Anticancer Drugs—I

Kourtney LaPlant and Paige May
|. OVERVIEW

In a small fraction (approximately 10%) of patients with cancer representing
selected neoplasms, the chemotherapy will result in a cure or a prolonged remission.
However, in most cases, drug therapy will produce only a regression of the disease,
and complications and/or relapse may eventually lead to death. Figure 35.1 provides
a list of the anticancer agents discussed in this chapter.

[I. PRINCIPLES OF CANCER CHEMOTHERAPY

Cancer chemotherapy strives to cause a lethal cytotoxic event or apoptosis in the
cancer cells that can arrest the progression of tumor growth. The attack is generally
directed toward DNA or against metabolic sites essential to cell replication, for

example, the availability of purines and pyrimidines, which are the building blocks
for DNA or RNA synthesis (Figure 35.2).
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Examples of chemotherapeutic agents affecting RNA and DNA. dTMP = deoxythymidine monophosphate.
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A. Treatment strategies

1.

Goals of treatment: 1s a cure (that is, long-term, disease-free survival). A true cure
requires the eradication of every neoplastic cell. If a cure is not attainable, then the

goal becomes control of the disease (prevent the cancer from enlarging and
spreading) to extend survival and maintain quality of life. Thus, the
Individual maintains a “near-normal’ existence, with the cancer treated as a chronic
disease. In all cases, the neoplastic cell burden is initially reduced (debulked),

either by surgery and/or by radiation, followed by chemotherapy, immunotherapy,
therapy using biological modifiers, or a combination of these treatment modalities

(Figure 35.3) .
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In advanced stages of cancer, the likelihood of controlling
the cancer is unlikely, and the goal is palliation
(alleviation of symptoms and avoidance of life-
threatening toxicity). This means that chemotherapeutic
drugs may be used to relieve symptoms caused by the
cancer and improve the quality of life, even though the
drugs may not extend survival. The goal of treatment
should always be kept in mind, as it often influences
treatment decisions. Figure 35.4 illustrates how treatment
goals can be dynamic. 2. Indications for treatment:
Chemotherapy is sometimes used when neoplasms are
disseminated and are not amenable to surgery.
Chemotherapy may also be used as a supplemental
treatment to attack micrometastasis following surgery and
radiation treatment, in which case it is called adjuvant
chemotherapy. Chemotherapy given prior to the surgical
procedure in an attempt to shrink the cancer is referred to
as neoadjuvant chemotherapy, and chemotherapy given in

lower doses to assist in prolonging remission is
known as maintenance chemotherapy.
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m The cell cycle 3. Tqmor susceptibility and tr_\e growth_cyc_le: The
fraction of tumor cells that are in the replicative cycle

(“growth fraction™) influences susceptibility to most
Synthesis of cellular cancer chemotherapeutic agents. Rapidly dividing
components required cells are generally more sensitive to chemotherapy,
for mitosis whereas slowly proliferating cells are less sensitive to
chemotherapy. In general, nondividing cells (those in
the GO phase; Figure 35.5) usually survive the toxic
effects of many chemotherapeutic agents.

a. Cell cycle specificity of drugs: Both normal cells
and tumor cells go through growth cycles (Figure 35.5).
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B Cell cycle-specific

drugs

Antimetabolites
Bleomycin
Etoposide

Vinca alkaloids

V

Effective for high-
growth-fraction
malignancies such as
hematologic cancers

G Cell cycle non-
specific drugs

Alkylating agents
Antibiotics
Cisplatin
Nitrosoureas

Q

Effective for both low-
growth-fraction
malignancies, such as
solid tumors, as well

as high-growth-fraction
malignancies

However, the number of cells that are in various
stages of the cycle may differ in normal and
neoplastic tissues. Chemotherapeutic agents that
are effective only against replicating cells (that is,
those cells that are dividing) are said to be cell
cycle—specific (Figure 35.5), whereas other agents
are cell cycle—nonspecific. Although the
nonspecific drugs generally have greater toxicity in
cycling cells, they are also useful against tumors
that have a low percentage of replicating cells.
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b. Tumor growth rate: The growth rate of most solid tumors is initially
rapid, but growth rate usually decreases as the tumor size increases
(Figure 35.3). This is due to a deficiency of nutrients and oxygen
caused by inadequate vascularization and lack of blood circulation.

Tumor burden can be reduced through surgery, radiation, or use of cell

cycle—nonspecific drugs that promote the remaining cells into active
proliferation, thus increasing susceptibility to cell cycle—specific
chemotherapeutic agents.

B. Treatment regimens and scheduling. Drug dosages are usually
calculated on the basis of the body surface area, in an effort to tailor
the dosage to each patient.
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2. Log kill phenomenon:

{{ The log kill is an important concept to understand. The anticancer
drugs Kkill a constant fraction of cells instead of absolute
number.}}

The anticancer drugs act by first-order kinetics.. This means that a
constant fraction of the cells (say, 50%) are killed by one dose.. The
number of tumor cells is usually expressed in exponential.. The drug
that reduces the tumor cell load from 108 cells to 10° cells is said to
have achieved a 3 log kill .
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c. Treatment protocols: Many cancer treatment protocols have been
developed, and each is applicable to a particular neoplastic state. They
are usually identified by an acronym. For example, a common
regimen called R-CHOP, used for the treatment of non-Hodgkin
lymphoma, consists of rituximab, cyclophosphamide,
hydroxydaunorubicin (doxorubicin), Oncovin (vincristine), and
prednisone. Therapy is scheduled intermittently to allow recovery or
rescue of the Immune system, which is also affected by the
chemotherapeutic agents, thus reducing the risk of serious infection.
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TABLE 67.1

Examples of Common Combination Drug Regimens

Terminology

Cancer

Drugs

MOPP
ABVD

BEP

CMF

CAF

CHOP
CHOP-R
Hyper-CVAD
FOLFIRI-Cetuximab
PVC
R-EPOCH
XELIRI

Hodgkin lymphoma
Hodgkin lymphoma
Germ cell cancers
Breast cancer

Breast cancer
Non-Hodgkin lymphoma

Non-Hodgkin lymphoma

Colorectal cancer

Anaplastic oligodendrogliomas

B-cell non-Hodgkin lymphoma
Colorectal, esophageal, gastric cancer

Mechlorethamine, vincristine, procarbazine, prednisone

Doxorubicin, bleomycin, vinblastine, dacarbazine

Bleomycin, etoposide, cisplatin

Cyclophosphamide, methotrexate, 5-fluorouracil

Cyclophosphamide, doxorubicin, 5-fluorouracil

Cyclophosphamide, doxorubicin, vincristine, prednisone

Agents above + rituximab

Hyperfractionated cyclophosphamide, vincristine, adriamycin, dexamethasone
Leucovorin, 5-fluorouracil, innotecan, cetuximab

Procarbazine, vineristine, lomustine

Rituximab, etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin
Capecitabine, innotecan




C. Resistance and toxicity with chemotherapy. Cancer drugs are toxins that present a lethal
threat to the cells. It is, therefore, not surprising that cells have evolved elaborate defense
mechanisms to protect themselves from chemical toxins, including chemotherapeutic
agents.

1. Resistance: Some neoplastic cells (for example, melanoma) are inherently resistant to
most anticancer drugs. Other tumor types may acquire resistance to the cytotoxic effects
of a drug by mutating, particularly after prolonged administration of suboptimal doses.
The development of drug resistance is minimized by short term, intensive, intermittent
therapy with combinations of drugs. Drug combinations are also effective against a
broader range of resistant cells in the tumor population.
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Vincristine, vinblastine
doxorubicin, bleomycin
etoposide, and others

Vincristine, vinblastine,
ATP doxorubicin, bleomycin
etoposide, and others

Figure 35.6
The six membrane-spanning loops
of the P-glycoprotein form a cen-

tral channel for the ATP-dependent
pumping of drugs from the cell.
Modified from N. Kartner, and V. Ling,
Sci. Am. (1989).

2. Multidrug resistance: Stepwise selection of an amplified gene that codes
for a transmembrane protein (P-glycoprotein for “permeability”
glycoprotein; Figure 35.6) is responsible for multidrug resistance. This
resistance is due to adenosine triphosphate— dependent pumping of
drugs out of the cell in the presence of P-glycoprotein. Cross-
resistance following the use of structurally unrelated agents also occurs.
For example, cells that are resistant to the cytotoxic effects of the Vinca
alkaloids are also resistant to dactinomycin and to the anthracycline
antibiotics, as well as to colchicine, and vice versa. These drugs are all
naturally occurring substances, each of which has a hydrophobic
aromatic ring and a positive charge at neutral pH
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Bleomycin, doxorubicin,
etoposide, paclitaxel,
vinblastine, and vincristine

Fig. 45.2 The P-glycoprotein (Pgp) mechanism of drug efflux. Pgp uses adenosine triphosphate to actively
export bleomycin and many other naturally occurring antineoplastic drugs from the cell. Because some
agents (e.g., verapamil) inhibit the Pgp pump and thereby allow antineoplastic drugs to stay in the cell, these
agents are being studied as potential adjuncts to cancer chemotherapy. ADP, Adenosine diphosphate; ATP,
adenosine triphosphate.



[Note: P-glycoprotein is normally expressed at low levels in most cell types,
but higher levels are found in the kidney, liver, pancreas, small intestine,
colon, and adrenal gland. It has been suggested that the presence of P-
glycoprotein may account for the intrinsic resistance to chemotherapy
observed with adenocarcinomas.] Certain drugs at high concentrations (for
example, verapamil) can inhibit the pump and, thus, interfere with the efflux
of the anticancer agent. However, these drugs are undesirable because of
adverse pharmacologic actions of their own. The third-generation P-gp
Inhibitor, elacridar, has been found to be an efficient inhibitor of human
breast cancer resistance protein (BCRP); however, clinical translation of the
promise is yet to be demonstrated not just for elacridar but also for other P-
gp inhibitors in this class.
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3. Toxicity: Therapy aimed at killing rapidly dividing cancer cells also affects normal cells undergoing rapid
proliferation (for example, cells of the buccal mucosa, bone marrow, gastrointestinal [GI] mucosa, and hair
follicles), contributing to the toxic manifestations of chemotherapy. Common adverse effects: Most
chemotherapeutic agents have a narrow therapeutic index. Severe vomiting, stomatitis, bone marrow
suppression, and alopecia occur to a lesser or greater extent during therapy with all antineoplastic agents.
Vomiting is often controlled by administration of antiemetic drugs. Some toxicities, such as
myelosuppression that predisposes to infection, are common to many chemotherapeutic agents (Figure 35.7),
whereas other adverse reactions are confined to specific agents, such as bladder toxicity with
cyclophosphamide, cardiotoxicity with doxorubicin, and pulmonary fibrosis with bleomycin. The duration of
the adverse effects varies widely. For example, alopecia is transient, but the cardiac, pulmonary, and bladder
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b. Minimizing adverse effects: Some toxic reactions may be ameliorated by interventions, such as the use of cytoprotectant
drugs, local perfusion of the tumor (for example, a sarcoma of the arm), removal of some marrow of the patient prior to
intensive treatment and then reimplantation afterwards, or intensive hydration and diuresis to prevent bladder toxicities.
The megaloblastic anemia that occurs with methotrexate can be effectively counteracted by administering folinic acid
(leucovorin). With the availability of human granulocyte colony— stimulating factor (filgrastim), the neutropenia
associated with treatment of cancer by many drugs can be partially reversed.

4. Treatment-induced tumors: Because most antineoplastic agents are mutagens, neoplasms (for example, acute
nonlymphocytic leukemia) may arise 10 or more years after the original cancer was cured. [Note: Treatment-induced
neoplasms are especially a problem after therapy with alkylating agents.] Most tumors that develop from cancer
chemotherapeutic agents respond well to treatment strategies.
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[11. ANTIBIOTICS .

The antitumor antibiotics (Figure 35.14) owe their cytotoxic action
primarily to their interactions with DNA, leading to disruption of DNA
function. In addition to intercalation, their abilities to inhibit
topoisomerases (I and Il) and produce free radicals also play a major role
In their cytotoxic effect. They are cell cycle—nonspecific, with bleomycin
as an exception.
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Doxorubicin interacts with molecular
oxygen, producing superoxide ions

and hydrogen peroxide, which cause

single-strand breaks in DNA.
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DNA

— A. Cytostatics: alkylating agents and cytostatic antibiotics (1),
inhibitors of tetrahydrofolate synthesis (2), antimetabolites (3)
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B. Bleomycin iss a mixture of different copper-chelating glycopeptides that, like the anthracycline antibiotics, cause scission
of DNA by an oxidative process. Bleomycin is cell cycle—specific and causes cells to accumulate in the G2 phase. It is
primarily used in the treatment of testicular cancers and Hodgkin lymphoma. Mechanism of action: A DNA-bleomycin-
Fe2+ complex appears to undergo oxidation to bleomycin—Fe3+. The liberated electrons react with oxygen to form
superoxide or hydroxyl radicals, which, in turn, attack the phosphodiester bonds of DNA, resulting in strand breakage and

chromosomal aberrations (Figure 35.16). ., 1 A_J\A 43)/%1» C'_a\.z.\.u:a e E—UA : Bleomycin o
Lall aludil/3d cuand ¢ 33lall b€ i1 Jie ¢
aS) S e g AdAll B ) al e g | B e Aleny
l QULLJMZ\;J&AM.YG_JJH\Q;QM\
DNA-bleomycin-Fe** OS2 e Legddd g Aauadll

l DNA-bleomycin—Fe2+ 8 5all aiads ; Jadl) 407 o
Sonarmihi J=lii ) . pleomycin—Fe3+ 3auS3U
TEEEN j\ J—‘-“‘S\ d)ﬂ UJSJ u—mﬁy‘ e 3 el b 5 yiSTY)
ol sy aaled (Al ¢ JanS g 0 ) saa
BUall LSl ) 456 ¢« LAl phosphodiester

SEOVLE0 1/ (7. vo Jsa)
/

izl o A g ) dvand) 1 8 dliall il ¥

DNA-bleomycin-Fe2+

Strand breaks

~ L ) e sl 45 Ul Cuee Cali ) 48 yia ¢ ladY)
Figure 35.16 Alaall alall aVas s | “pleomyecin lung.

Bleomycin causes breaks in DNA by . v ean . . . - .
an oxidative process. . WJ#‘ e U gs.d\ sl e J‘JSJ




C. Dactinomycin (actimomycin D) . Dactinomycin (clear, gold-colored liquid) is a chromopeptide
antibiotic first discovered for cancer. Most of the chromopeptides contain planar phenoxazone
actinosin which is responsible for the color. Dactinomycin is used for the treatment of solid tumors
in children and choriocarcinomas in adults. Dactinomycin is used alone or in combination with
other agents in chemotherapy regimens. It is mostly used for the treatment of rhabdomyosarcoma
and Wilm’s tumor in children.

