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講義の構成

• 第１回（11/2）自然免疫 innate immunity 

• 第２回（11/9）適応免疫 adaptive immunity 

• 第３回（11/16）免疫学と社会との関わり



免疫学と社会との関わり

• ワクチン 

• 血液型 

• 免疫疾患 

• 感染症 

• その他の疾患



ワクチン

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



天然痘ワクチン
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雑談：ジョン・ハンター



炭疽菌、狂犬病ワクチン
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炭疽菌、結核菌の発見

rtlie 1  nvestigations and ﾐiscoveries 

Robert Koch (1843'"'-'1910) 
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コレラ菌 Vibrio cholerae は
イタリアの医師フィリッポ・
パチーニにより発見 (1854)



ワクチンは劇的に感染者を減少させた

ジフテリア 
麻疹（はしか） 
流行性耳下腺炎 
百日咳 
ポリオ 
風疹 
破傷風 
肺炎桿菌 

B型肝炎

Cellular and Molecular Immunology 10th ed.Table 1.1



ワクチンの種類
病原体 タイプ 抗原 アジュバント 持続 導入年

天然痘ウイルス ワクチニアウイルス ウイルス粒子 (‒) 終生? 1798

ポリオウイルス 不活化ウイルス ウイルス粒子 (‒) 終生? 1953

ポリオウイルス 弱毒生ウイルス ウイルス粒子 (‒) 終生? 1962

狂犬病ウイルス 不活化ウイルス ウイルス粒子 (‒) 1885

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

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

麻疹ウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1963

風疹ウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1969

ムンプスウイルス 弱毒生ウイルス ウイルス粒子 (‒) 1967

日本脳炎ウイルス 不活化ウイルス ウイルス粒子 (‒) 1955

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

インフルエンザウイルス 不活化ウイルス ウイルス粒子 (‒) 1943

新型インフルエンザ 不活化ウイルス ウイルス粒子 (‒) 2009

新型コロナウイルス mRNA スパイクタンパク (‒) 2020

新型コロナウイルス アデノウイルス スパイクタンパク (‒) 2021

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

炭疽菌 生菌 弱毒菌株 (‒) 1881

結核菌 生菌 カルメット・ゲラン菌 (‒) 1921

肺炎桿菌 (Hib) 死菌 莢膜多糖-破傷風トキソイド (‒) 2007

肺炎球菌 菌抽出生成物 莢膜多糖 (‒) 2006

ジフテリア菌 不活化毒素 ジフテリアトキソイド (‒) 1923

破傷風菌 不活化毒素 破傷風トキソイド (‒) 1924

百日咳菌 不活化毒素 百日咳トキソイド (‒) 10年？ 1926



ポリオの再拡散

• 野生型に加え、生ワクチン由来株の拡散が懸念
されている。 

• 日本では2012 に生ワクチンから不活化ワクチ
ンに切り替わった。イスラエルでは現在も一部
で生ワクチンが使用されている。 

• ポリオ発生国に英国、米国が今年加わった。

https://www.anzen.mofa.go.jp/info/pcwideareaspecificinfo_2022C101.html



ポリオ（急性灰白髄炎・小児麻痺）
• ウイルスはヒト消化管で増殖する。小児も成人も感染す

る。95% は無症状。5% は発熱など感冒症状。0.1-2% は
四肢の弛緩性麻痺。死亡率は高い（小児 2-5%, 成人 15-
30%）。 

• フランクリン・ローズヴェルト米国大統領も罹患。大統領就
任後にポリオ研究キャンペーンを先導。1953 年、不活化ワ
クチンが完成した（ソークワクチン）。1962 年生ワクチン
完成。 

• 管理が容易で、効果の強い生ワクチンが普及し、抑制に貢
献した。生ワクチンによる発症のリスクのために、2000 年
以降、不活化ワクチンへの切り替えが進みつつある。

https://www.niid.go.jp/niid/ja/kansennohanashi/386-polio-intro.html



mRNA ワクチンの3大技術
• N1メチルシュウドウリジン N1-methyl-
pseudouridine (ψ) 修飾 

• 細胞質 RNA センサー (TLR7, TLR8, RIG-I)を回避 

• Cap 付加 

• mRNA の安定化、翻訳効率上昇、RIG-I 回避 

•  Lipid nano particle 

• プラスに帯電したリン脂質



uridine & deoxythymidine
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groups distinguish RNA from DNA. The first is a minor modification of the 
sugar component (Fig. 2-12). The sugar of DNA is deoxyribose, whereas 
RNA contains ribose, identical to deoxyribose except for the presence of 
an additional OH (hydroxyl) group on the 2' carbon. The second difference 
is that RNA contains no thymine but instead contains the closely related 
pyrimidine uracil. Despite these differences, however, polyribonucleotides 
have the potential for forming complementary helices of the DNA type. Nei-
ther the additional hydroxyl group nor the absence of the methyl group 
found in thymine but not in uridine affects RNA's ability to form double-
helical structures held together by base pairing. Unlike DNA, however, 
RNA is typically found in the cell as a single-stranded molecule. If double-
stranded RNA helices are formed, they most often are composed of two parts 
of the same single-stranded RNA molecule. 

THE CENTRAL DOGMA 

By the fall of 1953, the working hypothesis was adopted that chromosomal 
DNA functions as the template for RNA molecules, which subsequently 
move to the cytoplasm, where they determine the arrangement of amino 
acids within proteins. In 1956 Francis Crick referred to this pathway for 
the flow of genetic information as the central dogma: 

Duplication 
(;::. Transcription Translation 

RNA Protein. 

Here the arrows indicate the directions proposed for the transfer of genetic 
information. The arrow encircling DNA signifies that DNA is the template 
for its self-replication. The arrow between DNA and RNA indicates that 
RNA synthesis (called transcription) is directed by a DNA template. Corre-
spondingly, the synthesis of proteins (ca lled translation) is directed by an 
RNA template. Most importantly, the last two arrows were presented as uni-
directional; that is, RNA sequences are never determined by protein tem-
plates nor was DNA then imagined ever to be made on RNA templates. 
The idea that proteins never serve as templates for RNA has stood the test 
of time. However, as we will see in Chapter 12, RNA chains sometimes do 

F I G U R E 2-12 Distinctions between 
the nucleotides of RNA and DNA. A nucle-
otide of DNA is shown next to a nucleotide 
of RNA. All RNA nucleotides have the sugar 
ribose (instead of deoxyribose for DNA), 
which has a hydroxyl group on the 2' 
carbon (shown in red). In addition, RNA 
has the pyrimidine base uracil instead of 
thymine. Uracil has a hydrogen at the 5 po-
sition of the pyrimidine ring (shown in red) 
rather than the methyl group found in that 
position for thymine. The three other bases 
that occur in DNA and RNA are identical. 
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FIG U R E 2 -7 The nucleotides of DNA. The structures of the different components of each of 
the four nucleotides are shown. 

to work in the presence of DNA molecules that contained varying amounts 
of A:T and G:C base pairs. In every case, the enzymatically synthesized prod-
uct had the base ratios of the template DNA (Table 2-1). During this cell-free 
synthesis, no synthesis of proteins or any other molecular class occurs, 
tmambiguously eliminating any non-DNA compounds as intermediate 
carriers of genetic specificity. Thus, there is no doubt that DNA is the direct 
template for its own formation. 

Experimental Evidence Favors Strand Separation during 
DNA Replication 

Simultaneously with Kornberg's research, in 1958 Matthew Meselson and 
Franklin W. Stahl, then at the California Institute of Technology, carried 
out an elegant experiment in which they separated daughter DNA molecules 
and, in so doing, showed that the two strands of the double helix 
permanently separate from each other during DNA replication (Fig. 2-9). 
Their success was due in part to the use of the heavy isotope 1 5N as a tag 
to differentially label the parental and daughter DNA strands. Bacteria 
grown in a medium containing the heavy isotope ·15N have denser DNA 
than bacteria grown under normal conditions with 14 N. Also contributing 
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Molecular Biology of the Gene 7th ed.FIGURE 2-12
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F I G U R E 15-4 Cloverleaf representa-
tion of the secondary structure of tRNA. 
In this representation of a tRNA, the base 
pairings between different parts of the 
tRNA are indicated by the dotted red lines. 

transcriptionally by enzymatic modification of normal bases in the polynu-
cleotide chain. For example, pseudouridine ('l!U) is derived from uridine 
by an isomerization in which the site of attachment of the uracil base to the 
ribose is switched from the nitrogen at ring position 1 to the carbon at ring 
position 5 (Fig. 15-3). Likewise, dihydrouridine (D) is derived from uridine 
by enzymatic reduction of the double bond between the carbons at positions 
5 and 6. Other unusual bases found in tRNA include hypoxanthine, thymine, 
and metbylguan ine. These modified bases are not essential for tRNA func-
tion, but cells lacking these modified bases show reduced rates of growth. 
This observation suggests that the modified bases lead to improved tRNA 
fw1ction. For example, as we shall see in Chapter 16, hypoxanthine plays 
an important role in the process of codon recognition by certain tRNAs. 

tRNAs Share a Common Secondary Structure That 
Resembles a Cloverleaf 

As we saw in Chapter 5, RNA molecules typica lly contain regions of self-
complementarity that enable them to form limited stretches of double helix 
that are held together by base pairing. Other regions of RNA molecules have 
no complement and hence are single-stranded. tRNA molecules show a 
characteristic and highly conserved pattern of single-sb.·anded and double-
stranded regions (secondary structme) that can be illustrated as a cloverleaf 
(Fig. 15-4). The principal features of the tRNA cloverleaf are an acceptor 
stem, three stem-loops (referred to as the \IIU loop, the D loop, and the anti-
codon loop), and a fourth variable loop. Descriptions of each of these fea-
tmes fo llows. 

