 
mediate weak tethering and rolling of blood leukocytes. such as neutrophils on the endothelium; integrins mediate firm adhesion of neu-
trophils; and chemokines increase the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium to the 
site of infection. Blood neutrophils. monocytes, and activated T lymphocytes use essentially the same mechanisms to migrate to sites of 
infection. 

Jial cells in postcapillary venules and migration through 
the vessel wall (Fig. 2-7) . Each step is orchestrated by 
several different types of molecules. 
1. Selectin-mediated rolling of leukocytes on endothe-

lium. In response to microbes and cytokines pro-
duced by cells (e.g. macrophages) that encounter the 
microbes, endothelial cells lining postcapillary 
venules at the site of infection rapidly increase 
surface expression of proteins called selectins (Box 
2-2). Cytokines are discussed in more detail in 
Chapter 12; the most important ones for activating 
the endothelium are tumor necrosis factor (TNF) and 
interleukin-1 (IL-l). The two types of selectins 
expressed by endothelial cells are P-selectin, which is 
stored in cytoplasmic granules and is rapidly redis-
tributed to the surface in response to microbial prod-
ucts and cytokines, and E-selectin, which is 
synthesized in response to IL-l and TNF as well as 
microbial products, and is expressed on the cell 
surface within l to 2 hours. A third selectin, called L-
selectin (CD62L), is expressed on lymphocytes and 
other leukocytes. It serves as a homing receptor for 
naive T lymphocytes and dendritic cells to lymph 
nodes, mectiating the binding of T cells to high 
endothelial venules (see Chapter 3) . On neutrophils, 
it serves to bind these cells to endothelial cells that are 
activated by cytokines (TNB IL-l, and IFN-y) found at 
sites of inflammation. Leukocytes express L-selectin 

and the carbohydrate ligands for P- and E-selectins at 
the tips of their microvilli, facilitating interactions 
with molecules on the endothelial cell surface. 
Selectin-selectin ligand interactions are of low-affin-
ity CK.t - 100 mm) with a fast off-rate, and they are 
easily disrupted by the shear force of the flowing 
blood. As a result, the leukocytes repetitively detach 
and bind again and thus roll along the endothelial 
surface. This slowing of leukocytes on the endothe-
lium allows the next set of stimuli to act on the leuko-
cytes. 

2. Chemokine-mediated increase in affinity of inte-
grins. Chemokines are small polypeptide cytokines 
produced by tissue macrophages, endothelial cells, 
and several other types of cells in response to micro-
bial products and IL-l and TNF, cytokines that are 
associated with infections. The major function of 
chemokines is to stimulate chemotaxis of cells 
("chemokines" is a contraction of "chemoattractant 
cytokines"). The chemokines produced at an infec-
tion site are transported to the luminal surface of the 
endothelial cells of post capillary-venules, where they 
are bound by heparan sulfate glycosarninoglycans, 
and are displayed at high concentrations. At this loca-
tion the chemokines bind to specific chemokine 
receptors on the surface of the rolling leukocytes. 
Leukocytes express a family of adhesion molecules 
called integrins (Box 2-3), which are in a low-affinity 



血管外への移動

• 内皮に強く結合した
白血球は酵素で内皮
細胞の間に入り込
み、血管の外へと移
動する。
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trophils; and chemokines increase the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium to the 
site of infection. Blood neutrophils. monocytes, and activated T lymphocytes use essentially the same mechanisms to migrate to sites of 
infection. 

Jial cells in postcapillary venules and migration through 
the vessel wall (Fig. 2-7) . Each step is orchestrated by 
several different types of molecules. 
1. Selectin-mediated rolling of leukocytes on endothe-

lium. In response to microbes and cytokines pro-
duced by cells (e.g. macrophages) that encounter the 
microbes, endothelial cells lining postcapillary 
venules at the site of infection rapidly increase 
surface expression of proteins called selectins (Box 
2-2). Cytokines are discussed in more detail in 
Chapter 12; the most important ones for activating 
the endothelium are tumor necrosis factor (TNF) and 
interleukin-1 (IL-l). The two types of selectins 
expressed by endothelial cells are P-selectin, which is 
stored in cytoplasmic granules and is rapidly redis-
tributed to the surface in response to microbial prod-
ucts and cytokines, and E-selectin, which is 
synthesized in response to IL-l and TNF as well as 
microbial products, and is expressed on the cell 
surface within l to 2 hours. A third selectin, called L-
selectin (CD62L), is expressed on lymphocytes and 
other leukocytes. It serves as a homing receptor for 
naive T lymphocytes and dendritic cells to lymph 
nodes, mectiating the binding of T cells to high 
endothelial venules (see Chapter 3) . On neutrophils, 
it serves to bind these cells to endothelial cells that are 
activated by cytokines (TNB IL-l, and IFN-y) found at 
sites of inflammation. Leukocytes express L-selectin 

and the carbohydrate ligands for P- and E-selectins at 
the tips of their microvilli, facilitating interactions 
with molecules on the endothelial cell surface. 
Selectin-selectin ligand interactions are of low-affin-
ity CK.t - 100 mm) with a fast off-rate, and they are 
easily disrupted by the shear force of the flowing 
blood. As a result, the leukocytes repetitively detach 
and bind again and thus roll along the endothelial 
surface. This slowing of leukocytes on the endothe-
lium allows the next set of stimuli to act on the leuko-
cytes. 