1.  Mechanism of action: Dactinomycin binds to double-helical DNA and makes a complex. This
complexation blocks the transcription of DNA by RNA polymerase. Dactinomycin, a potent
anticancer agent, exhibits cytotoxicity by inhibiting all rapidly proliferating cancer cells
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ACTIVETHROUGH HORMONAL
PATHWAY

Estrogen and receptor modulators

Ethinyl estradiol

Diethylstilbestrol diphosphate
(fosfestrol)

Selective estrogen receptor
modulators (SERMS)
Tanixifen

Toremifene

Estrogen receptor down-regulators
Fluvestrant

Aramatase inhibitors
Letrozole

Anastrozole
Exemestane

Antiandrogen
Flutamide
Bicalutamide
Nilutamide

GnRH analogs
Leuprolide
Nafarelin
Goserelin

V. STEROID HORMONES AND THEIR ANTAGONISTS

Tumors that are sensitive to steroid hormones may be either 1)

hormone responsive, in which the tumor regresses following
treatment with a specific hormone; or 2) hormone dependent, in
which removal of a hormonal stimulus causes tumor regression;
or 3) both. Removal of hormonal stimuli from hormone-
dependent tumors can be accomplished by surgery (for
example, in the case of orchiectomy—surgical removal of one
or both testes—for patients with advanced prostate cancer) or
by drugs (for example, in breast cancer, treatment with the
antiestrogen tamoxifen prevents estrogen stimulation of breast
cancer cells; Figure 35.24). For a steroid hormone to influence a
cell, that cell must have intracellular (cytosolic) receptors that
are specific for that hormone (Figure 35.25A).
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A. Tamoxifen (estrogen receptors modulators). Tamoxifen is a selective
estrogen modulator (SERM). It is an estrogen antagonist in breast tissue

and an agonist in other tissues, such as bone and the endometrium.
Tamoxifen is used for first-line therapy in the treatment of estrogen
receptor—positive breast cancer. It is also used for prevention of breast
cancer in high-risk women. 1. Mechanism of action: Tamoxifen
competes with estrogen for binding to estrogen receptors in the breast
tissue and inhibits estrogen-induced growth of breast cancer (Figure
35.25B). The result is a depletion (down-regulation) of estrogen
receptors, and the growth-promoting effects of the natural hormone

and other growth factors are suppressed.
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B. Fulvestrant (IM) and raloxifen . Fulvestrant is an estrogen receptor antagonist , for patients with
hormone receptor— positive metastatic breast cancer. This agent binds to and causes estrogen
receptor down-regulation on tumors and other targets. Raloxifene is an oral SERM that blocks
estrogen effects in the uterine and breast tissues, while promoting effects in the bone to inhibit
resorption. This agent reduces the risk of estrogen receptor—positive invasive breast cancer in
postmenopausal women. Both drugs are known to cause hot flashes, arthralgias, and myalgias.

C. Estrogens. A high dose of estrogen is known to reduce testosterone levels through the negative
feedback mechanism in the hypothalamo-hypophyseal axis. The side effects associated with

estrogens are stroke, myocardial infarction, pulmonary embolism, impotence, and loss of libido in
man while treating for prostate cancer., Considering the side effects associated with estrogens and

availability of other safer alternatives, estrogen therapy is not used. Diethylstilbestrol, a synthetic
estrogen, and its phosphate derivative, fosfestrol, are used for treating prostrate carcinoma .
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D. Aromatase inhibitors. The aromatase i < e ey TR E K,
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E. Leuprolide, goserelin, and triptorelin (GnRH analogs) . GnRH is normally secreted
by the hypothalamus and stimulates the anterior pituitary to secrete the gonadotropic
hormones: 1) luteinizing hormone (LH), the primary stimulus for the secretion of
testosterone by the testes, and 2) follicle-stimulating hormone (FSH), which
stimulates the secretion of estrogen. Leuprolide, goserelin ,and triptorelin, are
synthetic analogs of GnRH. As GnRH analogs, they occupy the GnRH receptor in
the pituitary, which leads to its desensitization and, consequently, inhibition of
release of FSH and LH. Thus, both androgen and estrogen synthesis are reduced
(Figure 35.26). Response to leuprolide in prostatic cancer is equivalent to that of
orchiectomy with regression of tumor and relief of bone pain. These drugs have
some benefit in premenopausal women with advanced breast cancer and have
largely replaced estrogens in therapy for prostate cancer.
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Figure 35.26

Effects of some anticancer drugs on
the endocrine system. A. In therapy
for prostatic cancer. B. In therapy of
postmenopausal breast cancer. FSH =
follicle-stimulating hormone; GnRH =
gonadotropin-releasing hormone;

LH = luteinizing hormone; LHRH = lute-

inizing hormone—releasing hormone.

Leuprolide Is available as

1) a subcutaneous daily
Injection,

2) a subcutaneous depot _aa
Injection, or

~3) an intramuscular depot
Injection to treat metastatic
carcinoma of the prostate.

Goserelin acetate Is a
subcutaneous implant, and
triptorelin pamoate is injected
Intramuscularly. Levels of
androgen In prostate cancer
patients may initially rise, but
then fall to castration levels.

The adverse effects of these
drugs, including impotence, hot
flashes, and tumor flare, are
minimal compared to those
experienced with estrogen
treatment.




F. Antiandrogens. Flutamide [FLOO-ta-mide], nilutamide [nye-LOO-
ta-mide], bicalutamide [bye-ka-LOO-ta-mide], and enzalutamide
[enz-a-LOO-ta-mide] are oral antiandrogens used in the treatment of
prostate cancer. They compete with the natural hormone for binding to
the androgen receptor and prevent its action in the prostate (Figure
35.24). Adverse effects include gynecomastia, constipation, nausea,
and abdominal pain. Rarely, liver failure has occurred with flutamide.

Nilutamide can cause visual problems. f
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Figure 35.33

Chemo Man—a summary of toxicity of chemotherapeutic agents.




Chromosome duplication
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damaged or
DNA damage— -® .
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(Go/M checkpoint)
Restriction point— =
-0 Mitosis
Centrosome duplication
Growth in mass

division

Fig. 1.17 Cell-cycle landmarks. The figure shows the cell-cycle phases (Gy, Gj, Gy, S, and M), the location of the G, restriction point, and the G,/S and Gy/M
cell-cycle checkpoints. G restriction point refers to the phase in G| at which the cell gets committed to the cell cycle without further need of the growth
factor that initiated cell division. Cells from labile tissues such as the epidermis and the gastrointestinal tract may cycle continuously; stable cells such as
hepatocytes are quiescent but can enter the cell cycle; permanent cells such as neurons and cardiac myocytes have lost the capacity to proliferate. (Modified
from Pollard TD, Earnshaw WC: Cell biology, Philadelphia, 2002, Saunders.)



S Phase-specific
cytosine arabinoside
hydroxyurea

S Phase-specific,
self-limiting
6-mercaptopurine
methotrexate

| M Phase-specific
vincristine
vinblastine
paclitaxel

I

Phase-nonspecific
alkylating drugs, nitrosoureas, antitumor antibodies, procarbazine,
cisplatin, dacarbazine

FIGURE 51-2 The cell cycle and the relationship of antitumor drug action to the cycle. G, is the gap period
between mitosis and the beginning of DNA synthesis. Resting cells (cells that are not preparing for cell division) are
said to be in a subphase of G,. G;. § is the period of DNA synthesis, G, the premitotic interval, and M the period of

mitosis. Examples of cell cycle—dependent anticancer drugs are listed in blue below the phase in which they act. Drugs
that are cytotoxic for cells at any point in the cycle are called phase—nonspecific drugs.
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Angiogenesis inhibitors

Mechanism of Action’

: Bevacitumab ,
Sunitinib .

Protease inhibitors :
Bortezomib
EGF-receptor
Inhibitors : Cefitinib ,
cefuximab

Anarmed mono clonal
antibodies :

Rituximab ,
trastuzomab .

Bortezomib

Carfilzomib

Erfotinib

Imatinib

Bosutinib

Cetuximab

Panitumumab

Bevacizumab

Ziv-aflibercept

Sorafenib

Sunitinib,
pazopanib

Inhibitor of the 26S proteocsome;
results in down-regulation of the
NF-xB signaling pathway

Inhibitor of the 26S proteosome;
results in down-regulation of the
NF-xB signaling pathway: maintains
activity in bortezomib-resistant
TuMmors

Inhibits EGFR tyrosine kinase leading
to inhibition of EGFR signaling

Inhibits Bcr-Abl tyrosine kinase and
other receptor tyrosine kinases,
including PDGFR, and c-kit

Inhibits Bor-Abl tyrosine kinase and
retains activity in imatinib-resistant
Bor-Abl mutations except for the
T3151 and V2991 mutations. Inhibits
Src family tyrosine kinases.

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response 1o chemotherapy and
radiotherapy

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Inhibits binding of VEGF-A 1o VEGFR
leading to inhibition of VEGF signal-
ing: inhibits tumor vascular perme-
ability: enhances tumor blood flow
and drug delivery

Inhibits binding of VEGF-A,L VEGF-B,
and PIGF to VEGFR leading to inhibi-
tion of VEGF signaling; inhibits tumor
vascular permeability; enhances
tumor blood flow and drug delivery

Inhibits multiple RTKs, including
raf kinase, VEGF-R2, VEGF-R3, and
PDGFR-B leading to inhibition

of angiogenesis, invasion, and
metastasis

Inhibits multiple RTKs, includ-

ing VEGF-R1, VEGF-R2, VEGF-R3,
PDGFR-a and PDGFR- leading to
inhibition of angicgenesis, invasion,
and metastasis




Notice that two of the listed antibodies for CD20 (a B-cell antigen) have a
radioactive label. The antibody brings the radiation to the tumor cells to increase
specificity of the radiation. Ibritumomab tiuxtan is a combination molecule. The
antibody is the ibritumomab piece that is bonded to the chelator tiuxetan. The
chelator provides the binding site for the radioactive ligand .
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alemtuzumab—CD?®Y;
bevacizumab—vascular endothelial growth factor (VEGF) ;

cetuximab—epidermal growth factor receptor (EGFR);

gemtuzumab ozogamicin—CD33;

ibritumomab tiuxetan labled with yttrium 90—CD20 ;
tositumomab labeled with 1-131—CD20;

trastuzumab—HER?2 ((human epidermal growth factor receptor 2)
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DRUG

Erfotinib

1brutinib

Idelalisib

Imatinib

Nilotinib

Sorafenib

Sunitinit

Trametinib

Vemurafenib

MECHANISM OF ACTION

Inhibits EGFR tyrosine
kinase

Inhibits mutated BRAF
kinases

Inhibits BCR-ABL tyrosine
kinase

Inhibits EGFR tyrosine
kinase

Inhibits Bruton's tyrosine
kinase

Inhibits
phosphatidylinositol
3-kinase

Inhibits BCR-ABL tyrosine
kinase

Inhibits BCR-ABL kinase

Inhibits EGFR tyrosine
kinase

Multi-tyrosine kinase
inhibitor

Inhibits multiple
intracellular and
cell surface kinases

Multi-tyrosine kinase
inhibitor

Rewversible inhibitor of
mitogen-activated
extracellular kinases

Inhibits mutated BRAF
serine-threonine kinase

ADVERSE EFFECTS

Diarrhea, rash, stomatitis,
paronychia, nausea,
vomiting, pruritus

Pyrexia, rash, arthralgia.
couwgh, embryo-fetal
toxicity

Myel PP ion, fluid
retention. diarrhea

Rash, ILD, hepatoxicity

Diarrhea, fatigue, nausea,
cough, pyrexia, abdominal
pain, pneumonia, rash,
neutropenia, infection

Myelosuppression, fluid
retention. CHF

Myelosuppression,
QT prolongation,
hepatotoxicity

Diarrhea, rash, dry skin,
nail toxicity, fatigue

Diarrhea, hypertension,
hair color changes, nausea,
anorexia, vomiting

Hypertension, hand-foot
syndrome, rash, diarrhea,
fatigue

Hypertension, hand-foot
syndrome, rash, diarrhea,
fatigue, hepatotoxicity,
hypothyroidism

Pyrexia, rash, dia

202 = hed.
Q. flymp

Arthralgia, rash, alopecia,
fatigue, photosensitivity.,
pruritus, skin papilloma

NOTABLE DRUG
INTERACTIONS

P-gp inhibitors and
inducers

CYP3A4 inhibitors and
substrates; CYP2Cs8
inhibitors and substrates;
substrates of CYP2C9,
CYP2C19, or CYP2B6

CYP3A4S substrates, acid-
reducing agents

CYP3AS substrates, acid-
reducing agents, warfarin

CYP3A inhibitors and
inducers

CYP3A inducers and
substrates

CYP3AS substrates, warfarin

CYP3AA4 substrates, acid-
reducing agents

Strong CYP3A inducers

CYP3A4S inhibitors,
ind s, and sub
CYP2D6 or CYP2CS

el

ates;

drugs that reduce
gastric pH

CYP3AS inducers, warfaorin

CYP3A4 substrates

CYP2CS substrates, P-gp

CYP3A4 inhibitors and
inducers, CYP1A2
substrates

MONITORING
PARAMETERS

<BC,.CmpP

Glucose, symptoms of
heart failure or bleeding.
CBC, BMP. INR (if warfarin)

CBC, BCR-ABL, electrolytes

<mpP

CBC, CMP. atrial ibrillation,
BP, tumor lysis syndrome

CBC, LFTs, pulmonary
symptoms, infection

CBC. BCR-ABL

CBC, BCR-ABL, electrolytes

CBC, ECG, electrolytes

ECG, electrolytes, thyroid
function tests, LFTs, UA,
<BC,. 8P

BP, CMP

BP. CMP. TSH

Fever, new cutaneous
malignancies, serum
glucose, LVEF, CBC, CTMWMP

ECG, electrolytes, CMP,
uwveitis

NOTES

Administer on an empty
stomach

Reduce dose for significant
diarrhea

Use effective contraception
for fernale patients

Use effective contraception
for fernale patients
Administer on empty
stomach

May cause new primary
malignancies

QT prolongation

Rash equated with
increased response

Avoid grapefruit juice and
Seville oranges

Can cause hepatitis B
reactivation

Use effective contraceptive

Use effective contraception
for female patients

A e 1. -

forde P
of heart failure

QT prolongation

Administer on empty
stomach

Use effective contraceptive
for female patients

Use effective contraceptive
for female patients

Wound healing
complications, cardiac
events

Monitor for development
of heart failure

Used in combination with
dabrafenib

Adrninid

stomach

on Pty

May cause new primary
cutaneocus malignancies

Use effective contraception
in female patients

BMP = basic matabolic panci; BP = blood pressurc: CBC = complate blood count: CHF = congestive heoart faillure; CMP = complicte metabolic pancl; ECG = cloctrocar-
diogram; EGFR = cpidermal growth factor receptor; ILD = interstitial lung discasc: INR = international normalized ratio; LFT = Rver function test: LVEF = left ventricular
cjection fraction: P-gp = P-glycoprotein: TSH = thyroid-stimulating hormone; UA = urinalysis.

Figure 35.32
Summary of tyrosine kinase inhibitors.




m MECHANISM OF ACTION ADVERSE EFFECTS MONITORING PARAMETERS “

Cetuximab

Ramucirumakb

Rituximab

Trastuzumab

Binds VEGF and prevents binding
of VEGF to Its receptors on
endothellal calls

Inhiblts vascularization of the
tumor

Binds to EGFR and competitively
inhibits the binding of epldermal
growth factor and other ligands

Inhibits tumor call growth and
increases apoptosls

Binds to the transmembrane
protein CD3& on multiple
myeloma cells and causes
cell lysls

Binds VEGF receptor 2 and blocks
binding of VEGF receptor ligands

Targets the CD20 antigen
expressed on the surface of
pre-B lymphocytes and mature
B lymphocytes

Inhibits the proliferation of human
tumor cells that overexpress HER2

Hypertension, Gl perforation,
protelnuria, wound haallng
problems, bleading

Skin rash, electrolyte wasting,
Infuslon reaction, diarrhea

Infuslon reactions, diarrhea,
fatigue, pyrexia

Protelnuria, hypertenslion, wound
healing problems, bleeding

Fatal Infusion reaction, TLS,
mucocutaneous reactions, PML

Cardlomyopathy, Infuslon-related
fever and chills, pulmonary

toxiclty, headache, nausea/
vomiting

BP, urine proteln, slgns and
symptoms of bleading

Electrolytes, vital signs during
Infusion

CBC with differential, vital signs
during Infusion

BP, urine proteln, slgns and
symptoms of bleeding

Vital signs during Infusion,
TLS labs

LVEF, CBC, pulmonary toxicity
due to Infuslon reaction

Hold for recent or upcoming
surglcal proceduras

Premedication with antihistamine
required bafore Infusion; rash
equated with Increased responsa

Can bind CD38 on red blood cells

Type and screen patlients before
starting tharapy

Premeadication with
antihistamines, antipyretics, and
cortlcosterolds required

Hold for recent or upcoming
surglcal procedures
Fatal reactivation of hepatitls B

Premedication required before
Infusion

Incraased risk of nephrotoxdcity
when glven with cisplatin
Embryo-fetal toxicity

Meutropenia In comblination with
chemotherapy

Premedication with antihistamina
and acetaminophen requirad

BP = blood pressure; CBC = complete blood count; EGFR = epidermal growth factor receptor; HER2 =human epidermal growth factor receptor protein 2; Gl

tinal; LVEF =

Figure 35.31

= gastrointes-

left ventricular ejection fraction; PML = progressive multifocal leukoencephalopathy; TLS = tumor lysis syndrome; VEGF = vascular endothelial growth factor.