• The acceptor stem, so-named because it is the sile uf attachment of the 
amino acid, is formed by pairing between the 5' and 3' ends of the 
tRNA molecule. The 5'-CCA-3' sequence at the extreme 3' end of the mol-
ecule in a single-strand region that protrudes from this double-sb.·and 
stem. 

• The 'IIU loop is so-named because of the characteristic presence of the 
unusual base 'VU in the loop. The modified base is often found within 
the sequence 5'-TI.JrUCG-3'. 

• The D loop takes its name from the characteristic presence of dihydro-
uridines in the loop. 

• The anticodon loop, as its name implies, contains the anticodon, a 
three-nucleotide-long sequence that is responsible for recognizing the 
codon by base pairi ng with the mRNA. The anticodon is always bracketed 
on the 3' end by a purine and on its 5' end by uracil. 

• The variable loop sits betvveen the anticodon loop and the 'l1U loop and, 
as its name implies, varies in size from 3 to 21 bases. 

tRNAs Have an L-Shaped Three-Dimensional Structure 

The cloverleaf reveals regions of self-complementarity within tRNAs. What 
is the actual three-dimensional (3D) configmation of this adaptor molecule? 
X-ray crystallography reveals an L-shaped tertiary structme in which the ter-
minus of the acceptor stem is at one end of the molecule and the anticodon 
loop is "'70 A away at the other end (Fig. 15-5c). To understand the relation-
ship of this L-shaped structure to the cloverleaf, consider the following: the 
accep tor stem and the stem of the 'l'U loop form ru1 extended helix in the final 
tRNAstructure (Fig. 15-5b). Similarly, the anticodon stem and the stem of the 
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stranded regions (secondary structme) that can be illustrated as a cloverleaf 
(Fig. 15-4). The principal features of the tRNA cloverleaf are an acceptor 
stem, three stem-loops (referred to as the \IIU loop, the D loop, and the anti-
codon loop), and a fourth variable loop. Descriptions of each of these fea-
tmes fo llows. 

• The acceptor stem, so-named because it is the sile uf attachment of the 
amino acid, is formed by pairing between the 5' and 3' ends of the 
tRNA molecule. The 5'-CCA-3' sequence at the extreme 3' end of the mol-
ecule in a single-strand region that protrudes from this double-sb.·and 
stem. 

• The 'IIU loop is so-named because of the characteristic presence of the 
unusual base 'VU in the loop. The modified base is often found within 
the sequence 5'-TI.JrUCG-3'. 

• The D loop takes its name from the characteristic presence of dihydro-
uridines in the loop. 

• The anticodon loop, as its name implies, contains the anticodon, a 
three-nucleotide-long sequence that is responsible for recognizing the 
codon by base pairi ng with the mRNA. The anticodon is always bracketed 
on the 3' end by a purine and on its 5' end by uracil. 

• The variable loop sits betvveen the anticodon loop and the 'l1U loop and, 
as its name implies, varies in size from 3 to 21 bases. 

tRNAs Have an L-Shaped Three-Dimensional Structure 

The cloverleaf reveals regions of self-complementarity within tRNAs. What 
is the actual three-dimensional (3D) configmation of this adaptor molecule? 
X-ray crystallography reveals an L-shaped tertiary structme in which the ter-
minus of the acceptor stem is at one end of the molecule and the anticodon 
loop is "'70 A away at the other end (Fig. 15-5c). To understand the relation-
ship of this L-shaped structure to the cloverleaf, consider the following: the 
accep tor stem and the stem of the 'l'U loop form ru1 extended helix in the final 
tRNAstructure (Fig. 15-5b). Similarly, the anticodon stem and the stem of the 
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specific sequences that, after being transcribed into RNA, trigger the transfer 
of the polyadenylation enzymes to that RNA, leading to four events: cleav-
age of the message; addition of many adenine residues to its 3' end; degrada-
tion of the RNA remaining associated with RNA polymerase by a 5'-to-3' 
ribonuclease; and, subsequently, termination of transcription. This series 
of events unfolds as follows. 

Two protein complexes are carried by the CTD of polymerase as it 
approaches the end of the gene: CPSF (cleavage and polyadenylation specif-
icity factor) and CSTF (cleavage stimulation factor). The sequences that, once 
b:anscribed into RNA, trigger transfer of these factors to the RNA are called 
poly-A signals, and their operation is shown in Figure 13-25. Once CPSF 
and CSTF are bound to the RNA, other proteins are recruited as well, lead-
ing initially to RNA cleavage and then polyadenylation. 

Polyadenylation is mediated by an enzyme caJled poly-A polym erase, 
which adds approximately 200 adenines to the RNA's 3' end produced by 
the cleavage. This enzyme uses ATP as a precursor and adds the nucleotides 
using the same chemistry as RNA polymerase. But it does so \0\rithout a tem-
plate. Thus, the long tail of As is found in the RNA but not the DNA. It is not 
clear what determines the length of the poly-A tail, but this process involves 
other proteins that bind specifically to the poly-A sequence. The mature 
mRNA is then transported from the nucleus, as we discuss in Chapter 14. 
It is noteworthy that the long tail of As is unique to transcripts made by 
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F I G U R E 13-24 The structure and for-
mation of the 5' RNA cap. In the first step, 
the -y-phosphate at the 5' end of the RNA is 
removed by an enzyme called RNA triphos-
phatase (the initiating nucleotide of a tran-
script initially retains its a-, and -y-
phosphates). In the next step, the enzyme 
guanylyltransferase adds a GMP moiety to 
the resulting terminal This is 
a two-step process: first, an enzyme- GMP 
complex is generated from GTP with release 
of the and -y-phosphates of that GTP, and 
then the GMP from the enzyme is transferred 
to the of the 5' end of the RNA. 
Once this linkage is made, the newly added 
guanine and the purine at the original 5' 
end of the mRNA are further modified by 
the addition of methyl groups by methyl-
transferase. The resulting 5' cap structure sub-
sequently recruits the ribosome to the mRNA 
for translation to begin (see Chapter 15). 
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FULL PRESCRIBING INFORMATION 

1 INDICATIONS AND USAGE 

1.1 Girls and Women 

GARDASIL® is a vaccine indicated in girls and women 9 through 26 years of age for the prevention of 
the following diseases caused by Human Papillomavirus (HPV) types included in the vaccine:  

• Cervical, vulvar, vaginal, and anal cancer caused by HPV types 16 and 18 
• Genital warts (condyloma acuminata) caused by HPV types 6 and 11 

And the following precancerous or dysplastic lesions caused by HPV types 6, 11, 16, and 18: 
• Cervical intraepithelial neoplasia (CIN) grade 2/3 and Cervical adenocarcinoma in situ (AIS) 
• Cervical intraepithelial neoplasia (CIN) grade 1  
• Vulvar intraepithelial neoplasia (VIN) grade 2 and grade 3 
• Vaginal intraepithelial neoplasia (VaIN) grade 2 and grade 3 
• Anal intraepithelial neoplasia (AIN) grades 1, 2, and 3 

1.2 Boys and Men 

GARDASIL is indicated in boys and men 9 through 26 years of age for the prevention of the following 
diseases caused by HPV types included in the vaccine: 

• Anal cancer caused by HPV types 16 and 18 
• Genital warts (condyloma acuminata) caused by HPV types 6 and 11 

And the following precancerous or dysplastic lesions caused by HPV types 6, 11, 16, and 18: 
• Anal intraepithelial neoplasia (AIN) grades 1, 2, and 3 

1.3 Limitations of GARDASIL Use and Effectiveness 

The health care provider should inform the patient, parent, or guardian that vaccination does not 
eliminate the necessity for women to continue to undergo recommended cervical cancer screening. 
Women who receive GARDASIL should continue to undergo cervical cancer screening per standard of 
care. [See Patient Counseling Information (17).] 

