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Notice

Medicine is an ever-changing science. As new research and clinical experience broaden our
knowledge, changes in treatment and drug therapy are required. The authors and the publisher
of this work have checked with sources believed to be reliable in their efforts to provide
information that is complete and generally in accord with the standards accepted at the time of
publication. However, in view of the possibility of human error or changes in medical
sciences, neither the authors nor the publisher nor any other party who has been involved in
the preparation or publication of this work warrants that the information contained herein is in
every respect accurate or complete, and they disclaim all responsibility for any errors or
omissions or for the results obtained from use of the information contained in this work.
Readers are encouraged to confirm the information contained herein with other sources. For
example and in particular, readers are advised to check the product information sheet included
in the package of each drug they plan to administer to be certain that the information
contained in this work is accurate and that changes have not been made in the recommended
dose or in the contraindications for administration. This recommendation is of particular
importance in connection with new or infrequently used drugs.
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Section 1. Basic Science

Immune Mechanisms

1

ANTIGENS

The term antigen—a contraction of “antibody generator”—is a molecule that is
recognized by the immune system.

Definitions

e Antigen is a molecule that is recognized by the immune system.

e Immunogen is a molecule that induces immune responses other than immune
tolerance.

e Hapten is a small-molecule antigen that requires covalent linkage to a larger
carrier to stimulate immune response (e.g., penicillin). Once an antibody to
hapten is generated, hapten can be recognized by the antibody itself.

e Carrier is a macromolecular substance to which a hapten is coupled in order
to produce an immune response against the hapten.

e Adjuvants are molecules that enhance the immune response. Adjuvants
release bound antigens to antigen-presenting cells (APCs) over a prolonged
period, interact with Toll-like receptors (TLRs), and stimulate chemokine and
cytokine release. Examples:

o Alum
o Freund’s adjuvant: Emulsified bacterial products (e.g., bacille Calmette- Flash Card Q1
Guérin [BCGs]) What is the hapten-

o Incomplete Freund’s adjuvant: Water in oil emulsification CEITITET GHiEEl?

o Ribi adjuvant system: Squalene-Tween80-water and oil emulsification
o Titermax: Copolymers polyoxypropylene (POP) and polyoxyethylene

(POE) Flash Card Q2
e Superantigen: Antigens that activate a large number of polyclonal T What are the common
lymphocytes. Examples of microbial toxin superantigens are provided in superantigens and

Table 1-1. related diseases?



Key Fact

Superantigens bind the
Vg region of TCRs
(CDR4) and outside of
the peptide-binding
groove on the MHC
molecule.

Flash Card Al

Small-molecule antigen
requires covalent linkage
to a larger carrier to
stimulate adaptive
immune response. The
process is achieved in
collaboration between
hapten-specific B cells
and carrier-specific T
cells. This is the basis of
developing conjugated
vaccines.

Flash Card A2

SEB and SEC cause
food poisoning; TSST
and SPE-C cause toxic
shock syndrome.

2 /|CHAPTER 1

Table 1-1. Superantigens

Source Toxin Disease
Staphylococcus aureus SEB Food poisoning
SEC2 Food poisoning
TSST Toxic shock syndrome
Streptococcus pyogenes SPE-C Streptococcal toxic shock syndrome

Abbreviations: SEB, staphylococcal enterotoxin B; SEC, staphylococcal enterotoxin C; TSST, toxic
shock syndrome toxin; SPE-C, streptococcal pyrogenic exotoxins C.

Superantigens bind to a particular family of V; chain of the T-cell receptor (TCR),
bypassing the need for the specific major histocompatibility complex (MHC),
peptide, or TCR complex required for signal 1 (Figure 1-1). Stimulation of T cells
by superantigens can lead to “cytokine storm.”

APC

NH> NH»>
ol |
o2 2

ag—gﬁ o
Signal
transduction

NH»>
B)MHC class II

Superantigen

vB

D TCR

Signal
transduction

T cell

Figure 1-1. Superantigen.
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Composition of Antigens

Table 1-2 summarizes the composition of antigens.

Antigen Structure

Epitope (Antigenic Determinant)—Antigenic component identified by a unique
antibody.

Recognized by B lymphocytes:
e Linear determinants or tertiary structure
e Carbohydrates, amino acids (four to eight residues), and nucleic acids

Recognized by T lymphocyte:

e Linear determinants

e Amino acid peptides

e Eight to 30 amino acids (MHC class |1 8-11 aa and MHC class 11 10-30 aa).