Summary of monoclonal antibodies. (For drug dosages, refer to Appendix at the end of the book.)
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Antimetabolites:

Meach koreshzmims

Chilorarmibuacil

o plheosph amiads-

Be=ndamustine
Melphalan
Thiotepa
Busulfam

Carmasssin=

A Rretamines

Temozodomids

Procarbazine

Foomms D8 cross-
lamilk=_ resasitirag im
il i iy o LA
symth==i=s and
funciisom

Samie as akb-owe

Samie as akb-oes

Same as aboes
Same as akb-owes
Same as akb-oes
Same as akb-oes
Same as abows
Same as aboes
Same as ab-oes

Merhyilares DTS
amd imbibits DA
symthe=sis and
Fuanciisoam
Methyilanes DS
amd imbhabics DA
symthe==i=s and
fFunciisom

Methylates DS
amd imhiabits DA
symthe==i=s arnd
fFunciisom

Ciruag

Mechanism of Action

Capecitabine

Cytarabine

=emcitabine

Fludarabine

Cladribine

s-Mercaptopurine
{&=-MP)

S-Thicguanine

Inhibits TS; incorporation of FUTE inbo BRA
resulting im alferation in ENA processing;
imcorporatiom of FAUTE imto DA resulting
im inhibtion of DA synthesis and fumction
Inhibits TS; incorporation of FUTP o BHA
resulting im alf=ration in RMA processing;
incorporatiom of FAUTE into DA resulting
im inhibtion of DA synthesis and fumction
Inhibits DHFE; inhibits T5; inhibits de mowo
purine muclestide synthesis

Inhikits TS, OHFR, and pawrine medeotide
symitheesis

Inhibits CMA chain elongation, DA
symitheesis and repair; inhibits ribonudeotids
reductase with reduced formation of dNTPs;
incorporation of cytarabine tmiphosphats
imto CHA

Imhibits OMA synithesis and repair; mhibits
ribonuclectide redwctase withn redwced
formation of diNTPs; incorporatiom of
gamicitabine triphosphate into DMA
resulting im inhibitiom of DA synithesis

and functicm

Inhibits CMA synithesis and respair; imhibits
ribonucleotide redwctase; incorporation

of fludarabine triphosphate into CRA;
induction of apopiosis

Imhibits DA synithesis and repair; mhbibits
ribonucleoctide redwctase; incorporation of
cladribine triphosphate into DA mdwuctiocn
of apoptosis

Imhibits de nowo purine nucleotide syrithe-
sis; inoorporation of miphosphate into RRNA;
inconporation of triphosphate imbo DA

Same as 6&-MP

ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; DHFR, dihydrofolate reductase;
dNTP, deoxyribonucleotide triphosphate; FAUTP, 5-fluorodecxyuridine-5"-triphosphate; FUTF, 5-fluorouridine-5™triphosphate; TS, thymidylate synthase.



TABLE 54-3 Antimetabolites: Clinical activity and toxicities.

Drug

Mechanism of Action

Clinical Applications

Toxicity

Capecitabine

S-Fluorouracil

Methotrexate

Pemetrexed

Cytarabine

Gemcitabine

Fludarabine

Cladribine

6-Mercaptopurine
(6-MP)

6-Thioguanine

Inhibits TS; incorporation of FUTP into RNA
resulting in alteration in RNA processing;

incorporation of FAUTP into DNA resulting
in inhibition of DNA synthesis and function

Inhibits TS; incorporation of FUTP into RNA
resulting in alteration in RNA processing;
incorporation of FAUTP into DNA resulting
in inhibition of DNA synthesis and function

Inhibits DHFR; inhibits TS; inhibits de novo
purine nucleotide synthesis

Inhibits TS, DHFR, and purine nucleotide
synthesis

Inhibits DNA chain elongation, DNA
synthesis and repair; inhibits ribonucleotide
reductase with reduced formation of dNTPs;
incorporation of cytarabine triphosphate
into DNA

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase with reduced
formation of dNTPs; incorporation of
gemcitabine triphosphate into DNA
resulting in inhibition of DNA synthesis
and function

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase; incorporation
of fludarabine triphosphate into DNA;
induction of apoptosis

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase; incorporation of
cladribine triphosphate into DNA; induction
of apoptosis

Inhibits de novo purine nucleotide synthe-
sis; incorporation of triphosphate into RNA;
incorporation of triphosphate into DNA

Same as 6-MP

Breast cancer, colorectal can-
cer, gastroesophageal cancer,
hepatocellular cancer, pancreatic
cancer

Colorectal cancer, anal cancer, breast
cancer, gastroesophageal cancer,
head and neck cancer, hepatocellular
cancer

Breast cancer, head and neck cancer,
osteogenic sarcoma, primary central
nervous system lymphoma, non-
Hodgkin's lymphoma, bladder cancer,
choriocarcinoma

Mesothelioma, non-small cell lung
cancer

AML, ALL, CML in blast crisis

Pancreatic cancer, bladder cancer,
breast cancer, non-small cell lung
cancer, ovarian cancer, non-Hodgkin's
lymphoma, soft tissue sarcoma

Non-Hodgkin's lymphoma, CLL

Hairy cell leukemia, CLL,
non-Hodgkin’s lymphoma

AML

ALL, AML

Diarrhea, hand-foot syndrome,
myelosuppression, nausea and
vomiting

Nausea, mucositis, diarrhea, bone
marrow depression, neurotoxicity

Mucositis, diarrhea, myelosup-
pression with neutropenia and
thrombocytopenia

Myelosuppression, skin rash,
mucositis, diarrhea, fatigue,
hand-foot syndrome

Nausea and vomiting,
myelosuppression with neutro-
penia and thrombocytopenia,
cerebellar ataxia

Nausea, vomiting, diarrhea,
myelosuppression

Myelosuppression, immunosup-
pression, nausea and vomiting,
fever, myalgias, arthralgias

Myeilosuppression, nau-
sea and vomiting, and
immunosuppression

Myelosuppression, immunosup-
pression, and hepatotoxicity

Same as 6-MP

ALL, acute lymphobilastic leukemia: AML, acute myelogenous leukemia; CLL chronie lymphocytic leukemia; CML, chronic myclogenous levukemia; DHFR, dihydrofolate reductase;

ANTP, deoxyribonucleotide triphosphate; FAUTE, 5-fluoredeoxyuridine-5"-triphosphate; FUTPE, 5-flucrouridine-5"-triphosphate: TS, thymidylate synthase.



TABLE 54—4 Natural product cancer chemotherapy drugs: Clinical activity and toxicities.

Drug Mechanism of Action Clinical Applications Acute Toxicity Delayed Toxicity
Bleomycin Oxygen free radicals bind Hodgkin’s and non-Hodgkin's Allergic reactions, Skin toxicity, pulmo-
to DNA causing single- and lymphoma, germ cell cancer, head fever, hypotension nary fibrosis, mucositis,
double-strand DNA breaks and neck cancer alopecia
Daunorubicin Oxygen free radicals bind AML, ALL Nausea and vomit- Cardiotoxicity (see
to DNA causing single- and ing, fever, red urine text), alopecia,
double-strand DNA breaks; {not hematuria) myelosuppression
inhibits topoisomerase I;
intercalates into DNA
Docetaxel Inhibits mitosis Breast cancer, non-small cell lung Hypersensitivity Neurotoxicity, fluid reten-
cancer, prostate cancer, gastric cancer, tion, myelosuppression
head and neck cancer, ovarian cancer, with neutropenia
bladder cancer
Doxorubicin Oxygen free radicals bind to Breast cancer, Hodgkin’s and non-Hodg- Nausea, red urine Cardiotoxicity (see text),
DNA causing single- and double- kin's lymphoma, soft tissue sarcoma, (not hematuria) alopecia, myelosuppres-
strand DNA breaks; inhibits ovarian cancer, non-small cell and small sion, stomatitis
topoisomerase Ii; intercalates cell lung cancey, thyroid cancer, Wilms'
into DNA tumor, neuroblastoma
Etoposide Inhibits topoisomerase Il Non-small cell and small cell lung can- Nausea, vomiting, Alopecia,
cer; non-Hodgkin's lymphoma, gastric hypotension myelosuppression
cancer
Idarubicin Oxygen free radicals bind to AML, ALL, CML in blast crisis Nausea and Myelosuppression, muco-
DNA causing single- and double- vomiting sitis, cardiotoxicity
strand DNA breaks; inhibits
topoisomerase li; intercalates
into DNA
Irinotecan Inhibits topoisomerase | Colorectal cancer, gastroesophageal Diarrhea, nausea, Diarrhea, myelosuppres-
cancer, non-small cell and small cell vomiting sion, nausea and vomiting
lung cancer
Mitomycin Acts as an alkylating agent and Superficial bladder cancer, gastric can- Nausea and Myelosuppression,
forms cross-links with DNA; for- cer, breast cancer, non-small cell lung vomiting mucositis, ancrexia and
mation of oxygen free radicals, cancer, head and neck cancer (in combi- fatigue, hemolytic-uremic
which target DNA nation with radiotherapy) syndrome
Paclitaxel Inhibits mitosis Breast cancer, non-small cell and small Nausea, vomit- Myelosuppression, periph-
cell lung cancer, ovarian cancer, gas- ing, hypotension, eral sensory neuropathy
troesophageal cancer, prostate cancer, arrhythmias,
bladder cancer, head and neck cancer hypersensitivity
Topotecan Inhibits topoisomerase | Small cell lung cancer, ovarian cancer Nausea and Myelosuppression
vomiting
Vinblastine Inhibits mitosis Hodgkin's and non-Hodgkin's lym- Nausea and Myelosuppression, muco-
phoma, germ cell cancer, breast cancer, vomiting sitis, alopecia, syndrome
Kaposi's sarcoma of inappropriate secretion
of antidiuretic hormone
{SIADH), vascular events
Vincristine Inhibits mitosis ALL, Hodgkin’s and non-Hodgkin's None Neurotoxicity with periph-
lymphoma, rhabdomyosarcoma, eral neuropathy, paralytic
neuroblastoma, Wilms' tumor ileus, myelosuppression,
alopecia, SIADH
Vinorelbine Inhibits mitosis Non-small cell lung cancer, breast Nausea and Myelosuppression,

cancer, ovarian cancer

vomiting

constipation, SIADH

ALL, acute lymphobilastic leukemia; AML, acute myclogenous leukemia: CML, chronic myelogenous leukemia



Alkylating Agent :

(Nittrogen Mustards : Mechlorethamine, Cyclophosphamide,
Chlorambucil, Melphalan, Bendamustine, Altretamine

Alkyl sulfonates : Busulfan

Nitrasoureas : Carmustine, Lomustine....

Each one Forms DNA crosslinks, resulting in inhibition of DNA
synthesis and function)

(Triazine : Dacarbazine , Temozolomide
Methylhydrazine : Procarbazine
Each one Methylates DNA and inhibits DNA synthesis and function)

Cisplatin Forms intrastrand and interstrand DNA cross-links; binding to
nuclear and cytoplasmic proteins



TABLE 54—-5 Miscellaneous anti-cancer drugs: Clinical activity and toxicities.

Drug

Mechanism of Action’

Clinical Applications’

Acute Toxicity

Delayed Toxicity

Bortezomib

Carfilzomib

Erlotinib

Imatinib

Bosutinib

Cetwamab

Panitumumab

Bevacizumab

Ziv-aflibercept

Sorafenib

Sunitinib,
pazopanib

Inhibitor of the 26S protecsome;
results in down-regulation of the
NF-xB signaling pathway

Inhibitor of the 26S proteosome;
results in down-regulation of the
NF-xB signaling pathway; maintains
activity in bortezomib-resistant
TuMmors

Inhibits EGFR tyrosine kinase leading
to inhibition of EGFR signaling

Inhibits Bcr-Abl tyrosine kinase and
other receptor tyrosine kinases,
including PDGFR, and c-kit

Inhibits Bcr-Abl tyrosine kinase and
retains activity in imatinib-resistant
Bor-Abl mutations except for the
T3151 and V2991 mutations. inhibits
Src family tyrosine kinases.

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Inhibits binding of VEGF-A 1o VEGFR
leading to inhibition of VEGF signal-
ing; inhibits tumor vascular perme-
ability; enhances tumor blood flow
and drug delivery

Inhibits binding of VEGF-A, VEGF-B,
and PIGF to VEGFR leading to inhibi-
tion of VEGF signaling; inhibits tumor
vascular permeability; enhances
tumor blood flow and drug delivery

Inhibits multiple RTKs, including
raf kinase, VEGF-R2, VEGF-R3, and
PDGFR-B leading to inhibition

of angiogenesis, invasion, and
metastasis

Inhibits multiple RTKs, includ-

ing VEGF-R1, VEGF-R2, VEGF-R3,
PDGFR-ax and PDGFR-B leading to
inhibition of angiocgenesis, invasion,
and metastasis

Multiple myeloma,
mantie cell iymphoma

Multiple myeloma

Non-small cell lung can-
cer, pancreatic cancer

CML, gastrointestinal
stromal tumor (GIST),
Philadelphia chromo-
some-positive ALL
CML

Colorectal cancer, head
and neck cancer (used in
combination with radio-
therapy), non-small cell
lung cancer

Colorectal cancer

Colorectal cancer, breast
cancer, non-small ceill
lung cancery, renal cell
cancer, glioblastoma
multiformae

Colorectal cancer

Renal cell cancer, hepa-
tocellular cancer

Renal cell cancer, GIST

Nausea and
vomiting, fever

Diarrhea

Nausea and
vomiting

Nausea and
vomiting

Infusion
reaction

Infusion
reaction
(rarely)

Hyperten-
sion, infusion
reaction

Hypertension

Nausea,
hypertension

Hypertension

Peripheral sensory neuropathy, diarrhea,
orthostatic hypotension, fever, pulmonary
toxicity, reversible posterior leukoenceph-
alopathy (RPLS), congestive heart failure
{CHF), rare cases of QT prolongation

Fatigue, cardiac toxicity with CHF and
myocardial infarction, myelosuppression,
pulmonary toxicity, hepatotoxicity, ortho-
static hypotension

Skin rash, diarrhea, anorexia, interstitial
lung disease

Fluid retention with ankle and periorbital
edema, diarrhea, myalgias, congestive
heart failure

Diarrhea, fluid retention, myelosuppres-
sion, skin rash hepatotoxicity

Skin rash, hypomagnesemia, fatigue,
interstitial lung disease

Skin rash, hypomagnesemia, fatigue,
interstitial lung disease

Arterial thromboembolic events, gastro-
intestinal perforations. wound healing
complications, bleeding complications,
proteinuria

Arterial thromboembolic events, gastro-
intestinal perforations, wound healing
complications, bleeding complications,
diarrhea, mucositis, proteinuria

Skin rash, fatigue and asthenia, bleeding
complications, hypophosphatemia

Skin rash, fatigue and asthenia, bleeding
complications, cardiac toxicity leading to
congestive heart failure in rare cases

'Sece text for acronyms.
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HISTORY Alkylating Anticancer Drugs

The discovery and initial development of alkylating anticancer
drugs are based on observations of the effects of chemical
warfare in World War | (Chabner and Roberts, 2005). The
pervasively toxic sulfur mustard gas that caused topical burns to
skin, eyes, lungs, and mucosa also caused aplasia of the bone
marrow and lymphoid tissue and ulceration of the Gl tract
(Krumbhaar, 1919). In 1942, Louis Goodman and Alfred
Gilman, the originators of this text, demonstrated the activity of
nitrogen mustards against mouse lymphoma. Their clinical
studies of intravenous nitrogen mustards in patients with
lymphoma launched the modern era of cancer chemotherapy
(Gilman and Philips, 1946).