Recipients of GARDASIL should not discontinue anal cancer screening if it has been recommended by 
a health care provider. [See Patient Counseling Information (17).] 

GARDASIL has not been demonstrated to provide protection against disease from vaccine and non-
vaccine HPV types to which a person has previously been exposed through sexual activity. [See Clinical 
Studies (14.4, 14.5).]   

GARDASIL is not intended to be used for treatment of active external genital lesions; cervical, vulvar, 
vaginal, and anal cancers; CIN; VIN; VaIN; or AIN.   

GARDASIL has not been demonstrated to protect against diseases due to HPV types not contained in 
the vaccine. [See Clinical Studies (14.4, 14.5).] 

Not all vulvar, vaginal, and anal cancers are caused by HPV, and GARDASIL protects only against 
those vulvar, vaginal, and anal cancers caused by HPV 16 and 18. 

GARDASIL does not protect against genital diseases not caused by HPV. 
Vaccination with GARDASIL may not result in protection in all vaccine recipients. 
GARDASIL has not been demonstrated to prevent HPV-related CIN 2/3 or worse in women older than 

26 years of age. [See Clinical Studies (14.7).] 

ガーダシル (HPV ワクチン) 添付文書　（抜粋）
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FIGURE 17-13 ABO blood group antigens. A, Blood group antigens are carbohydrate structures added onto 
cell surface proteins or lipids by the action of glycosyltransferases (see text). B, Different blood group antigens are 
produced by the addition of different sugars by different inherited glycosyltransferases. Individuals who express a 
particular blood group antigen are tolerant to that antigen but produce natural antibodies that react with other blood 
group antigens. 

tolerate transfusions from all potential donors and are 
therefo re called universal recip ients; similarly, 0 individ-
uals can tolerate transfu sions o n ly from 0 donors but can 
provide blood to all recipients and are therefore called 
universal dono rs. In general, differences in minor blood 
groups lead to red blood cell lysis on ly afte r repeated 
transfusio ns trigger a seco nda ry antibod y response. 

A and B blood group antigens are expressed on many 
oth er cell types in additio n to blood cells, including endo-
thelia l cells. For this reason, ABO typing is cri tical to avoid 
hyperacute rejection of certa in solid organ allogra fts, 
as discussed earlie r in the chapte r. ABO incompatibili ty 
between mother and fetu s genera lly does n ot cause prob-
lems fo r the fe tus beca use most o f the an ti-carbohydrate 
antibodies are IgM and do not cross the placenta. 

Other Blood Group Antigens 
Lewis Antigen 
The same glycoproteins that ca rry th e A and B blood 
group determinants can be modifi ed by other glycosyl-
transferases to generate minor blood group an tigens. For 

example, addition o f fu cose moie ties at o ther non-termi-
nal positions can be catalyzed by different fucosyltrans-
ferases and create epitopes of the Lewis a n tigen system. 
Lewis antigens have recent ly received m uch attentio n 
fro m immunologists because these ca rbohyd rate groups 
serve as ligands for E-select in a nd P-selectin and thus 
play a role in leukocyte m igra tion (see Chapter 3) . 

Rhesus (Rh) Antigen 
The Rhesus (Rh) a m igens, nam ed after th e m onkey 
species in which they were o rigina ll y identified, a re 
another clinically importa nt set of blood group anti-
gens. Rh a ntigens are non-glycosylated, hyd rophobic 
cell surface prote ins fo und in red blood cell membranes 
and are structura lly rela ted to o ther red blood cell mem-
brane glycoproteins w ith transporter functions. Rh 
protein s are encoded by two t igh t ly linked and highly 
homologous genes, but on ly o ne of them , called RhD, 
is comm only considered in cl inica l blood typing. This is 
because up to 15% of the popula tion has a deletion or 
othe r a lte ra tion of th e RhD al lele. These people, called 
Rh negative, a re not tolera n t to the RhD antigen and 
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Table 4-2. Human Antibody lsotypes 
lsotype of Subtypes H chain Serum Serum Secreted form Functions 
antibody concentr. half-life 

(mg/ml) (days) 

lgA lgA1,2 o:(1 or 2) 3.5 6 lgA Monomer, dimer, Mucosal immunity 
(dimer) trimer 

���
��
� ����Ca3 
�� \ chain 

lgD None 0 Trace 3 None Naive 8 cell 
antigen receptor 

lgE None £ 0.05 2 �� ���c''& Monomer Defense against 
he lminthic parasites, 
immediate 

CE2 
hypersensitivity 

CE3 
CE4 

lgG lgG1·4 y(1 ,2,3 13.5 23 lgG1 VH Monomer Opsonization, 
or 4) 

��Cy1:f 
complement 
activation, antibody· 

v / dependent cell-
CL mediated cytotoxicity, 

Cy.2 neonatal immunity, 
Cy3 feedback inhibition 

of 8 cells 

lgM None 11 1.5 5 lgM cl!1 Pe nta mers, Na ive 8 cell antigen '\ W hexamers receptor, complement 

08: 4 activation 
������

D-u 

35 .oJl 

09: � ������
The effector functions of antibodies are discussed in detail in Chapter 14. I 

chains. Marked ch an ges in this ratio can occur in 
patients with monoclonal B cell tum ors because the 
neoplastic clone produces antibody molecules with the 
sam e light chain. In fact, the ratio of K-bearing cells to 'A-
bearing cells is ofte n used clinically in the diagnosis of B 
cell lymphomas. In mice, K-co ntaining antibodies are 
about 10 times more abundant than A-containing anti-
bodies. Unlike in h eavy chain isotypes, there are no 
known differences in function between K-containing 
an tibodies and A-containing antibodies. 

Secreted and membrane-associated antibodies differ 
in the amino acid sequence of the carboxy-terminal end 
of the heavy chain C region. In the secreted form, found 
in blood and other extracellular fluids, the carboxy-
terminal portion is hydrophilic. The membrane-bound 
form of antibody conta ins a carboxy-terminal stretch 
that includes a hydrophobic o:-helical transmembran e 
anchor region followed by a n intracellular juxtamem-
bran e positively cha rged stretch that helps anchor the 
protein in the membran e (Fig. 4-7). In membrane IgM 
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endosome

Early
endosome
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Brush border
The surface layer of the  
normal small intestine that is 
comprised of small microvilli 
coated in a rich glycocalyx of 
mucus and other glycoproteins. 
The microvilli contain many  
of the digestive enzymes and 
transporter systems that  
are involved in the surface 
digestion and uptake of dietary 
materials. It provides a large 
surface area for absorption.

MHC class I fold
The prototypic structure of 
MHC class I molecules and  
the related MHC class Ib 
molecules. The heavy chain 
polypeptide forms an A-helical 
sandwich that sits on top of  
an immunoglobulin domain. 
The heavy chain polypeptide 
pairs non-covalently with  
B2-microglobulin.

The crystal structure of FcRn has revealed the 
geometry of its interaction with IgG and other insights. 
When FcRn was first cloned, it was predicted to be a 
heterodimer of an MHC-class-I-like heavy chain and 
the B2-microglobulin (B2m) light chain that is com-
mon to all MHC class I molecules5. This prediction was 
confirmed when the crystal structure of FcRn and the 
co-crystal structure of FcRn and the Fc portion of IgG 
were solved11,16 (FIG. 2). Although FcRn has the versatile  
MHC class I fold, its peptide-binding groove is occluded and 
it does not present peptide antigens to T cells11,16 (FIG. 2).

Despite its structural similarity to MHC class I mol-
ecules, the gene encoding FcRn is outside the MHC 
gene complex17. This raises the question of whether 
a primordial MHC class I molecule diverged to adopt 
IgG transport function or whether the MHC class I 
molecules evolved from FcRn. This evolutionary 
question was recently addressed by Bjorkman and 
colleagues18. Chickens transfer IgY antibody across 
the yolk-sac membranes into the developing egg to 
confer passive immunity to their young; the recep-
tor that performs this function (known as FcRY) is 
structurally unrelated to mammalian FcRn and the 
MHC class I molecules present in chickens, which 
argues that IgG transport by FcRn is a recent adapta-
tion of the remarkably versatile MHC class I protein 
family. Moreover, the convergent functional evolution 
of FcRY and FcRn illustrates the biological importance 
of not only IgG transport but also IgG homeostasis, as 
described below. 