An understanding of antigen composition and factors influencing immunogenicity
is critical to immunization development and the assessment of response to
immunizations.

Table 1-3 reviews factors that influence the immunogenicity of antigens.

Table 1-2. Composition of Antigens

Antigen Immune Cell Surface B-Cell Vaccines
Involved Molecule Response
Involved
Protein T—cell- MHC class | Isotype switch Diphtheria
dependent MHC class Il Affinity Tetanus
maturation
Induced memory
response
Polysaccharide T—cell- No isotype Meningococcal
independent switch vaccine
Marginal zone B Predominantly (MSPV4—
cells and B1 IgM Menomune)
cells No affinity Pneumococcal
maturation vaccine 23-
Limited memory valent
Nucleic acids T—cell- MHC class | DNA vaccines
dependent/indep | MHC class Il in clinical trials
endent TLR9 (CpG
CTL and DCs recognization on
DCs)
Lipids NKT cells MHC-like CD1
yo T cells (NKT)

Abbreviations: CTL,

cytotoxic T lymphocyte; DCs, dendritic cells; MHC, major histocompatibility
complex; NKT, natural killer T cell.; TLR, Toll-like receptor

Key Fact

Conjugated vaccines
are T-independent
antigens linked to a
carrier protein, which
can triggera T-
dependent response
and memory. Examples
of conjugated vaccines
include 13-valent
pneumococcal vaccine
(Prevnar 13), Hib
vaccines, and
meningococcal vaccines
(MCV4-Menactra and
Menveo).

Flash Card Q3

Which type of T cells
recognizes lipid antigens
and what is the
molecule involved?



Flash Card A3
Natural killer T (NKT)

cells and CD1 molecule.

4 |CHAPTER 1

Table 1-3. Factors Influencing Immunogenicity of Antigens

Immunogen

(less), and lipids
(activate NKT via
CD1)

. Non or Less
Factors Immunogenic .
Immunogenic
Origin Foreign Self
Size Larger (usually) Smaller (usually)
Chemical Proteins, Nucleic acids
composition polysaccharides Lipids

Physical form

Particulate and
denatured

Soluble and native

Degradability

Easily degradable by
APCs (T-lymphocyte-

Not easily degradable

dependent)
Genetics Specific HLA-antigen
interactions (e.g.:
Biological system HLA-B* 5701 and
abacavir)
Age Extremes of age
Dose High dose Low dose
Prolonged course Single exposure
Repetitive exposure
Method of Route Parenteral Oral
administration Cutaneous
Adjuvant Use of adjuvant

increases
immunogenicity

Abbreviations: APCs, antigen-presenting cells; HAL, human leukocyte antigen; NKT, natural killer T
cell.

MAJOR HISTOCOMPATIBILITY COMPLEX (MHC)

MHC molecules are also known as human leukocyte antigens (HLA), which are
encoded on the MHC locus.

MHC molecules share certain features:

Each MHC molecule has one binding site.

MHC molecules are bound to cell membranes.
Interaction with T lymphocyte requires direct contact.
MHC molecules are expressed codominantly (MHC from both parents is
expressed on cell surfaces).
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Structure

Table 1-4 summarizes differences between MHC class | and MHC class Il
molecules.

Anchor residues:
e Side chains of peptide, which strongly bind to pockets in the peptide-binding
cleft of MHC molecule. This interaction stabilizes the peptide in the cleft.

MHC Distribution

MHC class | is expressed on most nucleated cells. The expression of MHC class
Il varies by cell type. Their expression is induced by cytokines produced by innate
and adaptive immune responses. APCs express both MHC class | and MHC class
.

Features of MHC expression are reviewed in Table 1-5.