R. Lymphoma

Hodgkin lymphoma encompasses a distinctive group of
neoplasms that are characterized by the presence of a

tumor giant (e cell, the RS cell. Unlike most NHLs, Hodgkin
lymphomas arise in a single lymph node or chain of

lymph nodes and typically spread in a stepwise fashion

to anatomically contiguous _sis= nodes. Although the Hodgkin
lymphomas are now understood to be unusual tumors of B

cell origin, they are distinguished from the NHLSs by their
unusual pathologic and clinical features.
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Bleomycin :the cytotoxicity of bleomycin is due to oxidative damage to Doxorubicin

DNA. Bleomycin causes DNA fragmentation with predominantly single strand Epirubicin

breakage, but also some double-strand breakage. Bleomycin causes scission 1 4arubicin

of DNA by interacting with oxygen and ferrous ion . G2 and mitotic phases  pgieavantrone

Daunorubicin : Daunorubicin, an anthracycline antibiotic inhibits DNA Actinomycin D

topoisomerase Il. Anthracyclines also intercalate into DNA and generate Mitomycin C

free radicals. Bleomycin
.

Doxorubicin : is an anthracycline antitumor antibiotic that enhances

formation of free oxygen radicals that alter cell membranes and induce

Topoisomerase 11 (deoxyribonucleic acid) DNA damage.

Ebirubicin

Idarubicin : Idarubicin binds to DNA by intercalation and inhibits synthesis of
nucleic acids, particularly DNA, and inhibits the activity of topoisomerase
[1, resulting in strand breaks. In addition, the quinone group of

anthracyclines is reduced by cytochrome P450 reductase to generate
semiquinone free radicals and oxygen radicals that attack DNA

Mitoxantrone : It interferes with DNA synthesis by intercalation with DNA or
byinhibiting topoisomerase I1.

Actinomycin : Dactinomycin inhibits DNA-dependent RNA polymerase
(choriocarcinoma)

Mitomycin



Vincristin : A vinca alkaloid, vincristine, acts by inhibiting mitosis . depolymerizes
microtubules and causes mitotic arrest . A cytotoxic effect by binding to tubulin and
preventing its polymerization. This action interferes with the formation of the
mitotic spindle and mitosis.

Vinblastin : natural product that binds to microtubular proteins, inhibiting microtubule
assembly.

Paclitaxel ; docetaxel: It causes mitotic arrest in cells by stabilizing polymerized tubulin
and the mitotic spindle.



Topotecan : Topotecan cytotoxicity is due to inhibition of topoisomerase |, an enzyme that
relieves torsional (2 5!l strain =) during DNA replication. Topotecan, like other
camptothecin derivatives, inhibits topoisomerase | activity. The cleavable complex
normally formed between DNA and topoisomerase | is stabilized by topotecan causing
breaks in single-stranded DNA that cannot be religated. Because DNA synthesis is
necessary for cytotoxicity, the action of topotecan may be S-phase-specific . Ais a
topoisomerase |l inhibitor . An inhibitor of topoisomerase | which is involved in DNA
replication. inhibitor of topoisomerase I.

Irinotecan : By inhibiting topoisomerase |, irinotecan relieves torsional strain in DNA,
thereby causing reversible, single-strand breaks. Irinotecan interferes with processes
linked to DNA unwinding ¢& yiul/ ¢l )/ &l

Etoposide : causes DNA strand breaks in cells by binding to topoisomerase Il and preventing
re-joining of DNA strands. It binds to tubulin and causes mitotic arrest. Etoposide
prevents cells from entering mitosis or destroys them in the premitotic phase. Cells in
the S G2 phases of the cell cycle are more sensitive to etoposide. Etoposide induces
double-strand breaks in DNA by forming a ternary complex with topoisomerase Il and
DN A. Resistance to etoposide develops because of enhanced expression of
Pglycoprotein.

teniposide, forms ternary complexes with topoisomerase Il and DNA, resulting in double-stranded

DNA breaks and inhibition of repair . Teniposide prevents cells from entering mitosis or destroys
them in the premitotic phase. Cells in the late S and early G2 phases of the cell cycle are more
sensitive to teniposide. Teniposide, which forms a ternary complex with topoisomerase Il and
DNA, induces double-strand breaks in DNA. Although teniposide binds to tubulin at a site different
from vinca alkaloids, it does not interfere with microtubular structure or function.




Mechlorethamine : immediately cyclizes, forming an ethylene immonium ion in a
nonenzymatic reaction. The cyclic ring is highly reactive and reacts with the N-7 of
guanine. While alkylation of any of the nucleophiles in the cell may occur, the N-7
of guanine produces the only anti-cancer effect. The second chloroethyl group
then cyclizes and alkylates the DNA again. The internal cyclization of the bis-
chloroethyl group is necessary for the pharmacological activity of nitrogen
mustard and determines the ability to alkylate at the N-7 position of guanine. The
two alkylations may occur on the same strand, or on two separate strands, leading to
double or single strand breaks by the DNA repair enzymes Chabner et al (2001).

Chlorambucil : a derivative of nitrogen mustard, is an alkylating agent. Since it
interacts with cellular DNA to produce chromosomal cross-linkages, it is cell cycle-
phase nonspecific agent Chabner et al (2001).

Cyclophosphamide : Cyclophosphamide is activated in the liver by cytochrome P-450
enzymes to 4-hydroxy cyclophosphamide, which in turn isomerizes into
aldophosphamide. Aldophosphamide is converted to phosphoramide mustard, the
alkylating agent, and acrolein, a cytotoxic moiety affecting the bladder Chabner et al
(2001).

Bendamustine : ..




Melphalan : The mechanism of action of melphalan is similar to nitrogen mustard.
Because of the amino acid in the molecule it is subject to carrier-mediated transport.
Melphalan cyclizes in the cell, forming an ethylene immonium ion. The nitrogen
becomes highly reactive and the ring opens and attaches to the N-7 of guanine.
While alkylation of any of the nucleophiles in the cell may occur, alkylation of the
N-7 of guanine is responsible for the anti-cancer effect. The second chloroethyl
group then cyclizes and alkylates the DNA again. Because the internal cyclization of
the bis-chloroethyl group determines the ability of the drug to alkylate at the N-7
position of guanine it is necessary for the biological activity of nitrogen mustards.
The two alkylations may occur on the same strand or on separate strands, leading to
double or single strand breaks by the DNA repair enzymes Chabner et al (2001)

Thiotepa : Thiotepa is activated in the liver and rapidly converted by mixed-function
oxygenases to its major metabolite, triethylene phosphoramide (TEPA). TEPA
alkylates the N-7 position of guanine and induces DNA cross-links, leading to
double or single stranded breaks, and, ultimately, inhibition of DNA
replicationChabner et al (2001).

Busulfan : alkylates DNA at the N7 position of guanine causing interstrand cross-
linkage Chabner et al (2001).



Carmustine : Carmustine alkylates the N-7 position of guanine to cause crosslinking of
DN A. This results in intra J3)2 - and inter o2 -strand breaks that inhibit DNA
replication. Unlike the nitrogen mustards, nitrosoureas undergo spontaneous,
nonenzymatic degradation resulting in the formation of highly electrophilic
carbonium ions that alkylate DN A. The spontaneous degradation of carmustine
may also inactivate certain DNA repair enzymes by generation of carbamoylating
proteins Chabner et al (2001).

Lomustine : undergoes spontaneous nonenzymatic degradation that results in the
formation

of 2-chloroethyl carbonium ions that alkylate DN A. Like other alkylating agents,

lomustine alkylates the N-7 of guanine to cause DNA cross-linking. This results in
intraand inter-strand breaks that ultimately inhibit DNA replication. The
spontaneous degradation of lomustine may also inactivate some DNA repair
enzymes because of the formation of carbamoylating proteins Chabner et al (2001).
It crosses CNS

Altretamine : An alkylating agent, altretamine is a cancer chemotherapeutic agent. Its
mechanism of action is alkylation of DNA leading to strand breaks Chabner et al
(2001).




Dacarbazine : alkylates the N-7 of guanine to cause cross-linking of DNA,
causing breaks in the DNA strands and, ultimately, inhibition of DNA
replication Chabner et al (2001). Unlike the nitrogen mustards, dacarbazine
methylates the N-7 of guanine by way of its methyl group Chabner et al
(2001).

Procarbazine : Procarbazine appears to act by inhibiting DNA, RNA, and
protein synthesis, possibly by blocking transmethylation of the methyl group
of methionine into t-RN A. Procarbazine metabolism yields cytotoxic
hydrogen peroxide. Azoxy metabolites of procarbazine liberate
diazomethane, a potential methylating agent. These reactions can cause
chromosomal damage, chromatid breaks, and translocations Chabner et al
(2001). Repair of methylation of guanine via guanine-O6-alkyl transferase
can lead to resistance.

Temozolomide : 1s an imidazotetrazine derivative of decarbazine and used via
oral route.

Streptozotocin : like the other nitrosoureas, is an alkylating agent that acts by
alkylating the N-7 of guanine to cause cross-linking of DN A. This results in
intra- and inter-strand breaks that ultimately inhibit DNA replication.
specifically for the treatment of pancreatic tumors . derived from
Streptomyces achromogenes variety. It also displays antibacterial
properties.



Antimetabolites :

5-Fluorouracil : A potent inhibitor of thymidylate synthase it interferes with DNA synthesis and with
RNA function.

5-Fuorouracil is activated intracellularly to a 5’-monophosphate nucleotide (FUMP)
either directly by 5-phosphoribosyl-1-pyrophosphate (PRPP) or in two steps by way of
conversion to fluorouridine by uridine phosphorylase and then to FUMP by uridine
kinase. FUMP is activated to FUDP and then reduced by the enzyme ribonucleotide

reductase to F-dUDP, which leads to the formation of F-dUM P. 5-FU may also be directly converted
into FUdR by thymidine phosphorylase and then to FAUMP by thymidine kinase. FAUMP forms a
ternay complex with thymidylate synthetase and the folate cofactor, N5, N10-
methylenetetrahydrofolate. Thus, 5-FU inhibits the conversion of dUMP to thymidylate (TMP).
Addition of 5-formyl-tetrahydrofolate (leucovorin) increases the formation of the ternary complex
and enhances responses to 5-F U.

Capacitabine : ..

Methotrexate : Methotrexate (MTX) induces an effect similar to 5-fluorouracil (5-FU) by interrupting
the formation of thymine within the cell, which leads to the inability to replicate DN A. Unlike 5-
FU, which inhibits the action of thymidylate synthetase, MTX binds tightly to dihydrofolate
reductase (DHFR) and blocks the formation of tetrahydrofolate, leading to the depletion of
associated folate co-factors. However, the same effect-arrestment of DNA, RNA, and protein
synthesis as is induced by 5-FU results.

Pemetrexed : Pemetrexed, thymidylate synthase a and transferase inhibitor, is used in a treatment for
several solid tumors. This compound is not only a thymidylate synthase inhibitor but also

a potent inhibitor of human dihydrofolate reductase. Pemetrexed probably acts upon

multiple intracellular targets and the antitumor effect may be derived from its simultaneous
inhibition of multiple folate-requiring enzymes. Thus, this compound has been

designated as a multitargeted antifolate. The drug also causes concentration- and timedependent
apoptosis Norman (2001).



Cytarabine : A pyrimidine antimetabolite, cytarabine, inhibits DNA polymerase and
causes chain termination.

Cytarabine diffuses into cells and is activated by deoxycytidine kinase to the
monophosphate. It is converted to the di- and tri-phosphates by non-specific cellular
enzymes. Cytosine triphosphate inhibits DNA polymerase by competition of Ara-
CTP for dCT P. It is also a weak inhibitor of ribonucleotide reductase. Cytarabine is
a cell cycle S-phase specific drug Chabner et al (2001).

Gemcitabine : After diffusing into cells, gemcitabine is activated by nucleoside kinases
to di- and triphosphate forms. Gemcitabine diphosphate inhibits ribonucleotide
reductase, leading to a reduction in the concentration of deoxynucleotides and
inhibition of DNA synthesis. Gemcitabine triphosphate competes with dCTP for
incorporation into DN A. Because dCTP concentrations are already reduced by the
diphosphate, the incorporation of the triphosphate is increased causing further
inhibition of DNA synthesis. Unlike cytarabine, a closely related antimetabolite,
gemcitabine is not cell cycle S-phase specific Chabner et al (2001).

Fludarabine : After diffusing into the cell it is activated by deoxycytidine kinase to the
monophosphate, which is then converted to the di- and tri-phosphates by non-
specific cellular enzymes. Fludarabine triphosphate is incorporated into DNA and
Inhibits the enzymes responsible for DNA synthesis. Since apoptosis is a major
effect of fludarabine, it does not require cell division to be cytotoxic Chabner et al
(2001).



Cladribine : A purine nucleoside analog .
6-Thioguanine : A purine derivative

6-Mercaptopurine : purine analog, 6-mercaptopurine, inhibits nucleic
acid synthesis by multiple mechanisms, including incorporation into
DNA.



The DNA topmsomerases are nuclear enzymes that reduce torsional
stress 2 1Y) eVl in supercoiled calafy) L ,DNA, allowing
selected regions of DNA to become sufficiently untangled

& sSaa/d slaato permit replication, repair, and transcription. Two classes
of topoisomerase (I and Il) mediate DNA strand breakage and
resealing.

Camptothecin analogues inhibit the function of topoisomerase |; other

drugs, such as

anthracyclines, epipodophyllotoxins, and acridines, inhibit
topoisomerase I1.

The camptothecins bind to and stabilize the normally transient DNA-
topoisomerase | cleavable complex. Although the initial cleavage
action of topoisomerase | Is not affected, the religation step is
Inhibited, leading to the accumulation of single-stranded breaks in
DNA. These lesions are reversible and not by themselves toxic to the
cell. However, the collision ~2l<siof a DNA replication fork with this
cleaved strand of DNA causes an irreversible double-strand DNA
break, ultimately leading to cell death.

(Ganac 3aie 5l @lli) [¢bilbaz] 4854 = Tangle



Pharma. The alkylating agents are a diverse group of anticancer drugs
that covalently bind an alkyl group or a substituted alkyl group to
cellular constituents. Their common property is the capacity to
become strong electrophiles through the formation of carbonium ion
Intermediates or to form transition complexes with the target
molecules. These reactions yield covalent linkages by alkylation with
various nucleophilic groups such as sulfhydryl or carboxyil.
Clinically, the most important actions of the alkylating agents are
those that effect DNA synthesis and cell division. Although they
Interact with cells in all phases of the cell cycle, their therapeutic
effects and toxicity are due primarily to interference with rapidly
proliferating cells.




Pharma. The antimetabolites represent a relatively large group of
anticancer agents that structurally resemble natural substrates, but
differ enough to interfere with their metabolism.

__Included are
folic acid antagonists, such as methotrexate;

purine antimetabolites, such as 6-mercaptopurine, 6-thioguanine,
fludarabine phosphate, pentostatin, and cladribine; and the

pyrimidine antimetabolites such as 5-fluorouracil, 5-
fluorodeoxyuridine, cytarabine, and gemcitabine.

Antimetabolites disrupt nucleic acid synthesis by interfering with

production of a major nucleotide metabolite or by substituting for the
natural metabolite.

Like most cytotoxic anticancer agents, antimetabolites are toxic to

normal cells, especially those in the bone marrow and gastrointestinal
tract.




Antimetabolites
(substitute or inhibit
synthesis)

FPurines Pyrimidines
adenine cytosine
guanine thymine

Intercalation, damage, or
alteration of DNA structure

@ ﬂ Transcription

RNA = s
Block protein function within

@ ‘ ! Translation
cells or on cell surface

FIG. 68.3 Basic Mechanisms by Which Antineoplastic Drugs
Selectively Kill Tumor Cells. E represents enzymes, some of which
are inhibited by these drugs. Inhibition of DNA or RNA synthesis, produc-
tion of miscoded nucleic acids, and formation of modified proteins are

key mechanisms of action for many of these drugs.
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SIGNIFICANCE OF A 1-g TUMOR MASS

e Atotal of 10° cells is the smallest tumor burden that is
physically detectable.

e These 1 billion cells represent a tumor weighing
about 1 g or about the size of a small grape.

e Clinical symptoms usually first appear at this stage.

N

PALLIATIVE CHEMOTHERAPY

* [Initial remissions are transient, with
symptoms recurring between treatments.

e Survival is extended, but the patient
eventually dies of the disease.

(solid tumors such as testicular carcinoma)
¢ Tumor burden is initially reduced by surgery and/or radiation.

* Treatment of occult micrometastases continues after clinical
signs of cancer have disappeared.