The study of FcRn-deficient animals established a 
dual contribution of FcRn to effective humoral immunity. 
Genetic proof of the function of FcRn in perinatal IgG 
transport was established when neonatal mice deficient 
in either B2m or in the FcRn heavy chain proved unable 
to absorb IgG from maternal milk19,20. Importantly, as 
adults, these mice also had lower levels of IgG antibodies 
in their circulation and had diminished IgG responses 
after immunization owing to increased IgG catabo-
lism20–23. Therefore, throughout life, FcRn prolongs 
the half-life of IgG antibodies in the serum, helping to 
maintain a high concentration of this protective class of 
antibody in the circulation.

Although a role for FcRn in IgG homeostasis is well 
accepted, it has recently been shown that FcRn also 
extends the serum half-life of albumin24, as reviewed 
elsewhere25. In FcRn-deficient mice, the serum IgG level 
is ~20–30% of wild-type animals, whereas the serum albu-
min concentration is about 40% of the normal level20,24.  
It is important to note that IgG and albumin make up 
~90% of the protein content of serum. In FcRn-deficient 
mice, the half-lives of IgG and albumin are reduced from 
about 6–8 days to about 1 day, which is the typical half-life 
of other serum proteins that are not freely filtered by the 
kidneys. This strongly suggests that normal turnover of 
these and presumably other extracellular proteins occurs 
in cells that express FcRn26. Therefore, through a surpris-
ingly efficient process, FcRn intercepts IgG and albumin 
that are otherwise destined for degradation, and thereby 
selectively extends their half-lives in the circulation.

Figure 1 | FcRn mediates the perinatal transfer of IgG. In rodents and humans, the neonatal Fc receptor for IgG (FcRn) 
binds to maternal IgG in an acidic environment, transcytoses it across a polarized epithelial-cell barrier and releases it at 
physiological pH. a | In rodents, FcRn is expressed on the cell-surface brush border of enterocytes. Shortly after birth, 
rodent pups ingest maternal milk containing IgG, which binds FcRn on the brush border in the acidic milieu of the 
duodenum. Upon binding, FcRn transcytoses IgG and releases it at neutral pH on the neonatal side. b | In contrast to 
rodents, the bulk of materno fetal IgG transfer in humans occurs antenatally across the syncytiotrophoblast of the 
placenta. Syncytiotrophoblasts are bathed in maternal blood and internalize serum containing maternal IgG. FcRn is 
expressed in the internal vesicles of the syncytiotrophoblast. On acidification in the endosome, FcRn binds to maternal 
IgG and transcytoses it to the fetal circulation where it is released at physiological pH.
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transcytosis of Ig
• IgG: neonatal Fc receptor (FcRn) を介して
胎盤を通過し、母体血から胎児血へ移行する。 

• IgA, IgM: polymeric Ig receptor を介して粘
膜上皮を通過し、内腔に分泌される。
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FIGURE 14-18 Transport of 
lgA across epithelial cells. lgA is 
produced by plasma cells in the 
lamina propria of mucosal tissue 
and binds to the poly-lg receptor 
at the base of an epithelial cell. 
The complex is transported 
across the epithelial cell, and the 
bound lgA is released into the 
lumen by proteolytic cleavage. 
The process of transport across 
the cell, from the basola teral to 
the luminal surface in this case, is 
called transcytosis. 
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sis. Neonates lack the abili ty to mount effective immune 
responses against microbes, and for several months after 
birth, their major defense against infection is passive 
immunity provided by maternal antibodies. Maternal 
lgG is transported across the placenta, and maternal IgA 
and IgG in breast milk are ingested by th e nursing infant. 
Ingested IgA and IgG can neutralize pathogenic organ-
isms that attempt to colon ize the infant's gut, and 
ingested lgG antibodies are also transported across the 
gut epithelium into the circulation of the newborn. 
Thus, a newborn contains essentially the same IgG 
antibodies as the mother. 

Transport of maternal IgG across the placenta and 
across the neonatal intestinal epithelium is mediated by 
an IgG-specific Fe receptor called the neonatal Fe recep-
tor (FeRn ). The FeRn is unique among Fe receptors 
in that it resembles a class I major histocompatibility 
complex (MHC) molecule containing a transmembrane 
heavy chain that is noncovalently associated with �� �

microglobulin. However, the interaction of IgG with 
FeRn does not involve the portion of the molecule anal-
ogous to tl1e peptide-binding cleft used by class I MHC 
molecules to display peptides forT cell recognition. 

Adults also express the FeRn in the endothelium and 
in many epitl1elial tissues. rn the post-neonatal period, 
this receptor functions to protect plasma IgG antibodies 
from catabolism. It binds circula ting fgG, promotes 
endocytosis of the IgG complexes with the receptor in a 
form that protects the internalized antibody from intra-
cellular degradation, and recycles the bound antibody to 
the cell surface before releasing it back in to the circula-
tion. This process of repeated sequestering and release 
of IgG contributes to its enhanced half- life. Knockout 
mice lacking �����������������have 10-fold lower levels 
of serum IgG than normal m ice do because of increased 
catabolism of antibodies resulting from tl1e failure to 
express this protective ���� ������������������������Fe 
receptor. The contribution of the Fe portion of IgG to 
enhancing the half-li fe of antibodies has been utilized to 
generate therapeutically useful fusion proteins that 
include the Fe portion of human IgG, and consequently 
survive for extended periods of time in the circulation. 
One such example of a long-lived fus ion protein is a 

chimeric protein tl1at contains tl1e extracellular domains 
of the TNF receptor fused to the Fe portion of human 
lgG. This protein competitively inhibits TNF- TN FR 
interactions and is used to treat patients witl1 rheuma-
toid artl1ritis and Crohn disease. 

The FeRn contributes to the long half-life of all IgG 
molecules including pathogenic autoantibodies. While 
the efficacy of fVlG in autoimmune diseases may 
depend on inhibitory signals derived from FcyRIIB (see 
above), large amounts of infused exogenous IgG anti-
bodies might compete with endogenous and patl1ogenic 
lgG autoantibodies for recognition by the FeRn and thus 
attenuate tl1e half-lives of disease-associated antibodies. 

SUMMARY 
o Humoral immunity is mediated by antibodies and 

is the effector arm of the adaptive immune sys-
tem responsible for defense against extracellular 
microbes and microbial toxins. The antibodies that 
provide protection against infection may be pro-
duced by long-lived antibody-secreting cells gen-
erated by the first exposure to microbial antigen or 
by reactivation of memory B cells by the antigen. 

o The effector functions of antibodies include neu-
tralization of antigens, Fe receptor-dependent 
phagocytosis of opsonized particles, and activa-
tion of the complement system. 

0 Antibodies block, or neutralize, the infectivity of 
microbes by binding to tl1e microbes and sterically 
hindering interactions of tl1e microbes with cellu-
lar receptors. Antibodies sim ilarly block tl1e patl1o-
logic actions of toxins by preventing binding of tl1e 
toxins to host cells. 

o Antibody-coated (opsonized) particles are phago-
cytosed by binding of the Fe portions of tl1e anti-
bodies to phagocyte Fe receptors. There are several 
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臓器移植における拒絶

• 同種別個体の抗原：アロ抗原 alloantigen 

• 異種抗原（ブタ等）：ゼノ抗原 xenoantigen 

• TCRは似て非なるものを『非自己』と認識す
るので、アロ抗原やゼノ抗原と強く反応する。 

• 他のタンパクの違いより MHC の違い（多
型・種差）の影響が圧倒的に大きい。
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FIGURE 17-10 Influence of MHC matching on graft 
survival. Matching of MHC alleles between the donor and 
recipient significantly improves renal allograft survival. The data 
shown are for deceased donor (cadaver) grafts. HLA matching 
has less of an impact on survival of renal allograhs from live 
donors, and some MHC alleles are more important than others 
in determining outcome. !Data from SRTR annual report 2012. 
Available at http://www.srtr.org/. Accessed July 2013.) 
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older serologic methods. MHC genes can be amplified by 
PCR with use of primers that bind to nonpolymorphic 
sequences within the 5' and 3' ends of exons encoding the 
polymorphic regions of class 1 and class II MHC molecules. 
The amplified segment of DNA can then be sequenced. 
Thus, the actual nucleotide sequence, and therefore the 
predicted amino acid sequence, can be directly determined 
for the MHC alleles o f any cell, providing precise molecu-
lar tissue typing. On the basis of these DNA sequencing 
efforts, the nomenclature of HLA a!Jeles has changed to 
re flect the identification of many alleles not distinguished 
by previous serologic methods. Each allele defined by 
sequence has at least a four-digit number, but some alleles 
require six or eight digits for p recise definition. The first 
two digits usually correspond to the older serologically 
defined allotype, and the third and fourth digits indicate 
the subtypes. Alleles with differences in the first four digits 
encode proteins with different amino acids. For example, 
HLA-DRB1*1301 is the sequence-defined 01 a llele of the 
serologica lly defined HLA-DR 13 famil y of genes encoding 
the HLA-DR ���protein. 