Table 1-4. Structure of MHC Class | and Class Il Molecules
MHC Class | MHC Class Il

Peptide-binding cleft

/\

o bdug dm

Cell membrane

Genes HLA-A, -B and -C HLA-DP, -DQ and -DR

Polypeptide chains
(domains)

a chain (ay, a, a3) a chain (ay, ay)
B,-microglobulin B chain (B, B2)

Restriction CD8 CD4

Binding site for TCR a3 binds CD8 B> binds CD4
(nonpolymorphic)
Binding site for a; and a, a; and B

peptide (polymorphic)

Peptide-binding cleft Peptides 8-11 amino acids Peptides 10-30 amino acids

Antigenic sampling Intracellular Extracellular

Flash Card Q4

What are the binding
sites for TCR on MHC
class | and class Il

molecules, respectively?
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Table 1-5. Cells That Express MHC Class | and MHC Class I
MHC Class | MHC Class Il

Constitutive Most nucleated cells APC (dendritic cells, macrophages,
and B lymphocytes), thymic epithelia,
and activated T lymphocytes

Inducting Interferon (IFN)a, IFNB, and IFNy IFNy
cytokines

Abbreviation: APC, antigen-presenting cell.

MHC Genome

Genes that encode MHC molecules are encoded on the short arm of chromosome
6, whereas the ,-microglobulin chain is encoded on chromosome 15. A map of
the human MHC is shown in Figure 1-2.

In addition to encoding the MHC polypeptides, the MHC genome encodes
proteins involved in the processing of peptides that occupy the peptide-binding
clefts.

The class 111 region encodes:

e Proteins of the complement system: Factor B, C4a, C4b, and C2
e Cytokines: Tumor necrosis factor (TNF)a, and lymphotoxins o and 3
e Heat shock proteins

The class I-like proteins are highly conserved. They include:

HLA-E: NK cell recognition

HLA-F: Localized to endoplasmic reticulum and Golgi apparatus
HLA-G: On fetal-derived placental cells

HLA-H: Involved in iron metabolism

Antigen Processing and MHC Presentation

Intracellular and extracellular proteins can be processed by specific pathways and
are presented in association with MHC class | or MHC class Il molecules.
Summaries of class | and class Il antigen-processing pathways can be found in
Figures 1-3 and 1-4, respectively.

Flash Card A4

asz and B,.
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Class Il region

DP DQ DH
Bi A1 TAP1 TAPZ B2 Al B1 B34db A

N \Ii P I O

L
1000

a 200 400 00 800
kilobases
Class lll region
Factor B TNF-x
G*IEIE"I] il// LT['E‘-H_ | ‘___.-*LT
[ T T T [ [ T T T [ T 1
1000 1ED-D 14[}0 D-D 1800 2000
kilobases
Class | region
HLA-B HLA-C HLA-E HLA-A HLA-G HLA-F
-

' H"'

T | T T | T T T T T | T _l_ T |
ECID-D 2200 24[]4] 2600 EBD-D EDCID :32[}1] EACID 3600 3800 4000
kilobases

Figure 1-2. Map of the human MHC genome.

MHC | Pathway

Newly synthesized MHC class | polypeptides remain sequestered in the

endoplasmic reticulum by interacting with calnexin, calreticulin, Erp57, and

tapasin.

Cytoplasmic proteins that enter the cytoplasm are degraded to antigenic

peptides by the proteasome:

o The proteasome is a multisubunit proteinase. Four seven-membrane rings
have catalytic subunits.

o Examples of subunits are: Low-molecular-mass polypeptide (LMP) 7 and
LMP2.

o LMPs are encoded in MHC class Il locus.

Antigenic peptides are transported into the endoplasmic reticulum by

transporter of antigenic-processing (TAP) proteins.

o Energy-dependent transport of peptides.

o Composed of two subunits: TAP1 and TAP2, both of which must be
present for function.

o TAP proteins are encoded in MHC class Il locus.

Antigenic peptides are loaded onto newly synthesized MHC class |

polypeptides.

MHC class | and antigenic peptide are transported to cell surface.

Stable MHC class | expression requires presence of antigenic peptide.

Key Fact

Viruses develop
strategies to evade
MHC class |
presentation. Herpes
simplex virus (HSV) can
block TAP
transportation, and
cytomegalovirus (CMV)
can remove MHC class |
molecule from ER.

Flash Card Q5

MHC class | molecule
presents which type of
antigens and where
does the antigen-MHC
class | loading happen?



Key Fact

HLA-DM is an
intracellular protein
involved in MHC class Il
antigen processing and
does not present
antigenic peptides nor is
it a component of MHC
class Il.

Flash Card A5

Intracellular antigens
(e.g., viral antigen in
cytoplasm) and the
loading site is
endoplasmic reticulum
(ER).