10! Death
313 Cancer cells become
1010 - increasingly less responsive
i-g to teatment Patient symptomatic
< z "-““//’ 4 . " patient asymptomatic
107 -1 4
'E__ ",4,,./5‘"9.',“ ”\ \
22 ili 4 \'j ¢ ’ e Treatment with
§§ 10 +~ @1-mg | 1 anticancer drug
; _g_' mass 15 |
g = —— ‘K | ! "
= 100 4/ | §.4
—— ' 3 ' | ' l
L - | L
102 |- wd UVA 1A
Jh. A 1 »
— “Cure” ~_ CURATIVE CHEMOTHERAPY
- (disseminated cancers, such as leukemia)
Time * Combination drug chemotherapy reduces the
J h fd istance.
CURATIVE CHEMOTHERAPY RN I

® Each drug is chosen to have a different cellular
site of action or different cell cycle specificity.
® Each drug is chosen to have a different
organ toxicity.

Figure 35.3

Effects of various treatments on the cancer cell burden in a hypothetical patient.
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Flg. 12.20 Hodgkin lymphoma—Ilymph node. A binucleate Reed-Sternberg
cell with large, inclusion-like nucleoli and abundant cytoplasm is surrounded
by lymphocytes, macrophages, and an eosinophil. (Courtesy of Dr. Robert W.
McKenna, Department of Pathology, University of Texas Southwestern Medical
School, Dallas, Texas.)
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Table 12.9 Clinical Differences Between Hodgkin and
Non-Hodgkin Lymphomas

Hodgkin Lymphoma Non-Hodgkin Lymphoma

More often localized to a single More frequent involvement of
axial group of nodes (cervical, multiple peripheral nodes
mediastinal, paraaortic)

Orderly spread by contiguity MNoncontiguous spread

Mesenteric nodes and Waldeyer Mesenteric nodes and Waldeyer
ring rarely involved ring commenly involved

Extranodal involvement Extranodal involvement common

UNCommon




HODGKIN’S LYMPHOMA
PATHOPHYSIOLOGY

« Current hypotheses indicate that B-cell transcriptional processes are disrupted, which
prevent expression of B-cell surface markers and production of immunoglobulin
messenger RNA. Alterations in the normal apoptotic pathways favor cell survival
and proliferation.

» Malignant Reed-Sternberg cells overexpress nuclear factor- « B, which is associated
with cell proliferation and anti-apoptotic signals. Infections with viral and bacterial
pathogens upregulate nuclear factor- k B. Epstein- Barr virus is found in many, but
not all, HL tumors.

CLINICAL PRESENTATION

« Most patients with HL present with a painless, rubbery lymph node. Adenopathy is
usually localized to the cervical region but can also occur in the mediastinal, hilar,
and retroperitoneal regions.

« Constitutional, or “B,” symptoms (e.g., fever, night sweats, weight loss, and pruritus)
are present at diagnosis in approximately 25% of patients with HL.



DIAGNOSIS AND STAGING
» Diagnosis requires the presence of Reed-Sternberg cells in the lymph node biopsy.

» Staging is performed to provide prognostic information and to guide therapy. Clinical
staging is based on noninvasive procedures such as history, physical examination,
laboratory tests, and radiography. Pathologic staging is based on biopsy findings of
strategic sites (e.g., muscle, bone, skin, spleen, abdominal nodes) using an invasive
procedure (e.g., laparoscopy).

» Approximately half of the patients have localized disease (stages I, 11, and IIE). The
other half has advanced disease at diagnosis, of which 10% to 15% is stage IV.

* Prognosis predominantly depends on age and stage; patients older than 65 to 70 years
are 50% as likely to be cured as younger patients. Patients with limited stage disease
(stages I to I1) have a 90% to 95% cure rate, whereas those with advanced disease
(stages Il to V) have a 65% to 75% cure rate.



TREATMENT SUMMARY

* The treatment goal for HL is to maximize curability while minimizing treatment-
related complications.

 Treatment options include radiation therapy, chemotherapy, or both (combined-
modality therapy). The therapeutic role of surgery is limited, regardless of stage.

« Combination chemotherapy is the primary treatment modality for most HL patients.

» Radiation therapy is an integral part of treatment and can be used alone for selected
patients with early-stage disease, although most patients will receive chemotherapy
and radiation. Involved-field radiation therapy targets a single field of HL.
Extended-field or subtotal nodal radiation targets the involved field and an
uninvolved area. Total nodal radiation therapy targets all areas.

« Long-term complications of radiotherapy, chemotherapy, and chemoradiotherapy
include gonadal dysfunction, secondary malignancies, and cardiac disease. Patients
treated for HL are at increased risk of developing leukemia, GI tumors, lung cancer,
and breast cancer.

Hand Book



Introduction

Hodgkin’s disease (HD) is a malignant lymphoma. It is distinguished from non-
Hodgkin’s lymphoma on the basis of its epidemiology, pathology, anatomic
progression of nodal involvement, response to therapy, and outcome. The Reed—
Sternberg cell is the distinctive cell in H D. There is increasing evidence for a viral
etiology for this condition.

Definition
Hodgkin’s disease is a malignant lymphoma whose hallmark is the Reed—
Sternberg cell. This is a giant, multinucleated cell, usually a transformed B cell.

Olaparib for the treatment of ovarian cancers, which have lost the brain cancer

resistance protein 1 (BRCA1)-mediated homologous repair process for double-strand
DNA breaks, as shown in Fig. 67.4.

multidrug resistance protein 1 (MRP1) and breast cancer resistance protein
(BCRP), have also been implicated to play a role in multidrug resistance.



ANTICANCER DRUGS

Table 55-1. An overview of anticancer drugs

Vinca alkaloids 'Vinblastine. vincristine. vindesine,

‘vinorelbine

Type Group Examples Main mechanism
Alkylating and related Nitrogen mustards Cyclophosphamide, ifosfamide, Intrastrand cross-linking of
agents | .chiorambucil, melphalan. estramustine, DNA
Nmsoureas o Lomustme carmustine. ..
I 7ﬂggnum compounds Carboplatln aqglglm oxahpla!m |
Other Busulfan treosulfan, thiotepa.
dacarbazine, procarbazine,
S —— P B Sepsinofolimide - .
Antimetabolites Folate antagonists Methotrexate, raltitrexed, pe pcmemxed Blocknng the synthes:s of DNA
and/or RNA
i Pyrimdine pathway  Fluorouracil. capecitabine, cytarabine. -
L _iF Pemcuab-ne tegafur a , 4 u
Purine pathway |Fludarabine, cladibrine.
'mercaptopunne tiocguanine,
penlostatm clofarabrine, nelarabine
Cytot ic antibioti Anthracyclines 'Daunorubicin, d bicin, epirubi '-. Multiple effects on DNAYRNA
Eidambiein. (mitoxantrine), (amasctm) synthesis and topisomerase
action
o il Other Bleomycm dacunomycm. mitomycin _ o 5
Plant derivatives Taxanes (Pacly Microtubule assembly:

prevents spindle formation

Campothecins [Irinote topot 1. trabectedin
Other E(opos-de

Inhibition of topoisomerase

Hormones/analogues :Dle‘lhylstlbestrol. ethinyloestradiol,
'medroxyprogesterone, megesterol,
‘norhisterone, goserelin, leuporelin,
triptorelin, lanreotide. octreotide

| Aromatase inhibitors

Antagonists Tamoxifen, Ioremlﬁno fulvestrant,

'Ana_strozole Ietroque. exemastine

}cyprohorone flutamide. bicalutamide

Act as physiological
antagonists. antagonists or
hormone synthesis inhibitors
to disrupt hormone-dependent
tumour growth

Protein kinase
inhibitors

'Dasatinib, eriotinib, imatinib, nilotinib,
‘sunitinib
‘Sorafenib

Tyrosine kinase
inhibitors
Pan kinase inhibitors

Monuclonat antibodies

Inhibition of kinases involved
in growth - factor receptor

Anti-EGF. EG 2 anitumumab, trastuzumab

1A Anti-CD20/CD52 ,Rituxlmab alemtuzumab Tinhibition of lymphocyte
| proliferation
ANt-VEGF IBevacizumab Prevents angnogenesns

Drugs in parentheses have

but are not necessarily chemicaily related

The main anticancer drugs can be divided into the following general categories:

poge 677
page 678

- C)rrotox:c drugs. The mechanism of action of these drugs is discussed more fully below and summarised in Table 55.1; they

include
o - alky@hny agents and related compounds, which act by forming covalent bonds with DNA and thus impeding replication
o - analnetabahes which block or subvert one or more of the metabolic pathways involved in DNA synthesis
o - cy antibioti i.e. sub wces of mi bial origin that prevent mammahan cell division
o - plan! denvatives (vinca alkaloids, taxanes. campothecins): most of these specifically affect microtubule function and
hence the formation of the mitotic spindle.
e formones. of which the most important are st ids (e.g. glt rticoids, oestrogens and androgens) as well as drugs that

suppress hormone secretion or antagonise hormone action.

e AMonoclonal antibodies: these are generally only of use in particular types of cancer.

e FProtein kinase inhibitors. these drugs inhibit protein (usually tyrosine) kinases that transduce growth signals in rapidly dividing
celis. They have a rather restricted use.

e AfiscelNaneous agents that do not easily fit into the above categories.

The clinical use of anticancer drugs is the province of the specialist. who selects treatment regimens appropriate to the patient with the
objective of curing, prolonging life or providing palliative therapy.? There are over 80 drugs available in the UK, which are often used in
combination. Here we discuss mechanisms of action and the main unwanted effects of commonly used anticancer agents. A recent
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Difficulty level: Easy

8. A 61-year-old woman with advanced Hodgkin lymphoma began chemotherapy with the
ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine) regimen. Which of the
following molecular actions most likely mediated the therapeutic effect of doxorubicin in
the patient’s disease?

A. It intercalates between DNA strands and inhibits topoisomerase II.

B. It prevents microtubule disassembly into tubulin monomers.

C. It prevents assembly of tubulin dimers into microtubules.

D. It alkylates nucleophilic groups on DNA bases.

E. It blocks the synthesis of both ribonucleotides and deoxynucleotides.
Learning objective: Explain the mechanism of anticancer action of doxorubicin.

8. A Doxorubicin is an anthracycline antibiotic, thus the A in the ABVD acronym;
alternatively, the A may be considered to stand for Adriamycin, a brand name for
doxorubicin. These anticancer drugs likely act with multiple mechanisms, including
intercalation between adjacent base pairs of DNA, thus causing blockade of DNA
replication; blockade of topoisomerase 11, the enzyme that catalyzes DNA repair (it
breaks and then reseals DNA strands); and generation of free radicals that can oxidize
DNA bases. The end result of these multiple mechanisms is cell apoptosis.

B This is the mechanism of action of taxanes.

C This is the mechanism of action of vinca alkaloids.
D This is the mechanism of action of alkylating drugs.
E This is the mechanism of action of methotrexate.



H. The mechanism of action of doxorubicin, daunorubicin, and their
analogues : intercalate between bases in double-stranded DNA, poison
DNA topoisomerase |1, generate semiguinone and oxygen-free
radicals, and possibly disrupt the fluidity of the cell membrane.
it 2155 ¢ Ll |l _yme sl 5 pransi ¢ Bz 50 30 il 3 Gl (o
— el sl g olall Laadl A gans J8 jas Liagl Ly y L 80a aaSl 53 5 (0 5aS
. p99a 98 G sl (g y g g Ll Caclial & H4a Y
As illustrated in Fig. 68.10, the poisoning of DNA topoisomerase Il is
thought to constitute the major cytotoxic activity of these drugs.
Topoisomerase |l is an enzyme that plays an important role in DNA
replication and is essential for chromosome segregation 48 il | |t
catalyzes the uncoiling and unlinking of both strands of double-
stranded DNA to modify DNA coiling and the intertwining of DNA
duplexes. Doxorubicin and analogues poison the enzyme by
stabilizing a covalent topoisomerase 11-DNA reaction intermediate,
which prevents the protein-linked DNA breaks from rejoining,
ultimately leading to cell death.
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Difficulty level: Easy

21. A 59-year-old woman with inoperable 4!l =lla & lung cancer had been receiving
combination chemotherapy. Lab tests revealed the following plasma levels:
creatinine 5.5 mg/dL (normal 0.6—1.2 mg/dL), blood urea nitrogen (BUN) 45 mg/dL
(normal 7—18 mg/dL), Mg2+ 0.2 mmol/L (normal 1.5—2.0 mmol/L). Which of the
following drugs most likely caused these lab results?

A. Fluorouracil  B. Doxorubicin  C. Vincristine  D. Cisplatin  E. Paclitaxel




Anticancer vrugs i
V. MICROTUBULE INHIBITORS. The mitotic spindle is part of a larger,
Intracellular skeleton (cytoskeleton) that is essential for the movements of structures
occurring in the cytoplasm of all eukaryotic cells. The mitotic spindle consists of
chromatin plus a system of microtubules composed of the protein tubulin. The mitotic
spindle is essential for the equal partitioning of DNA into the two daughter cells that are
formed when a eukaryotic cell divides. Several plant-derived substances used as
anticancer drugs disrupt this process by affecting the equilibrium between the
polymerized and depolymerized forms of the microtubules, thereby causing

cytotoxicity. The microtubule inhibitors are summarized i n Figure 35.21.
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Figure 35.22
Mechanism of action of the microtu-
bule inhibitors.
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Paciitaxal stabilizes microtubulas,
rendaring them nonfunctional.



FI1G. 68.11 Microtubule
Dynamics in the Presence of
Vincristine, Vinblastine, or
Paclitaxel. A dynamic steady
state exists, with microtubule
assembly occurring at one end
and disassembly at the other
(A). Vincristine and
vinblastine (B) bind to tubulin
dimers and block
polymerization, allowing
disassembly to predominate. In
contrast, paclitaxel (C) blocks
dlsassembly, causing stable
microtubules to form even in
the absence of normally
essential cofactors. Cells
treated with any of these
agents are blocked in mitosis.
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A Normal mitosis B Effect of vinca alkaloids
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Fig. 45.5 Mechanisms of action of mitotic inhibitors. (A) In normal mitosis, the mitotic spindle is formed by
microtubules that continuously undergo assembly and disassembly as a result of tubulin polymerization and
depolymerization, respectively. (B) Vincristine and other vinca alkaloids bind to tubulin and prevent the
polymerization of tubulin dimers. (C) Paclitaxel and other taxanes bind to tubulin, stabilize the tubulin
polymer, and thereby prevent depolymerization. As with vinca alkaloids, taxanes cause metaphase arrest.



— B. Cytostatics: inhibition of mitosis
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Figure 66—-10 Inhibitors of microtubular function.




(a) (b)

Figure 48.7: Taxus brevifolia (a, b), the source of paclitaxel. The chemical structure is shown in panel (c). ((a) Source: Pacific Yew (Taxus
brevifolia) O'Daniel Tigner, Canadian Forest Tree Essences, provided courtesy of Tree Canada Foundation. (b) © Natural History Museum,
London. Reproduced with permission.)



G G : Two classes of courtesy (| and Il) mediate

DNA strand breakage and resealing.
TOPOISOMERASE INHIBITORS

Photophyllam derivatives

Topoisomerase-Ill inhibitors
Etoposide
Tiniposide
Topoisomerase-l inhibitors

Topotecan
Irinotecan

VI. TOPOISOMERASE INHIBITORS.
These agents exert their mechanism of action
via inhibition of topoisomerase enzymes, a class
of enzymes that reduce supercoiling of DNA
(Figure 35.28).