2. Chemokine-mediated increase in affinity of inte-
grins. Chemokines are small polypeptide cytokines 
produced by tissue macrophages, endothelial cells, 
and several other types of cells in response to micro-
bial products and IL-l and TNF, cytokines that are 
associated with infections. The major function of 
chemokines is to stimulate chemotaxis of cells 
("chemokines" is a contraction of "chemoattractant 
cytokines"). The chemokines produced at an infec-
tion site are transported to the luminal surface of the 
endothelial cells of post capillary-venules, where they 
are bound by heparan sulfate glycosarninoglycans, 
and are displayed at high concentrations. At this loca-
tion the chemokines bind to specific chemokine 
receptors on the surface of the rolling leukocytes. 
Leukocytes express a family of adhesion molecules 
called integrins (Box 2-3), which are in a low-affinity 
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炎症部位への集積

• 白血球はケモカインの濃度勾配に従って炎症部
位へと移動する。 

• 炎症は微生物だけでなく、非感染性の刺激に
よっても引き起こされる。 

• 呼び寄せられる細胞の種類とタイミングはイン
テグリンとケモカイン受容体の種類によって規
定される（まず好中球、次に単球）。



微生物の貪食

• 好中球、マクロファージ、樹状細胞は微生物を貪食す
る。 

• 微生物には正常細胞にはない目印がある 

• C-type lectinのリガンド(mannoseなど) 

• scavenger receptorのリガンド 

• オプソニン opsonins

RECOGNITION OF MICROBES AND DAMAGED SELF BY THE INNATE IMMUNE SYSTEM 53 

TABLE 4-1 Specificity of Innate and Adaptive Immunity 

Specificity 

Innate Immunity 

For structures shared by classes of microbes 
(pathogen-associated molecular patterns) 

Different -{ 
microbes 

Toll-like -{ 
receptor 

Adaptive Immunity 

For structural detail of microbial molecules 
(antigens); may recognize nonmicrobial antigens 

Different { 
microbes 

����������
antibody 
molecules 

Receptors Encoded in germline; limited diversity (pattern recognition 
receptors) 

Encoded by genes produced by somatic 
recombination of gene segments; greater diversity 

Scavenger 
receptor 

Distribution of 
receptors 

Non clonal: identical receptors on all cells of the same lineage Clonal: clones of lymphocytes with distinct specifici· 
ties express different receptors 

Discrimination of 
self and non-self 

Yes; healthy host cells are not recognized or they may express 
molecules that prevent innate immune reactions 

Yes; based on elimination or inactivation of self-
reactive lymphocytes; may be imperfect (giving rise 
to autoimmunity) 

gram-negative bacteria, gram-positive bacte ria, fungi) 
express diffe rent PAMPs. Th ese structures include: 
nucle ic acids tha t a re unique w microbes, such as do uble-
stranded RNA found in replicating viruses and unmeth-
ylated CpG DNA sequen ces found in ba cte ria; features 
of proteins tha t are fou nd in microbes, such as initia-
tion by N-formylmethionine, which is typical of bacte-
rial proteins; and complex lipid s a nd carbohydrates that 
are synthesized by microbes but not by mammalian cells. 
such as lipopolysaccharide (LPS) in gram -negative bac-
teria, lipoteicho ic acid in gram-positive bacte ria, and 
oligosaccharides with te rminal mannose residues found 
in mkrobial but no t in mammalia n glycopro te ins (Table 
4-2). Whereas the innate immune system has evolved to 
recognize only a limited number o f molecules that are 
uniq ue to microbes, the adaptive immune system is capa-
ble of recognizing ma ny more diverse fore ign su bstances 
whether or not they a re products of microbes. 

TABLE 4-2 Examples of PAMPs and DAMPs 
Pathogen-Associated Molecular Patterns 
Nucleic acids ssRNA 

Proteins 

dsRNA 

CpG 
Pi lin 

Flagellin 
Cell wall lipids LPS 

Carbohydrates 

Lipoteichoic acid 

Mannan 
Glucans 

Damage-Associated Molecular Patterns 

Stress-induced HSPs 
proteins 

Crystals Monosodium urate 

Nuclear proteins HMGBl 

Microbe Type 
Virus 
Virus 

Virus, bacteria 
Bacteria 

Bacteria 

Gram-negative 
bacteria 

Gram-positive 
bacteria 

Fungi, bacteria 
Fungi 

J 

The innate immune system recognizes microbial prod-
ucts that are often essential for survival of the microbes. 
This feature o f innate immune recognition is impo rtant 
because it ensures that the targets of innate immuni ty can-
not be discarded by microbes in an effort to evade recogn i-
tion by the host. An example o f a ta rget of inna te immunity 
that is indispensable for microbes is double-stranded 
vira l RNA, which is an essentia l in termedia te in the life 
cycle o f many viruses . Simila rl y, LPS and lipo te ichoic 

CpG. cytosine-guanine-rich oligonucleotide dsRNA. double-stranded RNA; 
HMGBI. high-mobility group box 1; HSP. heat shock protein; LPS, lipopolysaccha-
ride; ssRNA. single-stranded RNA. 
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オプソニン
• 細菌の表面に結合して、その貪食を促進する作
用を有するタンパク 

• 抗体 

• 補体 

• レクチン

出典：「ノーベル賞からみた免疫学入門」石田寅夫 著
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貪食後の殺菌1