Patients in need of allografts are also tested for the 
presence of prefonned antibodies against donor MHC 
molecules or other cell surface antigens. Two types of tests 
are done to detect these antibodies. In the panel reac-
tive antibody test, patients waiting for organ transplants 
are screened for the presence of preformed antibodies 
reactive with allogeneic HLA molecules prevalent in the 
population. These antibodies, which may be produced as 
a resu lt of previous pregnancies, transfusions, o r trans-
planta tion, can identify risk for hyperacute or acute vas-
cular rejection. Small amounts of the patient's serum are 
m ixed with multiple flu o rescently labeled beads coated 
with defined MHC molecules, representative of the MHC 
alleles that may be present in an o rgan donor popula-
tion. Each MHC allele is a ttached to a bead with a differ-
ently colored flu o rescent labe l. Binding of the patient's 
antibodies to beads is determ ined by fl ow cytometry. The 
results are reported as percent reactive antibody (PRA). 
which is the percentage of the MHC allele pool wi th 
which the patient's serum reacts. The PRA is determined 
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Number of mismatched HLA alleles 

on multiple occasions while a patient wa its for an organ 
a llograft. This is because the PRA can vary, as each panel 
is chosen at random and the patient's serum a ntibody 
titers may change over t ime. 

If a potential don or is iden tified, the cross-matching 
test will determ ine if the patient has antibodies that react 
specifically with that donor's cells. The test is performed 
by mixing the recipient's serum with the donor's blood 
lymphocytes. Complement-mediated cytotoxicity tests 
or flow cytom etric assays can then be used to determine 
H antibodies in the recipient serum have bound to the 
donor cells. For exam ple, complement is added to the 
mixture of cells and se rum, and if preformed a ntibodies, 
usually against donor MHC molecules, are present in the 
recipient's seru m, the donor cells are lysed. This would be 
a positive cross-match, which indicates tha t the donor is 
not suitable for that recipi ent. 

Immunosuppression to Prevent or to Treat 
Allograft Rejection 
Immunosuppressive drugs that inhibit or kill T lympho-
cytes are the principal agents used to treat or prevent 
graft rejection. Several methods of im munosuppression 
are commonly used (Fig. 17 -1 L). 

Inhibitors ofT Cell Signaling Pathways 
The calcineurin inhibitors cyclosporine and FK506 
(tacrolimus) inhibit transcription of certain genes 
in T cells, most notably genes encoding cytokines 
such as IL-2. Cyclosporine is a fu ngal peptide that 
binds with high a ffini ty to a ubiquitous cellular pro-
tein called cycloph il in. The complex of cyclosporine 
and cyclophi lin binds to and inhibits the enzymatic 
activity of the calcium/calmodulin -activa ted serine/ 
threonine ph osphatase calcineurin (see Chapter 7). 
Because calcineurin is required to activa te the tran-
scription factor NFAT (nuclea r factor of activated 
T cells), cyclosporine in hibits NFAT activation a nd the 
transcription of IL-2 and other cytok ine genes. The net 
result is that cyclosporine blocks the IL-2- dependent 

372 Chapter 17-Transplantation Immunology - -----------

����������������������������������������

FIGURE 17-10 Influence of MHC matching on graft 
survival. Matching of MHC alleles between the donor and 
recipient significantly improves renal allograft survival. The data 
shown are for deceased donor (cadaver) grafts. HLA matching 
has less of an impact on survival of renal allograhs from live 
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older serologic methods. MHC genes can be amplified by 
PCR with use of primers that bind to nonpolymorphic 
sequences within the 5' and 3' ends of exons encoding the 
polymorphic regions of class 1 and class II MHC molecules. 
The amplified segment of DNA can then be sequenced. 
Thus, the actual nucleotide sequence, and therefore the 
predicted amino acid sequence, can be directly determined 
for the MHC alleles o f any cell, providing precise molecu-
lar tissue typing. On the basis of these DNA sequencing 
efforts, the nomenclature of HLA a!Jeles has changed to 
re flect the identification of many alleles not distinguished 
by previous serologic methods. Each allele defined by 
sequence has at least a four-digit number, but some alleles 
require six or eight digits for p recise definition. The first 
two digits usually correspond to the older serologically 
defined allotype, and the third and fourth digits indicate 
the subtypes. Alleles with differences in the first four digits 
encode proteins with different amino acids. For example, 
HLA-DRB1*1301 is the sequence-defined 01 a llele of the 
serologica lly defined HLA-DR 13 famil y of genes encoding 
the HLA-DR ���protein. 

Patients in need of allografts are also tested for the 
presence of prefonned antibodies against donor MHC 
molecules or other cell surface antigens. Two types of tests 
are done to detect these antibodies. In the panel reac-
tive antibody test, patients waiting for organ transplants 
are screened for the presence of preformed antibodies 
reactive with allogeneic HLA molecules prevalent in the 
population. These antibodies, which may be produced as 
a resu lt of previous pregnancies, transfusions, o r trans-
planta tion, can identify risk for hyperacute or acute vas-
cular rejection. Small amounts of the patient's serum are 
m ixed with multiple flu o rescently labeled beads coated 
with defined MHC molecules, representative of the MHC 
alleles that may be present in an o rgan donor popula-
tion. Each MHC allele is a ttached to a bead with a differ-
ently colored flu o rescent labe l. Binding of the patient's 
antibodies to beads is determ ined by fl ow cytometry. The 
results are reported as percent reactive antibody (PRA). 
which is the percentage of the MHC allele pool wi th 
which the patient's serum reacts. The PRA is determined 
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on multiple occasions while a patient wa its for an organ 
a llograft. This is because the PRA can vary, as each panel 
is chosen at random and the patient's serum a ntibody 
titers may change over t ime. 

If a potential don or is iden tified, the cross-matching 
test will determ ine if the patient has antibodies that react 
specifically with that donor's cells. The test is performed 
by mixing the recipient's serum with the donor's blood 
lymphocytes. Complement-mediated cytotoxicity tests 
or flow cytom etric assays can then be used to determine 
H antibodies in the recipient serum have bound to the 
donor cells. For exam ple, complement is added to the 
mixture of cells and se rum, and if preformed a ntibodies, 
usually against donor MHC molecules, are present in the 
recipient's seru m, the donor cells are lysed. This would be 
a positive cross-match, which indicates tha t the donor is 
not suitable for that recipi ent. 

Immunosuppression to Prevent or to Treat 
Allograft Rejection 
Immunosuppressive drugs that inhibit or kill T lympho-
cytes are the principal agents used to treat or prevent 
graft rejection. Several methods of im munosuppression 
are commonly used (Fig. 17 -1 L). 

Inhibitors ofT Cell Signaling Pathways 
The calcineurin inhibitors cyclosporine and FK506 
(tacrolimus) inhibit transcription of certain genes 
in T cells, most notably genes encoding cytokines 
such as IL-2. Cyclosporine is a fu ngal peptide that 
binds with high a ffini ty to a ubiquitous cellular pro-
tein called cycloph il in. The complex of cyclosporine 
and cyclophi lin binds to and inhibits the enzymatic 
activity of the calcium/calmodulin -activa ted serine/ 
threonine ph osphatase calcineurin (see Chapter 7). 
Because calcineurin is required to activa te the tran-
scription factor NFAT (nuclea r factor of activated 
T cells), cyclosporine in hibits NFAT activation a nd the 
transcription of IL-2 and other cytok ine genes. The net 
result is that cyclosporine blocks the IL-2- dependent 
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AGURE 17-11 Mechanisms of action 
of immunosuppressive drugs. Each 
major category of drugs used to prevent or 
to treat allograft rejection is shown along with 
the molecular targets of the drugs. 
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proliferation and differentiation of T cells. FK506 is a 
macrolide made by a bacterium that fu nctions like 
cyclosporine. FK506 and its binding protein (called 
FKBP) share wi th the cyclosporin e-cyclophilin complex 
the ability to bind calcineurin and inhibit its activity. 

The introduction of cydosporine into cl inical practice 
ushered in the modern era of transplanta tion. Before the 
use of cyclosporine, the majority of transplanted hearts 
and livers were rejected. Now as a result of the use of 
cyclosporine, FK506, and other more recently intro-
duced drugs, the majority of these allografts survive 
for more than 5 years (Fig. 17 - 12) . Nevertheless, these 
drugs have limitations. For example, at doses needed 
for optimal immunosuppression, cyclosporine causes 
kidney damage, and some rejection episodes are refrac-
tory to cyclosporine treatment. FK506 was initially used 
for liver transplant recipients, but it is now used widely 
for immunosuppression of kidney allograft recipients, 
including those w ho are not adequately controlled by 
cyclosporine. 