A. Camptothecins (topoisomerase II
inhibitors) Camptothecins are plant
alkaloids originally isolated from the
Chinese tree Camptotheca. Irinotecan and
topotecan are semisynthetic derivatives of
camptothecin .Topotecan is used in
metastatic ovarian cancer when primary
therapy has failed and also in the treatment
of small cell lung cancer. Irinotecan is used
with 5-FU and leucovorin for the treatment
of colorectal carcinoma.
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1. Mechanism of action: These drugs are S-phase specific and inhibit topoisomerase I, which is essential for the replication of
DNA in human cells (Figure 35.29). SN-38 (the active metabolite of irinotecan) is approximately 1000 times as potent as
irinotecan as an inhibitor of topoisomerase I. The topoisomerases relieve torsional strain in DNA by causing reversible,
single- strand breaks. 2. Adverse effects: Bone marrow suppression, particularly neutropenia is the dose-limiting toxicity for
topotecan. Frequent blood counts should be performed in patients receiving this drug. Myelosuppression is also seen with
irinotecan. Acute and delayed diarrhea with irinotecan may be severe and require treatment with atropine during the infusion
or high doses of loperamide in the days following the infusion.
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B. Etoposide (topoisomerase | inhibitors) Etoposide is a semisynthetic derivative of the plant alkaloid, podophyllotoxin. This agent blocks cells in
the late S- to G2 phase of the cell cycle, and the major target is topoisomerase Il. Binding of the drug to the enzyme—-DNA complex results in
persistence of the transient, cleavable form of the complex and, thus, renders it susceptible to irreversible double-strand breaks (Figure 35.30).
and in combination with bleomycin and cisplatin for testicular carcinoma. Etoposide finds its major clinical use in the treatment of lung cancer
Etoposide may be administered either 1V or orally. Dose-limiting myelosuppression (primarily leukopenia) is the major toxicity. Teniposide is
another derivative administered by the intravenous route having a longer terminal half-life compared to etoposide. The mechanism of action is
similar to that of etoposide. It is used for the refractory. ALL in children. Apart from Gl side effects, myelosuppression has also been associated

with its usage. % . .
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ALKYLATING AGENTS

Nitrogen mustards  {{ Alkylating agents all work by adding an alkyl
Mechloreththamine group to DNA. }}

Eﬂﬂf}?hﬂmm These drugs all introduce alkyl group into
Chlorambucil nucleophilic sites with covalent bonds . There are
Melphalan many sites of alkylation, but the degree of
Bendamustine deoxyribonucleic acid (DNA) alkylation correlate
Jevienemmines — with the cytotoxicity of the drugs. these drugs are
Thiotepa not cycle specific. They are prone to cause local
Alkyl sulfonates  fISSUe necrosis and damage .
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FIG. 68.5 DNA Alkylation by Mechlorethamine. Shown is the
positively charged intermediate ion and its covalent attachment to the
N-7 position of two deoxyguanylate nuclectides of DNA.



Drugs acting on DNA
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Fig. 6.10 Alkylaunon of DNA by the nitrogen mustard compound, mechlorethamine.
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Figure 48.4: Mechanism of intramolecular bridging of DNA
by alkylating agents. A, adenine; C, cytosine; G, guanine;
T, thymidine.
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Figure 66—1 Mechamsm of achion of abtkylating agents of mechlorethamine, a
prototypic ritrogen mustord. A. Activation reaclion. B. Alkylation of N7 of guanine.

With bifunctional drugs such as nitrogen mustards {(see Figure 66—2}, the
second 2-chloroethyl side chain can undergo a similar activation cross-link of

two nucleic acid chains or a nucleic acid to a protein.
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Nitrogen mustards: chlorambucil ; cyclophosphamide; infosfamide;
meclorethamine (nitrogen mustard) ; melphalan
Nitrosoureas: carmustine ; lomustine
Other alkylating agents: busulphan; carboplatin; cisplatin; oxaliplatin
dacarbazine; temozolomide; thiotepa
The nitrosoureas are easy to recognize because of the “-mustine” ending on their names.

They are lipid soluble and therefore cross into the central nervous system (CNS).
They have found use in the treatment of brain tumors ..
 Eiiea o N Ja A ]

chlorambucil ; cyclophosphamide; infosfamide; mechlorethamine ;
melphalan
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temozolomide; thlotepa
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Alkylating Agents

Mechlorethamine
Chlorambucil
Cyclophosphamide

Bendamustine (consisting of a purine
benzimidazole ring and a nitrogen
mustard moiety.)

Melphalan
Thiotepa
Busulfan
Carmustine
Lomustine
Altretamine

Forms DNA crosslinks,

resulting in inhibition of DNA

synthe5|s and function
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Procarbazine 1
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TABLE 54-2 Alkylating agents and platinum analogs: Clinical activity and toxicities.

Mechanism of
Alkylating Agent Action Clinical Applications Acute Toxicity Delayed Toxicity
Mechlorethamine Forms DNA cross- Hodgkin's and non-Hodgkin's Nausea and Moderate depression Dﬂ peripheral
links, resulting in lymphoma vomiting blood count; excessive doses produce
inhibition of DNA severe bone marrow depression with
synthesis and leukopenia, thrombocytopenia, and
function bleeding; alopecia and hemorrhagic cys-
Chlorambucil Same as above CLL and non-Hodgkin's Nausea and Ik GFEBSIDHE.I lz." el Cy[|ﬂph[)|5-
lymphoma vomiting phamide; cystitis can be prevented with
adequate hydration; busulfan is associ-
Cyclophosphamide Same as above Breast cancer, ovarian cancer, Nausea and ated with skin pigmentation, pulmonary
non-Hodgkin's lymphoma, vomiting fibrosis, and adrenal insufficiency
CLL, soft tissue sarcoma,
neuroblastoma, Wilms'tumor,
rhabdomyosarcoma
Bendamustine Same as above CLL and non-Hodgkin's Nausea and
lymphoma vomiting
Melphalan Same as above Multiple myeloma, breast Nausea and
cancer, ovarian cancer vomiting
Thiotepa Same as above Breast cancer, ovarian cancer, MNausea and
superficial bladder cancer vomiting
Busulfan Same as above CML Nausea and
vomiting
Carmustine Same as above Brain cancer, Hodgkin's and Nausea and Myelosuppression; rarely interstitial lung
non-Hodgkin's lymphoma vomiting disease and interstitial nephritis
Lomustine Same as above Brain cancer Nausea and

vomiting



Altretamine

Temozolomide

Procarbazine

Dacarbazine

Cisplatin

Carboplatin

Oxaliplatin

Same as above

Methylates DNA
and inhibits DNA
synthesis and
function

Methylates DNA
and inhibits DNA
synthesis and
function

Methylates DNA
and inhibits DNA
synthesis and
function

Forms intrastrand

and interstrand
DNA cross-links;

binding to nuclear
and cytoplasmic
proteins

Same as cisplatin

Same as cisplatin

Cwarian cancer

Brain cancer, melanoma

Hodgkin's and non-Hodgkin's
lymphoma, brain tumaors

Hodgkin's lymphoma,
melanoma, soft tissue sarcoma

MNon-small cell and small cell
lung cancer, breast cancer,
bladder cancer, cholangio-
carcinoma, gastroesophageal
cancer, head and neck cancer,

ovarian cancer, germ cell
cancer

MNon-small cell and small cell
lung cancer, breast cancer,
bladder cancer, head and neck
Cancer, ovarian cancer

Colorectal cancer,
gastroesophageal cancer,
pancreatic cancer

Mausea and
Vomiting

Mausea and
vomiting, head-
ache and fatigue

Central nervous
system depression

Nausea and
Vomiting

Nausea and
vomiting

Nausea and
vomiting

Mausea and
vomiting, laryn-
gopharyngeal
dysesthesias

Myelosuppression, peripheral neuropa-
thy, flu-like syndrome

Myelosuppression, mild elevation in liver
function tests, photosensitivity

Myelosuppression, hypersensitivity
reactions

Myelosuppression, central nervous
system toxicity with neuropathy, ataxia,
lethargy, and confusion

Nephrotoxicity, peripheral sen-
sory neuropathy, ototoxicity, nerve
dysfunction

Myelosuppression; rarely peripheral
neurcpathy, renal toxicity, hepatic
dysfunction

Myelosuppression, peripheral sensory
neurcpathy, diarrhea

CLL, chromic lymphocytic laukemiz; CML, chronic myeloganous leukemia.



VIIL.ANTIMETABOLITES. Antimetabolites are structurally related to
normal compounds that exist within the cell (Figure 35.8). They
generally interfere with the availability of normal purine or pyrimidine
nucleotide precursors, either by inhibiting their synthesis or by
competing with them in DNA or RNA synthesis. Their maximal
cviotoxic effects are in S-phase and are, therefore, cell cycle—specific.
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TAEBLE 54-3 Antimetabolites: Clinical activity and toxicities.

Dirug Mechanism of Action Climlcal Applications Taoxlclty
Capecitabine Inhibits TS; incorporation of FUTP into BMA Breast cancer, colorectal can- Diarrhea, hand-foot syndrome,
resulting im alteration in RMNA processing; cer, gastroesophageal cancer, myalosuppression, nausea and
incorporation of FAUTP into DA resulting hepatocellular cancer, pancreatic woHmiting
in inhibation of DNA synthesis and function CaMCer
S-Fluorowracil Inhibits TS; incorporation of PUTP inbo IFRNA Ciolorectal cancer, anal camcer, breast Nausea, mwcostis, diamhea, bomne
resulting im alteraticn in RNA processing; cancer, gastroesophageal cancer, marrow depression, neunshmacity
incorporatiom of FAUTPE into DMA resulting head and neck cancer, hepatocalivlar
iim inhibition of D& syrmthesis and function CRAMCEr
Methotrexate Inhibits DHFR; inhikits TS; inhibits de mowo Breast cancer, head and neck camcer, Mucasitis, diarrhea, myelosup-
purine nuclestide synthesis astecgenic sarcoma, primany central pression with neutropenia and
naryous system ymphoma, mon- thrombooytopenia
Hodgkin's hmphoma, bladder cancer,
chzriccarcinoma
Pemetrexad Inhibits TS, OHFR, and parnine meclectide Mesothelioma, non-small call lung Myelosuppression, skin rash,
symithesis CaMCER muscositis, diarrhea, fatigue,
hand-foot symdrome
Cytarabine Inhibits DA chain elongation, DMA AML ALL ML in Blast crisis MNausea and wormiting,
symithesis and repair; inhibits ribonudeotide myelosuppression with newtro-
reductase with reduced formation of dMNTPs; penia and thrombocytopenia,
incorporaticn of cytarabine triphosphate cerebellar ataxia
inito DA
Gemcitabine Imhibits D& synthesis and repair; inhibits Pancreatic cancer, bladder cancer, Nausea, wamiting, diarrhea,
ribonuclectide reductase with redwcad breast camcer, non-small cell lunig myelosuppression
formation of dNTPs; incorporation of cancer, ovanan cancer, non-Hodgkin's
gemcitabine triphosphats into DMNA kymphoma, soft tissue sancoma
resulting im inhibiticn of DNA synthesis
and funiction
Fludarabins Inhibits DMA& synithesis and repair; inhibits Non-Hodgkin's mphoma, CLL My=losuppression, iImmunosup-
ribonuclectide redwctase; incorporation pression, nawsaa and womiting,
of fludarabine triphosphate into DMNA; fewver, myalgias, arthralgias
ind uction of apoptosis
Cladribine Imhibits DA synithesis and repair; inhibits Hairy cell leuksmia, CLL, Myelosuppression, nauw-
ribonuclectide reductase; incorporation of non-Hodgkin's kmiphoma =ag and womiting, and
cladribine triphosphate into DNA; induction iIMAM USSP Eressiom
of apoptosis
s-Mercaptopurine Inhibits de mowo purine nucleotide syrithe- AML Myelosuppression, Immunosup-
&8P} zis; incorporation of triphosphate into BNA; pression, and hepatohoxicty
inconporation of tiphosphate into DA
S-Thioguanine Same as &-MP ALL, AML Same as &-MP

#ll, acute lymphoblzstic leuksmia; AML, acute my=logenous keuksmia; CLL, chronic bermphocytic leukemizg CML, chronic mmyedogenous leukemia; DHAA, difydrofolzte reductase:

dNTR desaxyribonudectide triphasphate; FdUTR S-flucrcde coyuridine-3"-triphos phiate; FUTR, 5-fluorcuridine-5"-triphosphete; TS, thymidylate synthacse



{{ Methotrexate competitively inhibits dihydrofolate reductase. }}

Remember this pathway from folate antagonists. Methotrexate inhibits the
binding of folic acid to the enzyme. It therefore inhibits DNA synthesis by inhibiting
thymidylate synthesis. Cellular uptake of methotrexate is by a carrier-mediated
active transport. Cellular resistance to methotrexate is presumably caused by
decreased transport into the cell. This can be overcome by using high doses .
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D. 5-Fluorouracil (pyrimidine antagonists)

5-Fluorouracil (5-FU), a pyrimidine analog, has a stable fluorine atom in
place of a hydrogen atom at position 5 of the uracil ring. The fluorine
Interferes with the conversion of deoxyuridylic acid to thymidylic
acid, thus depriving the cell of thymidine, one of the essential
precursors for DNA synthesis. 5-FU is employed primarily in the
treatment of slow-growing solid tumors (for example, colorectal,
breast, ovarian, pancreatic, and gastric carcinomas). When applied
topically, 5-FU is also effective for the treatment of superficial basal
cell carcinomas.
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Mechanism of action: 5-FU itself is devoid of antineoplastic activity. It enters the cell through a carrier-
mediated transport system and is converted to the corresponding deoxynucleotide (5-fluorodeoxyuridine

monophosphate [5-FAUMP]; Figure 35.11), which competes with deoxyuridine monophosphate for

thymidylate synthase, thus inhibiting its action. DNA synthesis decreases due to lack of thymidine, leading

to imbalanced cell growth and “thymidine-less death” of rapidly dividing cells. [Note: Leucovorin is
administered with 5-FU, because the reduced folate coenzyme is required in the thymidylate synthase
inhibition. For example, a standard regimen for advanced colorectal cancer is irinotecan plus 5-

FU/leucovorin.] 5-FU is also incorporated into RNA, and low levels have been detected in DNA. In the
latter case, a glycosylase excises the 5-FU, damaging the DNA. 5-FU produces the anticancer effect in the S-
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I X. PLATINUM COORDINATION COMPLEXES ........

A. Cisplatin, carboplatin, and oxaliplatin Cisplatin was the first member of the
platinum coordination complex class of anticancer drugs, but because of
severe toxicity, carboplatin was developed. The potency, pharmacokinetics,
patterns of distribution, and dose-limiting toxicities differ significantly
(Figure 35.27) between the two drugs. Cisplatin has synergistic cytotoxicity
with radiation and other chemotherapeutic agents. It has found wide
application in the treatment of solid tumors, such as metastatic testicular
carcinoma in combination with VBL and bleomycm ovarian carcinoma in
combination with cyclophosphamide , or alone for bladder carcinoma.
Carboplatin is used when patients cannot be vigorously hydrated, as is
required for cisplatin treatment, or if they suffer from kidney dysfunction or
are prone to neuro- or ototoxicity. Oxaliplatin is a closely related analog of
carboplatin used in the setting of colorectal cancer.
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1. Mechanism of action: The mechanism of action for these agents is
similar to that of the alkylating agents. In the high-chloride milieu of
the plasma, cisplatin persists as the neutral species, which enters the
cell and loses chloride in the low-chloride milieu. It then binds to
guanine in DNA, forming inter- and intrastrand cross-links. The
resulting cytotoxic lesion inhibits both polymerases for DNA
replication and RNA synthesis. Cytotoxicity can occur at any stage of
the cell cycle, but cells are most vulnerable to the actions of these
drugs in the G1- and S-phases.
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2. Pharmacokinetics: These agents are administered via IV infusion. Cisplatin and carboplatin can also be given intraperitoneally for ovarian cancer and intra-arterially to perfuse other organs. The highest concentrations
of the drugs are found in the liver and kidney and in intestinal, testicular, and ovarian cells, but little penetrates into the CSF. The renal route is the main pathway of excretion.