• 好中球、マクローファージ、樹状細胞の貪食によって形
成される脂質二重膜で包まれた小胞はファゴゾーム 
phagosome といわれる。 

• ライソゾーム lysosome と融合し、エラスターゼ、カ
テプシンGなどのタンパク分解酵素により消化される。 

• 酵素 phagocyte oxidase によって作られる活性酸素 
reactive oxygen species (ROS) が殺菌的に働
く。 

• inducible nitric oxidase (iNOS) によって作られる一
酸化窒素 NO は ROS と結合して殺菌的に働く。



state in unactivated cells and ineffective in mediating 
adhesion interactions. Two consequences of 
chemokine receptor signaling are enhanced affinity 
of leukocyte integrins for their ligands, and mem-
brane clustering of the integrins, resulting in 
increased avidity of integrin-med iated binding of the 
leukocytes to the endothelial surface. 
3. Stable integrin-mediated adhesion of leukocytes 

to endothelium. In parallel with the activation of 
integrins and their conversion to the high-affinity 
state, cytokines (TNF and IL-l) also enhance 
endothelial expression of integrin ligands, mainly 
vascular cell adhesion molecule-1 (VCAM-1, the 
ligand for the Vl.A-4 integrin) and intercellular 
adhesion molecule-I (ICAM -1 , the ligand for the 
LFA-1 and Mac-1 integrins) (see Box 2-3). The net 
result of these changes is that the leukocytes attach 
firmly to the endothelium, their cytoskeleton is 
reorganized, and they spread out on the endothe-
lial surface. 

4. Transmigration of leukocytes through the endothe-
lium. Chemokines then act on the adherent leuko-
cytes and stimulate the ce lls to migrate through 
interendotheUal spaces along the chemical con-
centration gradient (i.e., toward the infection site). 
Other proteins expressed on the leukocytes and 
endothelial cells, notably CD31, play a role in this 
migration through the endothelium. The leuko-
cytes presumably produce enzymes that enable 
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them to pass through the vessel wall , and they ulti-
mately accumulate in the extravascular tissue 
around the infectious microbes. 

Leukocyte accumulation in tissues is a major compo-
nent of inflammation. It is typically elicited by microbes, 
but it may be seen in response to a variety of noninfec-
tious stimuli as well. There is some specificity in this 
process of leukocyte migration based on the expression 
of distinct combinations of adh esion molecule and 
chemokine receptors on neutrophils versus monocytes. 
For example, neutrophil migration relies mainly on 
LFA-1- ICAM-1 interactions in combination with the 
chemokines receptors CXCRl and CXCR2 binding the 
chemokines CXCLB, while monocytes mainly utilize Vl.A-
4-VCAM-1 interactions together with the chemokine 
CCL2 binding to the chemokine receptor CCR2. Tempo-
rally distinct patterns of expression of adhesion mole-
cules and chemokines at infectious sites typically result 
in early neutrophil recruitment (hours to days) followed 
later by monocyte recruitment (days to weeks) . As we will 
see in Chapter 3, yet other combinations of adhesion 
molecules and chemokines control the migration of lym-
phocytes into lymphoid and nonlymphoid tissues. 

Phagocytosis of Microbes 
Neutrophils and macrophages ingest bound microbes 
into vesicles by the process of phagocytosis (Fig. 2- 8). 

Phagocyte 
membrane zips up 
around microbe 

® 
Phagosome 

with ingested 
microbe 

Lysosome 
with 

enzymes 

Fusion of 
phagosome 

with lysosome 

Activation of 
phagocyte Killing of 

microbes by 
lysosomal 
enzymes in 

phagolysosomes 

FIGURE 2-8 Phagocytosis and intracellular destruction of microbes. Microbes may be ingested by different membrane receptors of 
phagocytes; some directly bind microbes. and others bind opsonized microbes. (Note that the Mac-1 integrin binds microbes opsonized with 
complement proteins, not shown.) The microbes are internalized into phagosomes. which fuse w ith lysosomes to form phagolysosomes. 
where the microbes are killed by reactive oxygen and nitrogen intermediates and proteolytic enzymes. NO, nitric oxide; ROS, reactive oxygen 
species. 
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NO 雑談

• 一酸化窒素は血管を拡張させる因子でもある。 

• 鼻の粘膜でたくさん作られている。 

• 鼻呼吸で血液循環改善？？高血圧が改善？？ 

• 手をグーパーするだけでも血中濃度上昇。



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）。 

• perforin を分泌し、近傍細胞の膜に穴を開け
て殺す。タンパク分解酵素を送り込む。 

• 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。



生化学会 2025 情報
• ネクロプトーシス（制御されたネクローシス=壊死[えし]） 

• MLKL タンパクが複数集まって細胞膜に穴をあける。

terminal of phosphatidylinositol phosphate (Cai et al, 2014). In
addition, TNF-α also induces translocation of the RIP1/RIP3/
MLKL complex to the mitochondria, where RIPK3 phosphorylates
phosphoglycerate mutase family member 5 (PGAM5) at the outer
membrane of mitochondria; PGAM5 then dephosphorylates and
activates dynamin-related protein 1 (Drp1), subsequently leading to
necroptosis (Sun et al, 2012; Wang et al, 2012). However, it is
important to note that another study has suggested that the
use of shRNA against PGAM5 did not significantly affect
necroptosis (Murphy et al, 2013). This may be attributed
to incomplete knockdown of PGAM5 or variations in the
dependence on PGAM5 in different cell lines, which underscores
the complexity of the regulatory mechanisms involved. Overall, the

necroptosis machinery is complex, and understanding the role of
key components of necroptosis such as RIP1, RIP3 and MLKL,
is important to develop the therapeutic strategies targeting this
signaling.