8 /CHAPTER 1

[ N\
Viral

peptide

Viral
peptides

Endoplasmic
reticulum

Intracellular antigen

Figure 1-3. MHC class | antigen-processing pathway.

MHC Il Pathway

e Extracellular antigen is endocytosed and compartmentalized in cytosolic
phagosomes.

e Phagosomes fuse with lysosomes. The resulting phagolysosome degrades the
microbe into antigenic peptides by endosomal and lysosomal proteases
(cathepsins).

e Newly synthesized MHC class Il molecules are synthesized in the ER and
transported to the phagolysosome, forming the MHC class 1l vesicle. The
MHC class Il-binding cleft is occupied by the invariant chain (li) prior to
peptide loading.

e Inthe MHC class Il vesicle, the li is degraded by proteolytic enzymes, leaving
behind a short peptide named class ll-associated invariant chain peptide
(CLIP).

e HLA-DM removes CLIP and allows antigenic peptides to be loaded in the
MHC-binding cleft.

e MHC class Il and peptide are transported to cell surface.

e Stable MHC class Il expression requires presence of antigenic peptide.

Defect in MHC Expression and Disease

Bare Lymphocyte Syndromes (MHC Class | and MHC Class |l
Deficiencies)—The bare lymphocyte syndromes are primary immune
deficiencies due to a lack of MHC expression. Features of MHC class | and MHC
class Il deficiencies are reviewed in Table 1-6.



Extracellular antigen
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i N
VS Endocytosed Invariant
antigen chain
" {0/ Class Il MHC
‘@
l Vesicle
o
Phagosome o
. Y,

Figure 1-4. MHC class Il antigen-processing pathway.

Table 1-6. Bare Lymphocyte (MHC Deficiency) Syndromes

MHC Class | Deficiency

MHC Class Il Deficiency

Mutation Genes encoding for TAP— Genes encoding for mutations in several
essential for MHC class | transcription factors required for MHC class
expression. Il expression: MHC2TA, RFX5, FRXAP, and

FRXANK

Inheritance | Autosomal recessive Autosomal recessive
(rare)

Clinical Sinopulmonary infections, Diarrhea, hepatosplenomegaly,

features granulomatous skin lesions, and transaminitis, sclerosing cholangitis
necrobiosis lipoidica (Cryptosporidium parvum), pulmonary

infections (Pneumocystis jiroveci,
encapsulated bacteria, Herpesviridae, and
RSV), and meningitis

Laboratory | CD8 lymphopenia, PBMC on flow | CD4 lymphopenia (reversed CD4:CD8)

cytometry lack MHC class | Lack of HLA DR/DP/DQ on lymphocytes,
DTH
Hypogammaglobulinemia
Absent germinal centers from lymph nodes

Treatment | Treat pulmonary infections like Hematopoietic stem cell transplantation
CF (aggressive toileting and (HSCT)
chest PT)

Abbreviations: CF, cystic fibrosis; DTH, delayed-type hypersensitivity test; MHC, major

histocompatability complex; PMBC, peripheral blood mononuclear cells; RSV, respiratory syncytial
virus; TAP, . transporter-associated with antigen presentation.

Flash Card Q6

MHC class Il molecule
presents which type of
antigens and where
does the antigen-MHC
class Il loading happen?



Key Fact

Mutation in the AIRE
gene produces disorders
such as autoimmune
polyglandular syndrome
(APS). Lymphocytes are
not deleted or tolerized
to endocrine-related self-
antigens. The endocrine
organs are attacked by
autoreactive T
lymphocytes and
autoantibodies.

Key Fact

K light chains are
rearranged first. If
receptor editing is
needed, a A light chain
will be used.

Flash Card A6

Extracellular antigens
(e.g., antigens from
phagocytosed bacteria)
and loading site is
phagolysosome.
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IMMUNOLOGIC TOLERANCE

Definitions

e Tolerance is unresponsiveness to an antigen. This can be to self-antigens (i.e.,
self-tolerance) or to foreign antigens. Self-tolerance is part of the normal
function of educating the immune system not to react to itself.

e Tolerogens are antigens that induce tolerance. A foreign antigen that becomes
a tolerogen is conditional. The antigen may only induce tolerance under
certain conditions, like age or the amount of antigen being at a very low or
high concentration.

e Anergy is a state of unresponsiveness to antigenic stimulation. The antigen is
recognized by the immune cell; but weak signaling, due to a lack of
costimulation, leads to anergy. Other factors include antigen type and antigen
dose.