The immunosuppressive drug rapamycin (sirolimus) 
inhibits growth factor-mediated T cell proliferation. 
Like FK506, rapamycin binds to FKBP, but the rapamy-
cin-FKBP complex does not inhibit calcine urin. Instead, 
this complex binds to and inhibits a cellular enzyme 
called mammalian target of rapamycin (mTOR), which 
is a serine/threonine protein kinase required for transla-
tion of proteins that promote cell surviva l and prolifera -
tion . mTOR is negatively regulated by a protein complex 

Costimulation 

called tuberous sclerosis complex I (TSC l )- TSC2 com-
plex. Phosphatidyinositol 3-kinase (Pl3K)-Akt signaling 
results in phosphorylation of TSC2 and release of mTOR 
regulat ion. Several growth factor receptor signaling 
pathways, including the IL-2 receptor pathway in T cells, 
as well as TCR and CD28 signals, activate mTOR through 
Pl3K-Akt, leading to translation of proteins needed for 
cell cycle progression. Thus, by inhibiting mTOR fu nc-
tion, rapamycin blocks T cell proliferation. Combina-
tions of cyclosporine (which blocks JL-2 synthesis) and 
rapamyci n (which blocks IL-2-driven proliferation ) 
are potent inhibitors of T cell responses. Interestingly, 
rapamycin inhibits the generation of effector T cells but 
does not impair the survival and functions of regulatory 
T cells as much, which may promote immu ne suppres-
sion of allograft rejection. mTOR is involved in dendritic 
cell functions, and therefore rapamycin may suppress 
T cell responses by its effects on dend ritic cells as well. 
mTOR is also involved in B cell proliferation and anti-
body responses, and therefore rapamycin may also be 
effective in preventing or treating antibody-mediated 
rejection. 

Other molecules involved in cytokine and T cell recep-
tor signaling a re a lso ta rgets of immunosuppressive drugs 
that are in early tria ls for treatment or prevention of 
allograft rejection . One of these target molecu les is J AK3, 
a kinase linked to signaling of various cytokine receptors, 
including IL-2, and protein kinase C, an essentia l kinase 
in T cell receptor signaling. 
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FIGURE 17-12 Influence of cyclosporine on graft survival. 
Five-year survival rates for patients receiving cardiac allografts increased 
significantly beginning when cyclosporine was introduced in 1983_ (Data 
from Transplant Patient DataSource, United Network for Organ Sharing, 
Richmond. Virginia. Available at http:/1207 .239.150.13/tpd/. Accessed 
February 17, 2000.) 

Antimetabolites 
Metabolic toxins that kill proliferatina T cells are used 
in combination with other druas to treat a raft rejection. 
These agents inhibit the prolife ration o f lymphocyte pre-
cursors during their maturation and also kill proliferating 
mature T cells tha t have been stimulated by a lloantigens. 
The first such drug to be developed for the prevent io n and 
trea tm ent o f rejection was azathioprine. This drug is still 
used, bu t it is tox ic to precursors o f leukocytes in the bone 
marrow and enterocytes in the gut. The most w idely used 
drug in this class is mycophenolate mofetil (MMF). 
MMF is metabo lized to m ycophenolic acid, which blocks 
a lymphocyte-specifi c isoform of inosine monophosphate 
dehydrogenase, an e nzyme required for de novo syn-
thesis of guanine nucleotides. Because MMF selectively 
inhibits the lymphocyte-specific isoform of this enzyme. 
it has rela tively few toxic effects on other cells. MMF is 
now routinely used, o ften in combination with cyclospo-
rine o r FI<506, to prevent acute allograft rejectio n. 

Function-Blocking or Depleting Anti-Lymphocyte Antibodies 
Antibodies tltat react with T cell surface structures and 
deplete or inhibit T cells are used to treat acute rejection 
episodes. The first a nti -T cell antibody used in trans-
plant patients was a mo use monoclona l ant ibody called 
OKT3 that is specific for human CD3. (OKT3 was the fi rst 
monoclo na l antibod y used as a drug in humans, but it 
is no lo nger being produced.) Polyclonal rabbit or ho rse 
antibodies specifi c fo r a mixture of human T cell surface 
prote ins, so-called anti-thymocyte g lobulin, have also 
been in clinical use for many years to treat acute a llograft 
rejectio n. These anti-T cell antibodies deple te circulat-
ing T cells e ither by activating the com plem ent system to 
eliminate T cells or by opsonizing them for phagocytosis. 

Monoclona l ant ibodies are now in cl inical use that a re 
specifi c for CD2 5, the a subunit of the IL-2 receptor. These 
reagem s presumably prevent T cell act ivation by blocking 
IL-2 binding to activated T cells and IL-2 signaling. 

Another m onoclonal antibody in use in clinical trans-
planta tion is a ra t IgM monoclonal antibody specific for 
CD52, a cell surface protein expressed w idely on most 
mature B a nd T cells w hose function is not understood. 
Anti-CD5 2 was originally developed to n-eat B cell malig-
nant neoplasms, and it was found to profoundly deple te 
most peripheral BandT cells for many weeks a ft er injec-
tion into patients. In current tria ls, it is administered just 
befo re and early after transplantation, w ith the hope that 
it may induce a prolo nged state of graft tolerance as new 
lymphocytes develop in the presence o f the a llograft. 

The majo r limitation to the use of monoclonal o r poly-
clonal antibodies from oth er species is that huma ns given 
these agents produ ce anti-immunoglobu lin (lg) antibod-
ies that e liminate the injected foreign Ig. For this reason. 
human-mouse chimeric (huma nized ) antibodies (e.g., 
against CD3 and CD25), which are less immunogenic, 
have been developed. 

Costimulatory Blockade 
Druas that block T cell costimulatory pathways reduce 
acute alloaraft rejection. The rationale fo r the use of these 
types of drugs is to prevent the delivery of costimulatory 
signals required for activatio n ofT cells (see Chapter 9) . 
Recall that CTLA4-Ig is a recombinant protein composed 
of the extracell ular portion o f CTLA-4 fused to an IgG Fe 
domain. A high affinity form of CTLA4-Jg, w hich binds to 
B7 molecules on APCs and prevents them from interact-
ing with T cell CD28 (see Fig. 9-7) , is approved for use 
in a llograft recipients. Clinical studies have shown that 
CTLA-4-Ig can be as effective as cyclosporine in prevent-
ing acute rejection, bur its high cost and o ther factors have 
limi ted widespread use of this biologic agent. An antibody 
that binds to T cell CD40 ligand and p revents its interac-
tions with CD40 on APCs (see Chapter 9 ) has also p roved 
beneficial for preventing graft rejection in experimenta l 
animals. In some experimental protocols, simultaneous 
blockade of both B7 and CD40 appears tO be more effec-
tive than either a lone in promoting graft surviva l. How-
ever, the anti-CD40L antibody has a serious side effect 
of thrombo tic complications, apparently re la ted to the 
expression o f CD40L on p latele ts. 

Drugs Targeting Alloantibodies and Alloreactive B Cells 
As we have learned more about the impo rtance o f a lloan-
tibodies in media ting acute and perhaps chro nic rejectio n, 
therapies targeting antibodies and B cells tha t were devel-
o ped for other diseases are now being used in transplant 
pat ients. For example, plasmaphe resis is sometimes used 
to treat acu te antibody-mediated rejection. In this pro -
cedure, a pa tient's blood is pumped through a machine 
that removes the plasma but re turns the blood cells to the 
circula tion. In this way, circulating antibodies, including 
pathogenic a lloreactive antibodies, can be removed. Intra-
venous im mune globulin (IVJG) therapy, which is used to 
treat several. oft en antibody-med ia ted, inflammatory dis-
eases, is a lso being applied in the setting of acute antibod y-
media ted rejection. ln IYIG therapy, pooled IgG from 

signal 1 signal 2
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花粉症

• 花粉に対する IgE 抗体が肥満細胞に結合し、ヒスタミ
ンや脂質メディエーター（プロスタグランジンなど）が
細胞内顆粒から細胞外へ放出される。
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アトピー性皮膚炎
• 皮膚バリヤ機能の低下を背景として TH2 有意
の免疫反応が起こる結果、 IgE が産生されや
すく、肥満細胞が関与する炎症が慢性的に続く
疾患。 

• ダニ、ハウスダスト、皮膚常在菌、真菌、精神
的ストレス、湿度等が外的刺激が増悪因子とな
る。 

• 白内障を合併することがある。



喘息（ぜんそく）
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of airway smooth muscle. In recent years, the balance of 
therapy has shifted toward anti-inflammatory agents as 
the primary mode of treatment. Several classes of drugs 
are in current use to treat asthma. Corticosteroids block 
the production of inflammatory cytokines. Sodium cro-
molyn appears to antagonize IgE-induced release of 
mediators. Both agents can be used prophylactically as 
inhalants. Corticosteroids may also be given systemi-
cally, especially once an attack is under way, to reduce 
inflammation. Leukotriene inhibitors block the binding 
of bronchoconstricting leukotrienes to airway smooth 
muscle cells. Humanized monoclonal anti-IgE antibody 
is a recently approved therapy that effectively reduces 
serum IgE levels in patients. Because histamine has little 
role in airway constriction, antihistamines (H1 receptor 
antagonists) are not useful in the treatment of asthma. 
lndeed, because many antihistamines are also anti-
cholinergics, these drugs may worsen airway obstruc-
tion by causing thickening of mucus secretions. 