Non-canonical necroptotic pathways. Multiple plasma
membrane-bound receptors and intracellular sensors, in addition
to death receptors, can initiate signaling cascades that ultimately
lead to the activation of MLKL and MLKL-mediated necroptosis
(Fig. 1B). For example, toll-like receptors (TLR3 and TLR4)
activated by double-stranded (ds)RNA and LPS, respectively,
trigger necroptosis directly through a RHIM domain-dependent
association of TRIF with RIP3 (He et al, 2011; Kaiser et al, 2013).
TLR4 can also rely on MyD88 for signal transduction

Figure 1. Classical and non-classical necroptotic pathways.

(A) The classical necroptotic pathways are initiated upon activation of death receptors, including tumor necrosis factor receptor (TNFR) 1, Fas, and TRAIL receptors. This
activation subsequently leads to the formation of a membrane signaling complex known as “complex I”, which comprises key components such as TNFR-associated death
domain (TRADD), receptor-interacting protein kinase 1 (RIP1), TNF receptor-associated factors 2 and 5 (TRAF2/5), and cellular inhibitor of apoptosis proteins 1 and 2
(cIAP1/2). Complex I serves as a pivotal checkpoint that determines whether the cell will undergo pro-survival or death pathways. TRADD functions as an adaptor
molecule that recruits RIP1 to TNFR1. Upon activation, cIAP1/2 and TRAF2/5 mediate the ubiquitination of RIP1, leading to the stabilization of complex I and initiation of
alternative pathways, such as NF-κB and MAPK signaling, that ultimately promote cell survival. Once the ubiquitin chain is removed from RIP1, it forms complex IIa through
interactions with FADD, TRADD, RIP3, and caspase 8. Under normal conditions, apoptosis is suppressed when caspase-8 forms a heterodimer with cFLIPL. Caspase-8, in
turn, can induce extrinsic apoptosis. However, when caspase-8 is either eliminated or inhibited, the interaction between RIP1 and RIP3, known as RIP homotypic
interactions, then leads to the formation of the complex IIb, initiating the phosphorylation and oligomerization of MLKL, which serves as the executor of necroptosis. (B) In
addition to the classical pathways, numerous other receptors and intracellular sensors can initiate the non-classical necroptotic signaling cascades. For example, toll-like
receptor (TLR)3 and TLR4 activated by double-stranded RNA (dsRNA) and lipopolysaccharide (LPS), respectively, trigger necroptosis directly through a RHIM domain-
dependent association of TRIF with RIP3. Viral nucleic acids can activate another RHIM domain-containing protein, ZBP1, which then mediates RIP3-MLKL-dependent
necroptosis, independently of RIP1. Moreover, interferon (IFN)-driven necroptosis is mediated via the JAK/STAT-dependent transcription. IFNs can also transcriptionally
activate the RNA-responsive protein kinase (PKR), which then phosphorylates RIP1 to trigger necroptosis. Ultimately, all these diverse pathways converge on the activation
of MLKL, which is the known executor of necroptosis.
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produce growth factors for fibroblasts and endothelial 
cells that participate in the remodeling of tissues after 
infections and injury. The role of macrophages, in cell-
mediated immunity is described in Chapter 13. 

Natural Killer (NK) Cells 
NK cells are a lineage of cells related to lymphocytes that 
recognize infected and/or stressed cells and respond by 
directly killing these cells and by secreting inflammatory 
cytokines. NK cells constitute 5% to 20% of the mononu-
clear cells in the blood and spleen and are rare in other 
lymphoid organs. The term natural killer derives from 
the fact that if these cells are isolated from the blood or 
spleen, they kill various target cells without a need for 
additional activation. (In contrast, Cos+ T lymphocytes 
need to be activated before they differentiate into cyto-
toxic T lymphocytes [CTLs} with the ability to kill 
targets.) In addition to killing infected cells directly, NK 
cells are a major source of IFN-y, which activates 
macrophages to kill ingested microbes. NK cells are 
derived from bone marrow precursors and appear as 
large lymphocytes with numerous cytoplasmic granules, 
because of which they are sometimes called large gran-
ular lymphocytes. By surface phenotype and lineage, NK 
cells are neither T nor B lymphocytes, and they do not 
express somatically rearranged, clonally distributed 
antigen receptors like immunoglobulin or T cell recep-
tors. Their target cells using germline DNA- encoded 
receptors, discussed below. 