3. Adverse effects: Severe, persistent vomiting occurs for at least 1 hour after administration
of cisplatin and may continue for as long as 5 days. Premedication with antiemetic
agents is required. The major limiting toxicity is dose-related nephrotoxicity, involving
the distal convoluted tubule and collecting ducts. This can be prevented by aggressive
hydration. Other toxicities include ototoxicity with high-frequency hearing loss and
tinnitus. Unlike cisplatin, carboplatin causes only mild nausea and vomiting, and it is
rarely nephro-, neuro-, or ototoxic. The dose-limiting toxicity is myelosuppression.
Oxaliplatin has a distinct adverse effect of cold-induced peripheral neuropathy that
usually resolves within 72 hours of administration. It also causes myelosuppression and
cumulative peripheral neuropathy. Hepatotoxicity has also been reported. These agents
may cause hypersensitivity reactions ranging from skin rashes to anaphylaxis.
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Dy e T L d i X. ANTIBODIES. Monoclonal antibodies (Figure 35.31) are an active area of drug
TARGETS development for anticancer therapy and other non-neoplastic diseases, because they
are directed at specific targets and often have different adverse effect profiles as

Angiogensis inhibitors compared to traditional chemotherapy agents. [Note: Monoclonal antibodies also find

Bevacizumab application in a number of other disorders, such as inflammatory bowel disease,

Sunitinib psoriasis, and rheumatoid arthritis.] All of these agents are administered

Intravenously, and infusion-related reactions are common.

Proteasome inhibitor XI. TYROSINE KINASE INHIBITORS. The tyrosine kinases are a family of

Bortezomib enzymes that are involved in several important processes within a cell, including

EGF receptor Inhibitors signal transduction and cell division. [Note: At least 50 tyrosine kinases mediate cell
recep growth or division by phosphorylation of signaling proteins. They have been

C‘-'ﬁ“f"_b implicated in the development of many neoplasms.] The tyrosine kinase inhibitors are

Erlotinib administered orally, and these agents have a wide variety of applications in the

Cetuximab treatment of cancer (Figure 35.32).
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Figure 35.31. Summary of monoclonal antibodies. BP = blood pressure; CBC = complete blood
count; EGFR = epidermal growth factor receptor; HER2 = human epidermal growth factor
receptor protein 2; Gl = gastrointestinal; LVEF = left ventricular ejection fraction; PML =
progressive multifocal leukoencephalopathy (855l L3l sl §ladll gliay JGE); TLS = tumor lysis
syndrome; VEGF = vascular endothelial growth factor. ; TLS = tumor lysis syndrome; PML =
progressive multifocal leukoencephalopathy

m MECHANISM OF ACTION ADVERSE EFFECTS

Bevacizumab Binds VEGF and prevents binding | Hypertension, Gl perforation,

of VEGF to its receptors on proteinuria, wound healing
endothelial cells problems, bleeding
Inhibits vascularization of the
tumor

Cetuximalb Binds to EGFR and competitively Skin rash, electrolyte wasting,
inhibits the binding of epidermal infusion reaction, dlarrhea

growth factor and other ligands

Inhibits tumor cell growth and
Increases apoptosis

Rituximab Targets the CD20 antigen Fatal Infusion reaction, TLS,
expressed on the surface of mucocutaneous reactions, PML
pre-B lymphocytes and mature
B lymphocytes

Trastuzumab Inhibits the proliferation of human | Cardiomyopathy, infusion-related

tumor cells that overexpress HER2 | fever and chills, pulmonary
toxicity, headache, nausea/
vomiting




Drug Mechanism of Action' Clinical Applications' Acute Toxicity  Delayed Toxicity

Bortezomib Inhibitor of the 265 proteocsome: Multiple myeloma, Mausea and Peripheral sensory neuropathy, diarrhea,
results in down-regulation of the mantle cell ymphoma vomiting, fever  orthostatic hypotension, fever, pulmonary
MF-xB signaling pathway toxicity, reversible posterior leukoenceph-

alopathy (RPL5), congestive heart failure
{CHF), rare cases of QT prolongation

Carfilzomib Inhibitor of the 265 proteosome: Multiple myeloma Fever Fatigue, cardiac toxicity with CHF and
results in down-regulation of the myocardial infarction, myelosuppression,
NF-xB signaling pathway; maintains pulmonary toxicity, hepatotoxicity, ortho-
activity in bortezomib-resistant static hypotension
tumors

Erlotinib Inhibits EGFR tyrosine kinase leading Mon-small cell lung can- Diarrhea 5kin rash, diarrhea, anorexia, interstitial
to inhibition of EGFR signaling Cer, pancreatic cancer lung disease

Imatinib Inhibits Ber-Abl tyrosine kinase and CML, gastrointestinal Mausea and Fluid retention with ankle and periorbital
other receptor tyrosine kinases, stromal turnor (GIST), vomiting edema, diarrhea, myalgias, congestive
including PDGFR, and c-kit Philadelphia chromo- heart failure

some-positive ALL

Bosutinib Inhibits Ber-Abl tyrosine kinase and CML Mausea and Diarrhea, fluid retention, myelosuppres-
retains activity in imatinib-resistant vomiting sion, skin rash hepatotoxicity
Bor-Abl mutations except for the
T3151 and W299L mutations. Inhibits
Src family tyrosine kinases.

Cetuximab Binds to EGFR and inhibits down- Colorectal cancer, head Infusion Skin rash, hypomagnesemia, fatigue,
streamn EGFR signaling; enhances and neck cancer (used in  reaction interstitial lung disease
response to chemotherapy and combination with radio-
radiotherapy therapy), non-small cell

lung cancer

Panitumumab Binds to EGFR and inhibits down- Colorectal cancer Infusion Skin rash, hypomagnesemia, fatigue,
streamn EGFR signaling; enhances reaction interstitial lung disease
response to chemotherapy and (rarely)
radiotherapy

Bevacizumab Inhibits binding of VEGF-A to VEGFR Colorectal cancer, breast Hyperten- Arterial thromboembolic events, gastro-
leading to inhibition of VEGF signal- cancer, non-small cell sion, infusion intestinal perforations, wound healing
img; inhibits tumor vascular perme- lung cancer, renal cell reaction complications, bleeding complications,

ability; enhances tumor blood flow
and drug delivery

cancer, glioblastoma
multiformae

proteinuria



Table 48.10: Monodonal antibodies used to treat cancer

Drug? Therapeutic use Pharmacodynamics/pharmacokinetics Side effects Additional comments
Alemtuzumab  B-cell lymphoma Binds to CD52 on neutrophils and lymphs,  Infusion reactions, Early efficacy in mycosis
Causes apoptosis via ADCC. Plasma opportunistic fungoides and T-cell
tiz = 12 days, dose-dependent kinetics infections, lymphoma
pancytopenia
Bevacizumab  Colorectal and ? Binds to circulating VEGF, inhibits Hypertension, Used as single agent or in
lung cancer angiogenesis neovascularization, pulmonary and combinations in colorectal
plasma t;; = mean 20 days gastro-intestinal cancer. It improves median
{(range 11-50) bleeds, proteinuria, survival by 5 months

cardiac failure

Cetuximab Colorectal and Targets EGFR (Erb-1), inhibits Infusion reactions, Prolongs survival in colon
pancreatic and EGFR-mediated signal transduction. skin rashes — 75%, cancer
NSCL and ? Plasma t,; = 3-8 days electrolyte losses
breast cancer
Gemtuzumab  Acute myeloid Targets CD33 on T cells, plasma Infusion reactions,
leukaemia tiz = 10-20 days bone marrow

suppression, VOD

and skin rash

Rituximab® B-cell lymphoma Binds to CD20 on B-cells and activates Infusion reactions:
and CLL (also used TK, c-myc and MHC class Il molecules, fever, rash, dyspnoes,
for ITP) plasma t,; = 10-14 days delayed neutropenia

2Dosing of all monodonal antibodies is intravenous. Usually a loading dose is followed by weekly or biweekly treatments.

bRadicisotope labelled versions of other antibodies to the same target are available.

ADCC, antibody-directed cellular cytotoxicity; EGFR, epidermal growth factor receptor; CLL, chronic lymphatic leukaemia; ITR idiopathic thrombocytopenia;
MN5CL, non-small cell lung; TK, tyrosine kinass; VEGF, vascular endothelial growth factor; VOD, vascular occlusive disease.
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Figure 48.8: Inhibitory effect of tyrosine kinase inhibitors
on cell proliferation. (Redrawn with permission from
Gardiner-Caldwell communications Ltd.(©1999).)



X1 IMMUNOTHERAPY. The goal of immune checkpoint inhibitors is to block the
checkpoint molecules, such as the programmed- death (PD-1) receptor, that
normally help to keep the immune system in check. By blocking these molecules,
the immune system is better able to attack the tumor and cause destruction. The two
most commonly used checkpoint inhibitors are pembrolizumab and nivolumab .The
adverse reaction profiles of these agents consist of potentially severe and even fatal
Immune-mediated adverse events. This is because turning off the immune
checkpoints allows attack of the tumor, but can also lead to unchecked autoimmune
response to normal tissues. Adverse events include diarrhea, colitis, pneumonitis,
hepatitis, nephritis, neurotoxicity, dermatologic toxicity in the form of severe skin
rashes, and endocrinopathies such as hypo- or hyperthyroidism. Patients should be
closely monitored for the potential development of signs and symptoms of toxicity
and promptly treated with corticosteroids if necessary.
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X1 MISCELLANEOUS AGENTS

A. Abiraterone acetate. Abiraterone [ab-er-AT-er-own] acetate is an
oral agent used in the treatment of metastatic castration—resistant
prostate cancer. Abiraterone acetate Is used in conjunction with
prednisone to inhibit the CYP17 enzyme (an enzyme required for
androgen synthesis), resulting in reduced testosterone production.
Coadministration with prednisone is required to help lessen the
effects of mineralocorticoid excess resulting from CYPL17 inhibition.
Hepatotoxicity may occur, and patients should be closely monitored
for hypertension, hypokalemia, and fluid retention. Joint and muscle
discomfort, hot flushes, and diarrhea are common adverse effects
with this agent.
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B. Immunomodulating agents. Thalidomide , lenalidomide , and pomalidomide are oral
agents used in the treatment of multiple myeloma. Their exact mechanism of action
IS not clear, but they possess antimyeloma properties including antiangiogenic,
Immune-modulation, anti-inflammatory, and anti-proliferative effects. These agents
are often combined with dexamethasone or other chemotherapeutic agents. Adverse
effects include, thromboembolism, myelosuppression, fatigue, rash, and
constipation. Thalidomide was previously given to pregnant women to prevent
morning sickness. However, severe birth defects were prevalent in children born to
mothers who used thalidomide. Lenalidomide and pomalidomide are structural
variants of thalidomide and because of their structural similarities, these drugs are
contraindicated in pregnancy.
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C. Proteasome inhibitors. Bortezomib ,ixazomib ,and carfilzomib , are proteasome inhibitors
commonly used as the backbone therapy in the treatment of multiple myeloma. These agents
work by inhibiting proteasomes, which in turn prevents the degradation of pro-apoptotic
factors, thus leading to a promotion in programmed cell death (apoptosis). Malignant cells
readily depend on suppression of the apoptotic pathway; therefore, proteasome inhibition
works well in multiple myeloma. Bortezomib can be administered 1V, but the subcutaneous
route is preferred because it is associated with less neuropathy. Other adverse effects include
myelosuppression, diarrhea, nausea, fatigue, and herpes zoster reactivation. Patients should
receive antiviral prophylaxis if they are receiving therapy with bortezomib. Ixazomib is an
oral agent with an adverse effect profile similar to bortezomib. Carfilzomib is administered
Intravenously, and common adverse effects include myelosuppression, fatigue, nausea,
diarrhea, and fever. “Chemo Man” is a useful tool to help remember the most common
toxicities of these drugs (Figure 35.33).
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12. A 53-year-old woman recently diagnosed with gouty arthritis started
a treatment with a drug that inhibits leukocyte migration and
phagocytosis secondary to inhibition of tubulin polymerization.
Which of the following drugs did the patient most likely take?

A. Indomethacin B. Prednisone C. Colchicine
D. Allopurinol E.Probenecid F. Piroxicam
Difficulty level: Easy

8. A 61-year-old woman with advanced Hodgkin lymphoma began
chemotherapy with the ABVD (doxorubicin, bleomycin, vinblastine,
and dacarbazine) regimen. Which of the following molecular actions
most likely mediated the therapeutic effect of doxorubicin in the
patient’s disease?

A. It intercalates between DNA strands and inhibits topoisomerase |I.
B. It prevents microtubule disassembly into tubulin monomers.

C. It prevents assembly of tubulin dimers into microtubules.

D. It alkylates nucleophilic groups on DNA bases.

E. It blocks the synthesis of both ribonucleotides and deoxynucleotides.



Learning objective: Explain the mechanism of action of colchicine.

12. C Colchicine can be used to stop an acute gout attack or, most often,
for the prevention of further attacks, as in this case. The drug binds to
the intracellular protein, tubulin, thereby preventing its polymerization
Into microtubules and thus blocking mitosis in metaphase. Cells with
the highest rate of division are affected early. Granulocyte migration
Into the inflamed area and phagocytosis of urate crystals by
macrophages are inhibited, thus relieving the pain and inflammation
of gouty arthritis. These actions are specific, and the drug is devoid of
general analgesic or antiinflammatory effects.

A, B, F These drugs are effective in gouty arthritis but have different
mechanisms of actions.

D, E These drugs can decrease the risk of gout attacks by decreasing the
urate pool, not by inhibiting tubulin polymerization.



Learning objective: Explain the mechanism of anticancer action of
doxorubicin.

8. A Doxorubicin is an anthracycline antibiotic, thus the A in the ABVD
acronym,; alternatively, the A may be considered to stand for
Adriamycin, a brand name for doxorubicin. These anticancer drugs
likely act with multiple mechanisms, including intercalation between
adjacent base pairs of DNA, thus causing blockade of DNA
replication; blockade of topoisomerase 11, the enzyme that catalyzes
DNA repair (it breaks and then reseals DNA strands); and generation
of free radicals that can oxidize DNA bases. The end result of these
multiple mechanisms is cell apoptosis.

B This is the mechanism of action of taxanes.

C This is the mechanism of action of vinca alkaloids.
D This is the mechanism of action of alkylating drugs.
E This is the mechanism of action of methotrexate.



Difficulty level: Easy

21. A 59-year-old woman with inoperable 4=l =lla e lung cancer had
been receiving combination chemotherapy. Lab tests revealed the
following plasma levels: creatinine 5.5 mg/dL (normal 0.6—1.2
mg/dL), blood urea nitrogen (BUN) 45 mg/dL (normal 7—18 mg/dL),
Mg2+ 0.2 mmol/L (normal 1.5—-2.0 mmol/L). Which of the following
drugs most likely caused these lab results?

A. Fluorouracil  B. Doxorubicin  C. Vincristine  D. Cisplatin
E. Paclitaxel

Difficulty level: Easy

26. A 10-year-old boy suffering from acute lymphoblastic leukemia
started maintenance therapy that included high dose methotrexate.
Two weeks later, a blood test with differential showed a white blood
cell count of 1800/mm3 (normal 4500—11,000/mm3). The oncologist
believed the result was related to an excessive dose of methotrexate
and ordered an antidote agent. Which of the following drugs would be
appropriate for the patient at this time?

A. Vitamin B12  B. Pyridoxine  C. Folic acid
D. Vitamin B3 E. Leucovorin




Learning objective: Describe the adverse effects of cisplatin.

21. D The patient’s lab results suggest the diagnosis of renal failure.
Cisplatin is the anticancer drug with the highest risk of nephrotoxicity,
and hypomagnesemia is the most common electrolyte abnormality
caused by cisplatin. However, the routine use of hydration and
diuresis has largely reduced cisplatin-induced nephrotoxicity.

A—C, E These drugs very rarely cause nephrotoxicity.

Learning objective: lIdentify the drug to be used as a methotrexate
antidote.