Central Tolerance

Central tolerance occurs in the lymph organs.

Central T-Lymphocyte Tolerance

In T-lymphocyte central tolerance, a T-lymphocyte precursor is exposed to a
self-antigen in the thymus. The T lymphocyte is exposed to a self-antigen, which
yields two fates: apoptosis, which is also known as negative selection, or
development into a regulatory T (Treg) cell, which will migrate to the periphery.
The two main factors determining tolerance or negative selection are antigen
concentration and affinity to the TCR. High concentration and high affinity
promote negative selection.

The thymus presents self-antigens through thymic antigen-presenting
lymphocytes that process antigen in the context of HLA class | and Il. The
autoimmune regulatory gene (AIRE) is expressed in the thymus. This gene
promotes expression of nonthymic tissue antigens in the thymus!

Central B-Lymphocyte Tolerance

In B-lymphocyte central tolerance, the precursor B lymphocyte is exposed to a
self-antigen in the bone marrow during development. The immature B
lymphocyte is exposed to self-antigen, which yields three fates: apoptosis (or
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negative selection), receptor editing, or anergy. Receptor editing involves
reactivation of RAG1 and RAG2 when a high-affinity self-antigen is recognized
by a B-cell receptor (BCR). The RAG enzymes will delete the previously
rearranged V,J, exon and give the BCR a new light chain. As a result, the self-
reactive immature B cell will have a new specificity. If both recombinations
recognize a self-antigen (failure of editing), the immature B lymphocyte will be
deleted by apoptosis. In low antigen concentration, the B lymphocyte may
become anergic to the self-antigen.

Peripheral Tolerance

In both T and B lymphocytes, peripheral tolerance occurs in peripheral tissues
when a mature lymphocyte encounters a self-antigen. In the case of a T
lymphocyte, if recognition of self-antigen occurs, the T lymphocyte may be
induced to undergo apoptosis, may become anergic, or a Treg cell that confers
suppression. In this situation, a B lymphocyte will either become anergic or be
deleted through apoptosis.

Peripheral T-Lymphocyte Tolerance

Peripheral tolerance has the same outcomes as central tolerance: Anergy, deletion,
or regulation. Lack of a second signal or lack of innate costimulation (e.g.,
microenvironment) produces the anergy of the peripheral T lymphocytes.

Anergy in these T lymphocytes is maintained by blockade of TCR signaling,
ubiquitin ligases (which target proteins for degradation), and inhibitor
costimulatory molecules (e.g., CTLA-4 and PD-1). Dendritic cells may also
present self-antigen without expression of costimulatory molecules.

Maintenance of Tolerance

Dendritic cells that are not activated or that are immature still present self-antigen
on their surfaces. These cells in an immature state do not express receptors, thus
antigen presented to T lymphocytes will not have a second signal, resulting in
tolerance. This presentation of antigen by the dendritic cell is ongoing, which
reminds cells not to be self-reactive (Table 1-7.)

Treg cells are a component of the immune system involved in suppressing
immune response of other cells. They are mainly thymic emigrants that respond to
self-antigen. Development of Treg cells in thymus depends on the binding affinity
between the cells and self-peptide/MHC Il complex. T cells with strong binding
will undergo negative selection (apoptosis). T cells with weak binding will
undergo positive selection (effector cells). T cells with intermediate binding will

Key Fact

Lack of costimulation, or
lack of an innate immune
system response to the
antigen, blunts the
required upregulation to
achieve costimulation
(i.e., asecond signal). T
lymphocytes recognize
the antigen, but receive
no support to activate.
After repeated recognition
without costimulation, the
lymphocyte becomes
unresponsive to that
antigen (i.e., anergic).
Once a cell is anergic,
costimulation will not
restore activation.

Flash Card Q7

Which B-cell-exclusive
process is involved in
developing central
tolerance and which two
enzymes are important
in this process?



Key Fact

Treg cells play a critical
role in maintaining normal
immune function.
Classically Treg cells
express CD4, CD25 and
FoxP3. FoxP3 mutation in
human causes immune
dysregulation,
polyendocrinopathy,
enteropathy X-linked
(IPEX) syndrome, which
is a fatal autoimmune
disorder characterized by
a triad of watery diarrhea,
eczema, and
endocrinopathy.