Recognition of Infected and Stressed Cells by 
Natural Killer Cells 

NK cell activation is regulated by a balance between 
signals that are generated from activating receptors and 
inhibitory receptors (Fig. 2-10). There are several fami-
lies of these receptors, which are described in detail 
in Box 2-4. Most of these receptors are complexes of 
ligand-binding subunits, which recognize molecules on 
the surface of other cells, and signaling subunits, which 
transduce activating or inhibitory signals into the cell. 
When an NK cell interacts with another cell, the 
outcome is determined by an integration of signals gen-
erated from an array of inhibitory and activating recep-
tors that may be simultaneously expressed by the NK cell 
and simultaneously interact with ligands on the other 
cell. In general, activating signals must be blocked by 
inhibitory signals in order to prevent NK cell activation 
and attack of normal cells. Many of these receptors on 
NK cells recognize class I MHC molecules or proteins 
that are structurally homologous to class I MHC mole-
cules. Class I MHC molecules display peptides derived 
from cytoplasmic proteins, including microbial pro-
teins, on the cell surface for recognition by CD8+T cells. 
We will describe the structure and function ofMHC mol-
ecules in relation to T cell antigen recognition in more 
detail in Chapters 5 and 6. For now, it is important to 
understand that NK cells use fundamentally different 
types of receptors than doT cells to recognize class I or 
class 1- like MHC molecules. 
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FIGURE 2-10 Activating and inhibitory receptors of NK cells. A. 
Activating receptors of NK cells recognize ligands on target cells and 
activate protein tyrosine kinase (PTK). whose activity is inhibited by 
inhibitory receptors that recognize class I MHC molecules and acti· 
vate protein tyrosine phosphatase (PTP). NK cells do not efficiently 
kill class I MHC-expressing healthy cells. B. If a virus infection or 
other stress inhibits class I MHC expression on infected cells. and 
induces expression of additional activating ligands, the NK cell 
inhibitory receptor is not engaged and the activating receptor func-
tions unopposed to trigger responses of NK cells. such as killing of 
target cells and cytokine secretion. 

Activating receptors on NK cells recognize a heteroge-
neous group of ligands that are expressed on cells that 
have undergone stress, cells that are infected with 
viruses or other intracellular microbes, or cells that are 
malignantly transformed. One of the better studied acti-
vating receptors is called NKG2D (see Box 2-4}, which 
binds a family of structurally related class I MHC-like 
proteins that are found on viraily infected cells and 

38 Section I - INTRODUCTION TO THE IMMUNE SYSTEM 

produce growth factors for fibroblasts and endothelial 
cells that participate in the remodeling of tissues after 
infections and injury. The role of macrophages, in cell-
mediated immunity is described in Chapter 13. 

Natural Killer (NK) Cells 
NK cells are a lineage of cells related to lymphocytes that 
recognize infected and/or stressed cells and respond by 
directly killing these cells and by secreting inflammatory 
cytokines. NK cells constitute 5% to 20% of the mononu-
clear cells in the blood and spleen and are rare in other 
lymphoid organs. The term natural killer derives from 
the fact that if these cells are isolated from the blood or 
spleen, they kill various target cells without a need for 
additional activation. (In contrast, Cos+ T lymphocytes 
need to be activated before they differentiate into cyto-
toxic T lymphocytes [CTLs} with the ability to kill 
targets.) In addition to killing infected cells directly, NK 
cells are a major source of IFN-y, which activates 
macrophages to kill ingested microbes. NK cells are 
derived from bone marrow precursors and appear as 
large lymphocytes with numerous cytoplasmic granules, 
because of which they are sometimes called large gran-
ular lymphocytes. By surface phenotype and lineage, NK 
cells are neither T nor B lymphocytes, and they do not 
express somatically rearranged, clonally distributed 
antigen receptors like immunoglobulin or T cell recep-
tors. Their target cells using germline DNA- encoded 
receptors, discussed below. 

Recognition of Infected and Stressed Cells by 
Natural Killer Cells 

NK cell activation is regulated by a balance between 
signals that are generated from activating receptors and 
inhibitory receptors (Fig. 2-10). There are several fami-
lies of these receptors, which are described in detail 
in Box 2-4. Most of these receptors are complexes of 
ligand-binding subunits, which recognize molecules on 
the surface of other cells, and signaling subunits, which 
transduce activating or inhibitory signals into the cell. 
When an NK cell interacts with another cell, the 
outcome is determined by an integration of signals gen-
erated from an array of inhibitory and activating recep-
tors that may be simultaneously expressed by the NK cell 
and simultaneously interact with ligands on the other 
cell. In general, activating signals must be blocked by 
inhibitory signals in order to prevent NK cell activation 
and attack of normal cells. Many of these receptors on 
NK cells recognize class I MHC molecules or proteins 
that are structurally homologous to class I MHC mole-
cules. Class I MHC molecules display peptides derived 
from cytoplasmic proteins, including microbial pro-
teins, on the cell surface for recognition by CD8+T cells. 
We will describe the structure and function ofMHC mol-
ecules in relation to T cell antigen recognition in more 
detail in Chapters 5 and 6. For now, it is important to 
understand that NK cells use fundamentally different 
types of receptors than doT cells to recognize class I or 
class 1- like MHC molecules. 

. ·· Inhibitory W 
/ receptor 

Self class I MHC-self 
peptide complex 

Normal • 
autologous cell I 

NK cell 
not activated; 
no cell killing 

@ Inhibitory receptor not engaged 

Virus inhibits 
class I MHC 0 '1;!'{1 . \!'!fl 
expression • o 

Virus-infected • 0 

cell (class I NK cell 
MHC negative) activated; 

killing of 
infected cell 

FIGURE 2-10 Activating and inhibitory receptors of NK cells. A. 
Activating receptors of NK cells recognize ligands on target cells and 
activate protein tyrosine kinase (PTK). whose activity is inhibited by 
inhibitory receptors that recognize class I MHC molecules and acti· 
vate protein tyrosine phosphatase (PTP). NK cells do not efficiently 
kill class I MHC-expressing healthy cells. B. If a virus infection or 
other stress inhibits class I MHC expression on infected cells. and 
induces expression of additional activating ligands, the NK cell 
inhibitory receptor is not engaged and the activating receptor func-
tions unopposed to trigger responses of NK cells. such as killing of 
target cells and cytokine secretion. 