Bronchial smooth muscle cell relaxation has princi-
pally been achieved by elevating intracellular cyclic 
adenosine monophosphate (cAMP) levels in smooth 
muscle cells, which inhibits contraction. The major 
drugs used are activators of adenylate cyclase, such as 
epinephrine and related ��������������agents. Theo-
phylline is a commonly used anti-asthma drug, which 
inhibits phosphodiesterase enzymes that degrade cAMP. 

However, theophylline may also have anti-inflammatory 
effects unrelated to its effects on smooth muscle cell 
relaxation, which contribute to its effectiveness. 

Immediate Hypersensitivity Reactions 
in the Upper Respiratory Tract, 
Gastrointestinal Tract, and Skin 

Allergic rhinitis, also called hay fever, is perhaps the 
most common allergic disease and is a consequence of 
immediate hypersensitivity reactions to common aller-
gens such as plant pollen or house dust mites localized 
to the upper respiratory tract by inhalation. The patho-
logic and clinical manifestations include mucosal 
edema, leukocyte infi ltration with abundant eosi-
nophils, mucus secretion, coughing, sneezing, and diffi-
culty breathing. Allergic conjunctivitis with itchy eyes is 
commonly associated with the rhinitis. Focal protru-
sions of the nasal mucosa, called nasal polyps, filled with 
edema fluid and eosinophils may develop in patients 
who suffer frequent repetitive bouts of allergic rhinitis. 
Antihistamines are the most common drugs used to 
treat allergic rhin itis. 

Food allergies are immediate hypersensitivity reac-
tions to ingested foods that lead to the release of medi-
ators from intestinal mucosal and submucosal mast 
cells. Clinical manifestations include enhanced peristal-

Corticosteroids, 
Cromolyn 

Biogenic amines, 
TNF, IL-4, IL-5, 
other cytokines 

!Inflammation I 
FIGURE 19- 10 Mediators and 
treatment of asthma. Mast 
cell-derived leukotrienes and PAF 
are thought to be the major medi-
ators of acute bronchoconstriction. 
Therapy is targeted both at reduc-
ing mast cell activation with 
inhibitors such as cromolyn and at 
countering mediator actions on 
bronchial smooth muscle by bron-
chodilators such as epinephrine 
and theophylline. These drugs also 
inhibit mast cell activation. Mast 
cell-derived cytokines are thought 
to be the major mediators of sus-
tained airway inflammation, which 
is an example of a late-phase reac-
tion, and corticosteroid therapy is 
used to inhibit cytokine synthesis. 
Cytokines are also produced by T H2 
cells (not shown). 

���
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I型糖尿病
• insulin などの膵臓ランゲルハンス島 β細胞特
異的な抗原に対する細胞性免疫によりβ細胞が
破壊され、insulin 分泌不全に陥る結果起きる
糖尿病。 

• 特定の HLA タイプとの相関がある。 

• ウイルス感染が引き金となるという説がある一
方で、反復感染が発症を予防するという調査結
果もある。



損傷治癒

• 組織の損傷を修復する際に、マクロファージは
壊死組織を迅速に貪食、分解する。組織再生を
促進するサイトカイン、ケモカインを分泌し、
損傷治癒を助ける。コラーゲン線維などの結合
組織が過剰に沈着する線維化を伴うことが多
い。



動脈硬化
• 動脈壁にコレステロールを含む低比重リポタンパ
ク low-density lipoprotein (LDL)が沈着する。 

• 酸化された LDL はマクロファージによって貪食
され、さらにマクロファージを引き寄せる。 

• 分泌されるサイトカインの作用で線維化が起こ
り、血管壁を内腔側に押し上げる。 

• その結果、血管が閉塞し臓器不全を来す。



アルツハイマー病

• βアミロイドタンパクの沈着（老人斑）や神経原
線維性変化を特徴とする脳疾患で認知機能の障
害・人格の変化を引き起こす。 

• βアミロイドタンパクの原因遺伝子に異常がある
家族性症例の発見以降、βアミロイドタンパクの
異常が原因と考えられてきたが、慢性炎症がその
背景に存在することが近年発見され、原因の一つ
として盛んに研究されている。
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ツベルクリン反応 
delayed-type hypersensitivity (DTH)

「ノーベル賞からみた免疫学入門」石田寅夫 著 48時間後判定

BCG: 結核ワクチン 
クォンティフェロン検査: IFN-γを測定



高 IgM 症候群
• クラススイッチの障害により IgM, IgD 以外のクラ
スの抗体が作られない状態。細菌感染に弱くなる。 

• 原因遺伝子 
• 1型: CD40L 
• 2型: AID 
• 3型: CD40 
• 4型: ? 
• 5型: UNG（DNA修復）

Defects in TCR 
complex signaling 

Helper 
T cell 

Chapter 20 - CONGENITAL AND ACQUIRED IMMUNODEFICIENCIES 471 

CD40 ligand, CD40, 
NEMO mutations 

(hyper-lgM syndrome) 

SAP (XLP 
Perforin �����

RAB27A HLH 
MUNC13-4 HLH 

I Ieos (CVID) l;f 
Antibody-
producing 
B cell 

CDS+ 
Tcell 

AID, UNG (hyper-lgM syndrome) 
TACI (CVID, Selective lgA deficiency) 

FIGURE 20-2 Immunodeficiency caused by defects in 8 and T cell activation. Primary immunodeficiencies may be caused by genetic 
defects in molecules required for T or B lymphocyte antigen receptor signaling, for helper T cell-mediated activation of B cells and antigen 
presenting cells (APCs). or for the activation of cytotoxic T lymphocytes and NK cells. Common variable immunodeficiency (CVID) has a 
number of causes, including mutations in ICOS (inducible costimulator) and TACt (transmembrane activator and calcium modulator and 
cyclophilin ligand interactor). TACt mutations are also a frequent cause of selective lgA deficiency. Patients with hyper-lgM syndrome who 
harbor mutations in the CD40 signaling pathway (CD40 ligand ICD40LI. CD40, or NEMO) have defects in both T helper cell-mediated B cell 
activation and the activation of APCs and cell-mediated immunity. The most frequently mutated gene causing the hyper-lgM syndrome is 
the CD40L gene, which is X-linked. Mutations in the enzymes AID and in UNG cause hyper-lgM syndromes that only affect B cells. Muta-
tions in a signaling molecule (SAP). in perforin, and in genes encoding proteins involved in granule exocytosis. such as Rab27A. and the 
Rab27A binding protein MUNC13-4. are all causes of hemophagocytic lymphohistiocytosis (HLH). 

mutations or deletions in the gene encoding an enzyme 
called Bruton tyrosine kinase (Btk). Btk is involved in 
transducing signals from the pre-B cell receptor (pre-
BCR) that are required for the survival and differentia-
tion of pre-B cells (see Chapter 8). In female carriers of 
this disease, only B cells that have inactivated the X chro-
mosome carrying the mutant allele mature. Unlike the 
case with X-linked SCID, described earlier, this nonran-
dom X chromosome inactivation is not seen in T cells. 
Patients with X-linked agammaglobulinemia usually 
have low or undetectable serum lg, reduced or absent B 
cells in peripheral blood and lymphoid tissues, no ger-
minal centers in lymph nodes, and no plasma cells in 
tissues. The maturation, numbers, and functions of T 
cells are generally normal. Some studies have revealed 
reduced numbers of activated T cells in patients, which 
may be a consequence of reduced antigen presentation 
caused by the lack of B cells. Autoimmune disorders 
develop in almost 20% of patients, fo r unknovvn reasons. 
The infectious complications of X-linked agammaglob-
ulinemia are greatly reduced by periodic (e.g., weekly or 
monthly) injections of pooled gamma globulin prepara-
tions. Such preparations contain preformed antibodies 
against common pathogens and provide effective pas-
sive immunity. 