Key Fact

Mutations in Fas or
caspase 10 manifest as
autoimmune
lymphoproliferative
syndrome (ALPS). The
lymphocytes do not
know when to die. They
accumulate in the lymph
organs. There is a lack
of tolerance, producing
autoimmune problems.

Flash Card A7

Receptor editing. RAG1,
RAG2.
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Table 1-7. To Be or Not to Be: Tolerance to Self-Protein Antigen

Determinant Immunogenicity Tolerance Comments

Dose Optimal Optimal dose varies.

Gets tired of seeing
the same thing and
ignores it, until it
becomes
“background.”

Exposure

Think about where
the APCs are
located. We have to
eat.

Cutaneous and Oral
intradermal

Delivery route

Adjuvant T-lymphocyte help Without an adjuvant Adjuvant can
promote
costimulation. It gets

the team involved.

Without
costimulation, there is
no activation, which
yields immune
ignorance or
tolerance.

APCs Activated and Inactivated and naive

costimulators

Abbreviation: APCs, antigen-presenting cells.

become Treg cells. Despite being self-reactive, they are allowed to escape the
thymus and, instead, help to maintain self-tolerance.

Characteristically, Treg express CD4, CD25 (interleukin [IL-2R] a chain) and
FoxP3 (Foxhead box P3, a master transcription factor of Treg cells). Their
survival depends on IL-2 and transforming growth factor beta (TGFp). Tolerance
or regulation is maintained by secretion of IL-10 and TGFp. IL-10 targets
macrophages and dendritic cells, and TGFp inhibits lymphocytes and
macrophages.

Apoptosis is a key regulator of self-reacting T lymphocytes. Self-antigens
repeatedly recognized by a T lymphocyte without costimulation can activate Bim,
which is a proapoptotic member of the Bcl-2 protein family. Bim leads to cell
apoptosis through mitochondrial pathway.

Cells presenting self-antigen without innate response or costimulation have other
receptors on their surfaces, such as Fas ligand (FasL) (CD95L) on the T
lymphocyte. FasL is upregulated on repeatedly activated T lymphocytes. FasL can
interact with Fas (CD95) on the same cell or nearby cells, either deleting a self-
reactive T lymphocyte or causing the death of an activated cell, thereby
downregulating the immune response. The Fas:FasL interaction signals through
the caspase system.
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Peripheral B-Lymphocyte Tolerance

Because antigens cannot cross-link the BCR on their own, B cells cannot be
activated if there is no help from T cells. B cells will then become anergic or be
induced to apoptosis.

Chronic antigen recognition downregulates CXCRS5, inhibiting B-lymphocyte
homing and interaction with T lymphocytes, which yields death.

To summarize, tolerance is a process by which the immune system teaches itself
not to react to self-antigens (Table 1-8). In central tolerance, the T lymphocyte
can be deleted by negative selection of high-affinity self-antigens or apoptosis; or
some “self-recognizers” can be released into the periphery to become regulator
cells to maintain tolerance. B-lymphocyte central tolerance can yield deletion;
but, prior to deletion, receptor editing may save the B lymphocyte from negative
selection. In low concentration of antigen, anergy is also a possibility. Peripheral
tolerance can result in deletion or anergy. Anergy occurs with antigen exposure,
without a second signal and/or inflammation.

Table 1-8. Summary of T- and B-Lymphocyte Tolerance

T Lymphocytes B Lymphocytes

Central Peripheral Central Peripheral
Location of | Thymus Bone marrow
tolerance
Educational | CD4+CD8+ T CD4+ or CD8+ T IgM+, IgD+ B
phenotype lymphocyte lymphocyte lymphocyte
(double positive) (single positive) (immature)
Why High avidity No co-stimulators | Multivalent No T
become No inflammation antigen lymphocyte
tolerant? (innate) help
Repeated Chronic
stimulation stimulation
No
costimulation
Fate of self- | Deletion Anergy (no signal) | Receptor editing Anergy (no
recognition | Become Death (apoptosis) | Deletion signal)
regulatory Regulatory Follicular
suppression exclusion
Death
(apoptosis)
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IMMUNOGENETICS

DNA

DNA is stored in the nucleus of cells.

Composed of subunits (or bases) called nucleotides, which include adenine
(A), guanine (G), thymine (T), and cytosine (C).

A and G are purines.

T and C are pyrimidines.

Organized into a d