Activating receptors on NK cells recognize a heteroge-
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have undergone stress, cells that are infected with 
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FIGURE 2-11 Functions of NK cells. A. NK cells recognize ligands 
on infected cells or cells undergoing other types of stress. and kill 
the host cells. In this way, NK cells eliminate reservoirs of infection 
as well as dysfunctional cells. B. NK cells respond to IL-12 produced 
by macrophages and secrete IFN-y, which activates the macro-
phages to kill phagocytosed microbes. 

IL-1 2, and type I IFNs are produced by macrophages in 
response to infection, and thus al l three cytokines acti-
vate NK cells in innate immunity. High concentrations 
of IL-2 also stimulate the activities of NK cells, and 
culture in IL-2 is sometimes used to enhance NK cell 
killing. 

Effector Functions of Natural Killer Cells 

The effector functions of NK cells are to kill infected cells 
and to activate macrophages to destroy phagocytosed 
microbes (Fig. 2-11). The mechanism of NK cell- medi-
ated cytotoxicity is essentially the same as that of CTLs 
(described in detail in Chapter 13). NK cells, like CTLs, 
have granules that contain proteins which mediate 
killing of target cells. When NK cells are activated, 
granule exocytosis releases these proteins adjacent to 
the target cells. One NK cell granule protein, called per-
forin , facil ita tes the entry of other granule proteins, 
called granzymes, into the cytoplasm of target cells. The 
granzymes are enzymes that initiate apoptosis of the 
target cells. By kill ing cells infected by viruses and intra-
cellular bacteria, NK cells eliminate reservoirs of infec-
tion. Some tumors, especially those of h ematopoietic 
origin, are targets of NK cells, perhaps because the 
tumor cells do not express normal levels or types of class 
I MHC molecules. NK cell- derived IFN-y serves to acti-
vate macrophages, like IFN-y produced by T cells, and 

increases the capacity of macrophages to kill phagocy-
tosed bacteria (see Chapter 13) . 

NK cells play several important roles in defense 
against intracellular microbes. They kill virally infected 
cells befo re antigen-specific CTLs can become fully 
active, that is, during the first few days after viral infec-
tion. Early in the course of a viral infection, NK cells are 
expanded and activated by cytokines of innate immu-
nity, such as IL-12 and IL-15, and they kill infected cells, 
especially those that display reduced levels of class I 
MHC molecules. ln addition, the IFN-y secreted by NK 
cells activates macrophages to destroy phagocytosed 
microbes. This IFN -y-dependent NK cell- macrophage 
reaction can control an infection with in tracellular bac-
teria such as Listeria monocytogenes for several days or 
weeks and thus allow time for T cell-mediated immunity 
to develop and eradicate the infection. Depletion of NK 
cells leads to increased susceptibility to infection by 
some viruses and intracellular b acteria. In mice lacking 
T cells, the NK cell response may be adequate to keep 
infection with such microbes in check for some time, 
but the animals eventually succumb in the absence 
of T cell- mediated immunity. NK cells may also kill 
infected cells that attempt to escape CTL-mediated 
immune attack by reducing expression of class I MHC 
molecules. 

Because NK cells can kill certain tumor cells in vi tro, 
it has also been proposed that NK cells serve to kill 
malignant clones in vivo. 

Circulating Proteins 
of Innate Immunity 

In addition to cell-associated molecules, several differ-
ent soluble proteins found in plasma and extracellular 
fluids also recognize pathogen -associated molecular 
patterns and serve as effector molecules of the innate 
immune system. Other soluble molecules serve as 
opsonins, targeting microbes for phagocytosis by neu-
trophils or macrophages. The soluble pattern recogni-
tion proteins and associated effector molecules are 
sometimes called the humoral branch of innate immu-
nity, an alogous to the humoral branch of adaptive 
immunity mediated by antibodies. The major compo-
nents of the humoral innate immune system are the 
complement system, the collectins, the pentraxins, and 
th e fi colins. 

The Complement System 

The complement system consists of several plasma pro-
teins that are activated by microbes and promote 
destruction of the microbes and inflammation. Recog-
nition of microbes by complement occurs in three 
ways (Fig. 2-12). The classical pathway, so called 
because it was discovered fi rst, uses a plasma protein 
called C1 to detect IgM, IgG l , or IgG3 an tibodies 
bound to the surface of a microbe or other structure. The 
alternative pathway, which was discovered later but is 
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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
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血液中エフェクタータンパク