Autosomal-Recessive Pre-8 Cell Receptor 
Checkpoint Defects 

Autosomal-recessive fo rms of agammaglobulinem ia 
have been described, most of which can be linked to 
defects in pre-BCR signaling. Mutant genes that 
have been identified in this context include the J1 (lgM 
heavy chain) gene, the AS surrogate light chain gene, the 
Iga gene, which encodes a signaling component of the 
pre-BCR and BCR, and the BLNK gene, which encodes 
an important adapter downstream of the pre-BCR and 
BCR. 

Knockout mice lacking Btk, as well as naturally Btk-
mutant Xid mice, show a less severe defect in B cell mat-
uration than humans do because a Btk-like tyrosine 
kinase called Tee is active in mouse pre-B cells that lack 
Btk. The main abnormalities in Xid mice are defective 
antibody responses to some polysaccharide antigens 
and a deficiency in mature follicular and B-1 B cells. 

Selective Immunoglobulin 
lsotype Deficiencies 
Many immunodeficiencies tl1at selectively involve one 
or a few Ig isotypes have been described. The most 

Cellular and Molecular Immunology 6th ed.



AIDS
• 後天性免疫不全症候群 acquired immune 
deficiency syndrome 

• human immunodeficiency virus (HIV) がマクロ
ファージや CD4陽性T細胞に感染する。 

• CD4陽性T細胞が破壊され、細胞性免疫、液性免疫
ともに壊滅状態となる。日和見感染、腫瘍、脳症、
悪液質などを発症する。 

• 感染にはCD4よりケモカイン受容体が重要で、ケモ
カイン SDF-1 のある遺伝子多型が感染を防ぐこと
が知られている。

TED by Gareth Thomas: How to tackle the stigma of living with HIV
https://www.ted.com/talks/gareth_thomas_how_to_tackle_the_stigma_of_living_with_hiv



HIVの構造

slowly progressive, fatal diseases that include wasting 
syndromes and CNS degeneration. Two closely related 
types of HIY. designated HN-1 and HN-2, have been 
identified. HIV-1 is by far the most common cause of 
AJDS, but HN-2, which differs in genomic structure and 
antigenicity, causes a similar clinical syndrome. 

HIV Structure and Genes 

An infectious HIV particle consists of two identical 
strands of RNA packaged within a core of viral proteins 
and surrounded by a phospholipid bilayer envelope 
derived from the host cell membrane but including 
virally encoded membrane proteins (Fig. 20-3). The RNA 
genome of HIV is approximately 9.2 kb long and has the 
basic arrangement of nucleic acid sequences character-
istic of all knovvn retroviruses (Fig. 20- 4). Long terminal 
repeats (LTRs) at each end of the genome regulate viral 
gene expression, viral integration into the host genome, 
and viral replication. The gag sequences encode core 
structural proteins. The env sequences encode the enve-
lope glycoproteins gp120 and gp41, which are required 
for infection of cells. The pol sequences encode reverse 
transcriptase, integrase, and viral protease enzymes 
required for viral replication. In addition to these typical 
retrovirus genes, HN-1 also includes six other regulatory 
genes, namely, the tat, rev, vif, nef, vpr, and vpu genes, 
whose products regulate viral reproduction in various 
ways. The functions of these genes are summarized in 
Figure 20-4. 

FIGURE 20- 3 StructureofHIV-1. An HIV-1 virion 
is shown next to a T cell surface. HIV-1 consists of 
tw o identical strands of RNA (the viral genome) 
and associated enzym es, including reverse tran-

p17 
matrix 
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Viral Life Cycle 

HIV infection of cells begins when the envelope glyco-
protein (Env) of a viral particle binds to both CD4 and a 
coreceptor that is a member of the chemokine receptor 
family (Fig. 20-5). The viral particles that initiate infec-
tion are usually in the blood, semen, or other body fluids 
of one individual and are introduced into another indi-
vidual by sexual contact, needle stick, or transplacental 
passage. Env is a complex composed of a transmem-
brane gp41 subunit and an external, noncovalently asso-
ciated gp120 subunit. These subunits are produced by 
proteolytic cleavage of a gp160 precursor. The Env 
complex is expressed as a trimeric structure of three 
gpl20/gp41 pairs. This complex mediates a multistep 
process of fusion of the virion envelope with the mem-
brane of the target cell (Fig. 20-6). The first step of this 
process is the binding of gpl20 subunits to CD4 mole-
cules, which induces a conformational change that 
promotes secondary gp120 binding to a chemokine 
coreceptor. Coreceptor binding induces a conforma-
tional change in gp41 that exposes a hydrophobic region, 
called the fusion peptide, that inserts into the cell mem-
brane and enables the viral membrane to fuse with the 
target cell membrane. After the virus completes its li fe 
cycle in the infected cell (described later), free viral par-
ticles are released from one infected cell and bind to an 
uninfected cell, thus propagating the infection. In addi-
tion, gp120 and gp41, which are expressed on the plasma 
membrane of infected cells before virus is released, can 
mediate cell-cell fusion with an uninfected cell that 

scriptase, integrase, and p rotease. packaged in a co4 cone-shaped core com posed of p24 capsid protein ----..;= 
with a surrounding p17 protein m atrix. all sur-
rounded by a phospholipid m embrane envelope 
derived from the host cell. Virally encoded mem-
brane proteins (gp41 and gp120) are bound to 
the envelope. CD4 and chemokine receptors on 
the host cell surface function as HIV-1 receptors. 
(© 2000 Terese Winslow.) 



がん免疫療法
• 末梢性の免疫寛容は自己反応性 T 細胞を抑制
しする機構であるが、ある種のがんはこれを巧
みに利用して、がんに対する T 細胞の反応を
弱めている。 

• 末梢性の免疫寛容を一時的に止めてやると抗が
ん免疫反応を増強することができる。 

• 現在、メラノーマ・肺癌・腎癌・ホジキンリン
パ腫に対する抗 PD-1 抗体療法が日本で認可さ
れている。その他の癌にも承認されるだろう。



免疫寛容 
（免疫チェックポイント)

• 自己寛容（自己免疫の抑止） 

• 感染時の炎症による組織障害の防止

Tリンパ球 抗原提示 
細胞

興奮性補助シグナル

抑制性補助シグナル





CAR-T 細胞療法
• 腫瘍細胞を狙い撃ちするキラーT細胞。 

• キメラ抗原受容体 chimeric antigen receptor の
遺伝子を患者T細胞に導入し、腫瘍を認識させ
る。 

• HLA に拘束される T細胞抗原受容体ではなく、一
本鎖抗体 scFv を用いることで全ての患者に共通
のコンストラクトを使用できる。 

• 細胞質内には活性化シグナルを伝えるドメインが
融合される（キメラ）。
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免疫と関わりのある病気

- 1 -

免疫学１
2016.11.24

滋賀県立成人病センター研究所　木下　和生

免疫が関与する病気、医療行為
感染症（  ○  ）、糖尿病（  ○  ）、高血圧（  ○  ）、心筋梗塞（  ○  ）、
脳梗塞（  ○  ）、がん（  ○  ）、白内障（  ○  ）、緑内障（  X  ）、
円形脱毛症（  ○  ）、アルツハイマー病（  ○  ）、統合失調症（  X  ）、
関節リュウマチ（  ○  ）、花粉症（  ○  ）、喘息（  ○  ）、骨折（  ○  ）
輸血（  ○  ）、臓器移植（  ○  ）、外科摘出手術（  ○  ）

歴史
（　ジェンナー　）、パスツール、コッホ、ベーリング、北里、ランドシュタイナー

免疫の特性
（　自己・非自己　）の識別 self versus non-self discrimination

（　特異性　） specificity

（　多様性　） diversity

（　記憶　） memory

分類
（　自然免疫　） innate immunity と（　適応免疫　） adaptive immunity

タイムスケール（　時間　　） （　日～週　）
（　液性免疫　） humarl immunity と（　細胞性免疫　） cell-mediated 

immunity
構成細胞
（　上皮　） epithelium、（　マクロファージ　） macrophage、
（　好中球　） neutrophil、（　樹状細胞　） dendritic cell、
（　NK細胞　） natural killer cell、（　肥満細胞　） mast cell、
（　リンパ球　） lymphocyte
構成臓器
（　皮膚　）、口腔、気道、肺、消化管、
（　骨髄　）、（　胸腺　）、（　脾臓　）、リンパ節、リンパ管

自然免疫
パターン認識受容体
pathogen-associated molecular pattern (PAMP)
damage-associated molecular pattern (DAMP)
lipopolysaccharide (LPS)



Take Home Message

• 免疫は多くの疾患の背景で作用している。 

• 免疫学は人類の福祉へ大きく貢献している。
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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