• 補体系 complement system 

• ペントラキシン pentraxins 

• コレクチン collectins 

• フィコリン ficolins



補体 complement
• メチニコフ（オプソニン発見者）の助手ボルデ
は５６℃で失活する血清中の成分が抗体ととも
にウサギ赤血球を破壊することを発見した。

実験0 実験１ 実験２ 実験３
ウサギ赤血球 ✔ ✔ ✔ ✔

ウサギ赤血球で免疫した
モルモットの血清

✔

５６℃加熱した上記血清 ✔ ✔

免疫してない動物の非加熱血清 ✔ ✔

結果
溶血 
なし 溶血 溶血 

なし 溶血



補体 complement
• 抗体は５６℃では失活しないので、抗体以外の
補う何かが免疫前の血清にあると考え、補体と
名付けた。
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FIGURE 2- 12 Pathways of complement activation. The activation of the complement system may be initiated by three distinct pathways, 
all of which lead to the production of C3b (the early steps). C3b initiates the late steps of complement activation. culminating in the pro· 
duction of peptides that stimulate inflammation (C5a) and polymerized C9, which forms the membrane attack complex. so called because 
it creates holes in plasma membranes. The principal functions of major proteins produced at different steps are shown. The activation. func· 
tions. and regulation of the complement system are discussed in much more detail in Chapter 14. 

phylogenetically older than the classical pathway, is 
triggered by direct recognition of certain microbial 
surface structures and is thus a component of innate 
immunity. The lectin pathway is triggered by a plasma 
protein called mannose-binding lectin (MBL), which 
recognizes terminal mannose residues on microbial gly-
coproteins and glycolipids. MBL bound to microbes 
activates one of the proteins of the classical pathway, in 
the absence of antibody, by the action of an associated 
serine protease. 

Recognition of microbes by any of these pathways 
results in sequential recruitment and assembly of addi-
tional complement proteins into protease complexes. 
The central protein of the complement system, C3, is 
cleaved, and its larger C3b fragment is deposited on the 
microbial surface where complement is activated. C3b 
becomes covalently attached to the microbes and serves 
as an opsonin to promote phagocytosis of the microbes. 
A smaller fragment, C3a, is released and stimulates 
inflammation by acting as a chemoattractant for neu-
trophils. C3b binds other complement proteins to form 
a protease that cleaves a protein called C5, generating a 
secreted peptide (C5a) and a larger fragment (C5b) that 
remains attached to the microbial cell membranes. C5a 
stimulates the influx of neutrophils to the site of infec-
tion as well as the vascular component of acute inflam-
mation. C5b initia tes the formation of a complex of the 
complement proteins C6, C7, C8, and C9, which are 
assembled into a membrane pore that causes lysis of the 
cells where complement is activated. Mammalian cells 
express several regulatory proteins that block comple-
ment activation and thus prevent injury to normal host 
cells. The complement system will be discussed in more 
detail in Chapter 14. 

Pentraxins 

Several plasma proteins that recognize microbial struc-
tures and participate in innate immunity belong to the 
pentraxin family, which is a phylogenetically old group 
of structurally homologous pentam eric proteins. Promi-
nent members of this family include the short pentrax-
ins C-reactive protein (CRP) and serum amyloid P (SAP) 
and the long pentraxin PTX3. Plasma concentrations of 
CRP are very low in healthy individuals, but can increase 
up to 1000-fold during infections and in response to 
other inflammatory stimuli. The increased levels of CRP 
are a result of increased synthesis by the liver induced by 
the cytokines IL-6 and IL-l , which are produced by 
phagocytes as part of the innate immune response. Liver 
syn thesis and plasma levels of several other proteins, 
including SAP and others unrelated to the pentraxins, 
also increase in response to IL-l and IL-6, and as a group 
these plasma proteins are called acute-phase reactants. 
Both CRP and SAP bind to several different species of 
bacteria and fungi. The molecular ligands recognized by 
CRP and SAP include phosphorylcholine and phos-
phatidylethanolamine, respectively, which are phospho-
lipid headgroups found on bacterial membranes and on 
apoptotic cells, but are not exposed on the surface of 
healthy eukaryotic cells. CRP functions as an opsonin by 
binding Clq and interacting with phagocyte Clq recep-
tors or by binding directly to IgG Fe receptors. CRP may 
also contribute to complem ent activation through its 
attachment to Clq and activation of the classical 
pathway. PTX3 is produced by several cell types, includ-
ing dendritic cells, endothelial cells, and macrophages, 
in response to TLR ligand and the innate immune 
system cytokine TNF, but it is not an acute-phase reac-
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Table 14-5. Proteins of t he Late Steps of Complement Activation 

Protein Structure 

C5 190-kD dimer of 115-
and 75- kD chains 

C6 11 0-kD monomer 

C7 1 00-kD monomer 

C8 155-kD trimer of 
64-, 64-, 22-kD 
chains 

C9 79-kD monomer 

FIGURE 14-12 Structure of the 
MAC in cell membranes. A. Com-
plement lesions in erythrocyte 
membranes are shown in this elec-
tron micrograph. The lesions consist 
of holes approximately 1 00 A in 
diameter that are formed by poly-C9 
tubular complexes. B. For compari-
son, membrane lesions induced on 
a target cell by a cloned CTL line are 
shown in this electron micrograph. 
The lesions appear morphologically 
similar to complement-mediated 
lesions, except for a larger internal 
diameter (160A). CTL- and NK 
cell-induced membrane lesions are 
formed by tubular complexes of a 
polymerized protein (perforin), 
which is homologous to C9 (see 
Chapter 13). C. A model of the 
subunit arrangement of the MAC is 
shown. The transmembrane region 
consists of 12 to 15 C9 molecules 
arranged as a tubule, in addition to 
single molecules of C6, C7, and C8 
a and ychains. The C5ba, and 

chains form an appendage that 
projects above the transmembrane 
pore. (From Podack ER. Molecular 
mechanisms of cytolysis by comple-
ment and cytoly1ic lymphocytes. 
Journal of Cellular Biochemistry 
30:133-170, 1986. Copyright 1986 
Wiley-Liss. Reprinted by permission 
of Wiley-Liss, Inc., a subsidiary of 
John Wiley & Sons. Inc.) 

Serum 
concentration 

80 

45 

90 

60 

60 

Function 

C5b initiates assembly 
of the membrane 
attack complex 
C5a stimulates inflammation 
(anaphylatoxin) 

Component of the MAC: binds to 
C5b and accepts C7 

Component of the MAC: binds to 
C5b,6 and inserts into lipid 
membranes 

Component of the MAC: binds to 
C5b,6,7 and initiates the binding 
and polymerization of C9 

Component of the MAC: binds to 
C5b,6,7,8 and polymerizes to 
form membrane pores 

c 

I t ( I I \ l \ \ 

C5ba 
C5b(3 
C8(3 

-------



補体以外の血清エフェクター
• オプソニン作用や補体活性化作用を持つ。 
• ペントラキシン 
• IL-6, IL-1により肝臓や樹状細胞、内皮、マクロ
ファージなどで産生される５量体形成タンパク。 

• コレクチン 
• コラーゲン様ドメインとレクチンドメインを持
つ。肺胞の界面活性剤を兼ねるものもある。 

• フィコリン 
• フィブリノゲン様ドメインとコラーゲン様ドメイ
ンを持つ。
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TABLE4-3 Pattern Recognition Molecules of the Innate Immune System 

Pattern Recognition Receptors location Specific Examples PAMP/DAMP ligands 

Cell-Associated 
Toll-like receptors (TLRs) Plasma membrane and endosomal TLRs 1-9 Various microbial molecules including 

"11 membranes of dendritic cells, bacterial LPS and peptidoglycans, 
phagocytes, B cells, endothelial vira l nucleic acids : ;j cells, and many other cell types lc I .. ;j 

NOD-like receptors (NLRs) Cytosol of phagocytes, epithelial NOD1!2 Bacterial cell wall peptidoglycans 

=4 cells, and other cells NLRP family (inflammasomes) Intracellular crystals (urate, silica); 
changes in cytosolic ATP and ion 
concentrations; lysosomal damage 

RIG-like receptors (RLRs) Cytosol of phagocytes and other RIG-1, MDA-5 Viral RNA 
ex:=:> cells 

Cytosolic DNA sensors Cytosol of many cell types AIM2; STING-associated Bacterial and viral DNA 
(CDSs) CDSs 

0 
C-type lectin-like receptors (CLRs) Plasma membranes of phagocytes Mannose receptor Microbial surface carbohydrates with 

A terminal mannose and fructose 
Dec tin Glucans present in fungal cell walls 

Scavenger receptors Plasma membranes of phagocytes CD36 Microbial diacylg lycerides 

N-Formyl met-leu-phe receptors Plasma membranes of phagocytes FPR and FPRLl Peptides containing N-formylmethionyl 

-M 
residues 

Soluble 
Pentraxins Plasma C-reactive protein Microbial phosphorylcholine and phos-

-7< phatidylethanolamine 

Collectins Plasma Mannose-binding lectin Carbohydrates with terminal man nose 
and fructose 

Alveoli Surfactant proteins SP-A and Various microbial structures 
SP-0 

Ficolins Plasma Ficolin N-Acetylglucosamine and lipoteichoic 
acid components of the cell walls of 
gram-positive bacteria 

Complement Plasma Various complement proteins Microbial surfaces 
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C-reactive protein (CRP)

•  ペントラキシンの一種で炎症の指標と
して血液検査の項目に入っている。 

• マクロファージが産生するIL-6やIL-1
の刺激により肝臓で作られる。CRP 
は細菌やアポトーシス細胞の外側に存
在するリン脂質 phosphorylcholine 
に結合し、オプソニン作用、および、
補体の活性化を行う。

シスメックス社ウェブサイトより
http://primary-care.sysmex.co.jp/medical_support/product/
proposal.html
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サイトカイン
• 白血球の動員・活性化や抗菌タンパクの増産を
引き起こす。IL-10のように抑制的に働くもの
もある。様々な細胞間の情報伝達に関与する。 

• IFN-α/β: 	 ウイルス感染の制御 
• TNF, IL-1, ケモカイン：炎症の促進 
• IL-15, IL-2：	 NK細胞の刺激 
• IFN-γ:	 マクロファージの刺激 
• IL-10:	 マクロファージの抑制 
• IL-6：	 好中球の増産、CRPの増産



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-

Cellular and Molecular Immunology 6th ed.



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）。
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これだけ覚える：タイムスケールに注目
1st line 2nd line微生物

自然免疫 適応免疫
上皮バリア

Bリンパ球 抗体

食細胞

補体

NK細胞

Tリンパ球 エフェクターT細胞

橋
渡
し

肥満細胞

innate lymphoid cells (自然リンパ球)

樹状細胞



• 分子の名前は覚える必要なし！ 

• 細胞の名前を覚えて、概略をつかむべし！ 

• 次回は １１／１３日『適応免疫』について