26. E Leucovorin can be given to counteract the adverse effects that
methotrexate has on normal cells. Leucovorin (formyl
tetrahydrofolate, also called folinic acid) is accumulated more readily
by normal cells than by neoplastic cells. The administration of this
drug results in rescue of the normal cells, because the drug bypasses
the step in the purine synthesis that is blocked by methotrexate (i.e.,
dihydrofolate to tetrahydrofolate).
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Figure 67-2 Cancer cell signaling pathway and drug targets. Extracellular binding of agonist ligands to transmembrane
growth factor receptors causes receptor dimerization and activation of a C-terminal protein kinase that initiates intracellular
signaling cascades that regulate gene expression and control cancer cell proliferation, apoptosis, metabolism, and
metastasis. Crosstalk between cancer cells and the host stroma (including the vasculature and immune cells) is modulated
through the release of angiogenic factors and the expression of immune checkpoint proteins. Cancer cell signaling can be
altered through increased expression of receptors (e.g., HER2) or ligands, activating mutations in receptors (e.g. ALK,
EGFR, FGFR) or in intracellular kinases (e.g., RAS, RAF, MEK, PI3K, AKT, JAK), gene translocations resulting in
activated fusion proteins (e.g., bcr-abl, EML4-ALK), and the loss of function of an inhibitor of a pathway (e.g., the PTEN
phosphatase) through mutation, gene deletion, or promoter methylation. Inhibitors are shown acting on three different cells:
a cancer cell, an endothelial cell, and a T cell. Antibodies (green) are shown at their extracellular protein targets. Small-
molecule inhibitors (in blue) are depicted adjacent to their intracellular target proteins. Proteins within red ellipses provide
activating signals, those in green ellipses, inhibitory signals. Star bursts () indicate signaling components in which
mutations are common. Figure 67—4 describes mTOR signaling and its inhibition in more detail (see also Figure 35-2).
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Chemo Man—a summary of toxicity of chemotherapeutic agents.
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AR VI ALKYLATING AGENTS .

Nitrogenmustards ~ AlKylating agents (Figure 35.17) exert their cytotoxic
Mechloreththamine ~ €Tfects by covalently binding to nucleophilic groups on
various cell constituents. Alkylation of DNA is probably

%ﬂiﬂﬂ?hﬂmm the crucial cytotoxic reaction that is lethal to the tumor
Chiorambucil cells. Alkylating agents do not discriminate between
Velohalan cycling and resting cells, even though they are most
paaian toxic for rapidly dividing cells. They are used in
Efﬂﬂiﬂgﬂfm combination with other agents to treat a wide variety of
Altretamine lymphatic and solid cancers. In addition to being
Thiotepa cytotoxic, all are mutagenic and carcinogenic and can

lead to secondary malignancies such as acute leukemia.
Alkyl sulfonates
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Alkylating Agents

Mechlorethamine Temozolomide

Chlorambucil Procarbazine

Cyclophosphamide Dacarbazine

Bendamustine (consisting of a purine Methylates DNA and inhibits
benzimidazole ring and a nitrogen DNA synthesis and function
mustard moiety.) . ) ) o
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A. Cyclophosphamide and ifosfamide (nitrogen mustards).
These drugs are very closely related mustard agents that share most of

s Cyclophosphamide

2 < . .
the same primary mechanisms and toxicities. They are cytotoxic dé\)éj\) ifosfamide
only after generation of their alkylating species, which are (e ISR TR X4
produced through hydroxylation by cytochrome P450 (CY P450). d‘\i"f’ s dj""" . (‘U:“AJJ":‘M

These agents have a broad clinical spectrum and are used as single Q\_ﬁ(j\ Lot | E..’SJ W dJ )3 1)

agents or in combinations in the treatment of a wide variety of . . ,. LT
neoplastic diseases, such as non-Hodgkin lymphoma, sarcoma, and Ml;ﬂ EIAIN ] Q‘-}-«-JU A:JJY\

breast cancer. b, ; - e

1. Mechanism of action: Cyclophosphamide is the most commonly ¢ dﬁj’“j\ LAJJJ; Jﬂj)" e Laié
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C. Streptozotocin Is an antibiotic brought under this group due to its structure
containing methyl nitrososurea group attached to glucose. It is used for the treatment
of pancreatic cancer and malignant carcinoid tumors.

1. Mechanism of action: Due to its glucose structure, it has higher affinity for pancreas
and in experimental animals it causes diabetes by the destruction of islets of
Langerhans.

2. Pharmacokinetics: It shows a very short half-life after intravenous administration of 15 minutes. Only a fraction of drug (20%) is excreted in
urine in the unmetabolized form.

3. Adverse effects: Nausea, vomiting, elevation of hepatic enzymes, and renal toxicity
are reported. Streptozotocin should not be combined with other nephrotoxic agents.
It is also reported to cause hematological toxicity in some patients.
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D. Procarbazine (methylhydrazines) is a methylhydrazine derivative used for the
treatment of Hodgkin’s disease and malignant brain tumors. MOPP is a

chemotherapy regimen consisting of mechlorethamine, vincristine, procarbazine,
and prednisone. One of the components of MOPP regimen for treating Hodgkin’s
disease has been now largely replaced with other drugs and regimens.

1. Mechanism of action: Upon administration, procarbazine is converted by

cytochromes of the liver into a highly reactive alkylating species which in turn
methylates DNA. It is extensively metabolized and excreted.

2. Adverse effects: Procarbazine causes leukopenia and thrombocytopenia.
Gastrointestinal side effects are very common. It is a weak mono-amino oxidase
(MAO) inhibitor and blocks the metabolism of catecholamines. It is highly
carcinogenic, mutogenic, and teratogenic and is associated with the risk of
developing acute leukemia in patients undergoing treatment with this agent.
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E. Dacarbazine and temozolomide (tiazenes)

Dacarbazine is an alkylating agent that must undergo biotransformation to an active
metabolite, methyltriazenoimidazole carboxamide (MTIC). The metabolite is
responsible for the alkylating activity of this agent by forming methylcarbonium
ions that attack the nucleophilic groups in the DNA molecule. The cytotoxic action
of dacarbazine has been attributed to the ability of its metabolite to methylate DNA
on the O-6 position of guanine. Dacarbazine has found use in the treatment of
melanoma and Hodgkin lymphoma. Temozolomide is related to dacarbazine,
because both must undergo biotransformation to an active metabolite, MTIC, which
Is likely responsible for the methylation of DNA on the O-6 and N-7 position of
guanine.
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F. Other alkylating agents . Mechlorethamine was developed as a vesicant (nitrogen
mustard) during World War 1. Its ability to cause lymphocytopenia led to its use in
lymphatic cancers. Melphalan, a phenylalanine derivative of nitrogen mustard, is
used in the treatment of multiple myeloma. This is a bifunctional alkylating agent
that can be given orally. The dose of melphalan is carefully adjusted by monitoring
the platelet and white blood cell counts. Chlorambucil is another bifunctional
alkylating agent that is used in the treatment of chronic lymphocytic leukemia.
Busulfan is an oral agent that is effective against chronic granulocytic leukemia.
This agent can cause pulmonary fibrosis (“busulfan lung™). Like other alkylating
agents, all of these agents are leukemogenic. Bendamustine is administered through
the intravenous route over a period of 30 minutes which is approved for the
treatment of chronic lymphoid leukemia and non-Hodgkin’s lymphoma.
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VI ANTIMETABOLITES. Antimetabolites are structurally related to normal compounds that
exist within the cell (Figure 35.8). They generally interfere with the availability of normal purine
or pyrimidine nucleotide precursors, either by inhibiting their synthesis or by competing with
them in DNA or RNA synthesis. Their maximal cytotoxic effects are in S-phase and are,
therefore, cell cycle—specific.

Methotrexate, pemetrexed, and pralatrexate (folate antagonists) The vitamin folic acid plays
a central role in a variety of metabolic reactions involving the transfer of one-carbon units and is
essential for cell replication. Folic acid is obtained mainly from dietary sources and from food
sources produced by intestinal flora. Methotrexate (MTX), pemetrexed and pralatrexate [pral-a-
TREX-ate] are antifolate agents.
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{{ Methotrexate competitively inhibits dihydrofolate reductase. }}

Remember this pathway from folate antagonists. Methotrexate inhibits the binding of folic acid to the
enzyme. It therefore inhibits DNA synthesis by inhibiting thymidylate synthesis. Cellular uptake of
methotrexate is by a carrier-mediated active transport. Cellular resistance to methotrexate is presumably
caused by decreased transport into the cell. This can be overcome by using high doses .

{{ Leucovorin provides reduced folate to “rescue” normal cells from the action of methotrexate. }}

MTX is specific for the S-phase of the cell cycle. Pemetrexed is an antimetabolite similar in mechanism to
methotrexate. However, in addition to inhibiting DHFR, it also inhibits thymidylate synthase and other
enzymes involved in folate metabolism and DNA synthesis. Pralatrexate is an antimetabolite that also
inhibits DHFR.

{{ Leucovorin provides reduced folate to “rescue” normal cells from the action of methotrexate. }}
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2. Therapeutic uses: MTX, usually in combination with other drugs, is effective against
acute lymphocytic leukemia, Burkitt lymphoma in children, breast cancer, bladder
cancer, and head and neck carcinomas. In addition, low-dose MTX is effective as a
single agent against certain inflammatory diseases, such as severe psoriasis and
rheumatoid arthritis, as well as Crohn disease. All patients receiving MTX require
close monitoring for possible toxic effects. Pemetrexed is primarily used in non—
small cell lung cancer. Pralatrexate is used in relapsed or refractory T-cell
lymphoma.

Y---Adverse effects: For MTX are mucositis, diarrhea, myelosuppression with
neutropenia and thrombocytopenia). Pemetrexed and pralatrexate should be given
with folic acid and vitamin B12 supplements to reduce hematologic and Gl

toxicities. Pretreatment with corticosteroids to prevent cutaneous reactions is
recommended with pemetrexed.
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B. 6-Mercaptopurine (purine antagonists)

6-Mercaptopurine [mer-kap-toe-PYOOR-een] (6-MP), a purine
antimetabolite, is the thiol analog of hypoxanthine. 6-MP and 6-
thioguanine were the first purine analogs to prove beneficial for
treating neoplastic disease. [Note: Azathioprine, an
Immunosuppressant, exerts its cytotoxic effects after conversion to 6-
MP.] 6-MP is used principally in the maintenance of remission in
acute lymphoblastic leukemia. 6-MP and its analog, azathioprine, are
also beneficial in the treatment of Crohn disease. Adverse effects are
noted in Figure 35.8. Azathioprine is used at an oral dose of 3t0 5
mg/kg/day followed by the maintenance dose of 1 to 2 mg/kg/day.
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C. Fludarabine [floo-DARE-a-been] is the 5-phosphate of 2-fluoroadenine arabinoside,
a purine nucleotide analog. It is useful in the treatment of chronic lymphocytic
leukemia, hairy cell leukemia, and indolent non-Hodgkin lymphoma. Fludarabine is
a prodrug, and the phosphate is removed in the plasma to form 2-F-araA, which is
taken up into cells and again phosphorylated (initially by deoxycytidine kinase).
Although the exact cytotoxic mechanism is uncertain, the triphosphate is

incorporated into both DNA and RNA. This decreases their synthesis in the S-phase
and affects their function. ...
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D. 5-Fluorouracil (pyrimidine antagonists)

5-Fluorouracil (5-FU), a pyrimidine analog, has a stable fluorine atom in
place of a hydrogen atom at position 5 of the uracil ring. The fluorine
Interferes with the conversion of deoxyuridylic acid to thymidylic
acid, thus depriving the cell of thymidine, one of the essential
precursors for DNA synthesis. 5-FU is employed primarily in the
treatment of slow-growing solid tumors (for example, colorectal,
breast, ovarian, pancreatic, and gastric carcinomas). When applied
topically, 5-FU is also effective for the treatment of superficial basal
cell carcinomas.
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Mechanism of action: 5-FU itself is devoid of antineoplastic activity. It enters the cell through a carrier-
mediated transport system and is converted to the corresponding deoxynucleotide (5-fluorodeoxyuridine
monophosphate [5-FAUMP]; Figure 35.11), which competes with deoxyuridine monophosphate for
thymidylate synthase, thus Inhibiting its action. DNA synthesis decreases due to lack of thymidine, leading
to imbalanced cell growth and “thymidine-less death” of rapidly dividing cells. [Note: Leucovorin is
administered with 5-FU, because the reduced folate coenzyme is required in the thymidylate synthase
inhibition. For example, a standard regimen for advanced colorectal cancer is irinotecan plus 5-
FU/leucovorin.] 5-FU is also incorporated into RNA, and low levels have been detected in DNA. In the
latter case, a glycosylase excises the 5-FU, damaging the DNA. 5-FU produces the anticancer effect in the S-
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E. Capecitabine is a fluoropyrimidine carbamate. It is used in the
treatment of colorectal and metastatic breast cancer. Capecitabine is
well absorbed following oral administration. After being absorbed,
capecitabine, which is itself nontoxic, undergoes a series of enzymatic
reactions, the last of which is hydrolysis to 5-FU. This step iIs
catalyzed by thymidine phosphorylase, an enzyme that is concentrated
primarily in tumors. (Figure 35.12). Thus, the cytotoxic activity of
capecitabine is the same as that of 5-FU and is tumor specific. The
most important enzyme inhibited by 5-FU (and, thus, capecitabine) is
thymidylate synthase.
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F. Cytarabine (cytidine analogs) . (cytosine arabinoside or ara-C) is an analog
of 2'-deoxycytidine in which the natural ribose residue is replaced by d-
arabinose. Cytarabine acts as a pyrimidine antagonist. The major clinical
use of cytarabine is in acute nonlymphocytic (myelogenous) leukemia
(AML). Cytarabine enters the cell by a carrier-mediated process and, like
the other purine and pyrimidine antagonists, must be sequentially
phosphorylated by deoxycytidine kinase and other nucleotide kinases to the
nucleotide form (cytosine arabinoside triphosphate or ara-CTP) to be
cytotoxic. Ara-CTP is an effective inhibitor of DNA polymerase. The
nucleotide is also incorporated into nuclear DNA and can terminate chain
elongation. It is, therefore, S-phase (and, hence, cell cycle) specific.
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G. Azacitidine. is a pyrimidine nucleoside analog of cytidine. It is used for the treatment of
myelodysplastic syndromes and AML. Azacitidine undergoes activation to the nucleotide
metabolite azacitidine triphosphate and gets incorporated into RNA to inhibit RNA processing
and function. It is S-phase cell cycle—specific. H. Gemcitabine. is an analog of the nucleoside
deoxycytidine. It is used most commonly for pancreatic cancer and non— small cell lung cancer.
Gemcitabine is a substrate for deoxycytidine kinase, which phosphorylates the drug to 2’,2'-
difluorodeoxycytidine triphosphate. (Figure 35.13). Gemcitabine is administered by IV infusion.
It is deaminated to difluorodeoxyuridine, which is not cytotoxic, and is excreted in urine.
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Figure 3513

Mechanism of action of gemcitabine.
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Angiogenesis inhibitors

Mechanism of Action’

. Bevacitumab ,
Sunitinib .

Protease inhibitors :
Bortezomib
EGF-receptor
Inhibitors : Cefitinib ,
cefuximab

Anarmed mono clonal
antibodies :

Rituximab ,
trastuzomab .

Bortezomib

Carfilzomib

Erfotinib

Imatinib

Bosutinib

Cetuximab

Panitumumab

Bevacizumab

Ziv-aflibercept

Sorafenib

Sunitinib,
pazopanib

Inhibitor of the 26S proteocsome;
results in down-regulation of the
NF-xB signaling pathway

Inhibitor of the 26S proteosome;
results in down-regulation of the
NF-xB signaling pathway: maintains
activity in bortezomib-resistant
TuMmors

Inhibits EGFR tyrosine kinase leading
to inhibition of EGFR signaling

Inhibits Bcr-Abl tyrosine kinase and
other receptor tyrosine kinases,
including PDGFR, and c-kit

Inhibits Bor-Abl tyrosine kinase and
retains activity in imatinib-resistant
Bor-Abl mutations except for the
T3151 and V2991 mutations. Inhibits
Src family tyrosine kinases.

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response 1o chemotherapy and
radiotherapy

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Inhibits binding of VEGF-A 1o VEGFR
leading to inhibition of VEGF signal-
ing: inhibits tumor vascular perme-
ability: enhances tumor blood flow
and drug delivery

Inhibits binding of VEGF-A,L VEGF-B,
and PIGF to VEGFR leading to inhibi-
tion of VEGF signaling; inhibits tumor
vascular permeability; enhances
tumor blood flow and drug delivery

Inhibits multiple RTKs, including
raf kinase, VEGF-R2, VEGF-R3, and
PDGFR-B leading to inhibition

of angiogenesis, invasion, and
metastasis

Inhibits multiple RTKs, includ-

ing VEGF-R1, VEGF-R2, VEGF-R3,
PDGFR-a and PDGFR- leading to
inhibition of angicgenesis, invasion,
and metastasis




Notice that two of the listed antibodies for CD20 (a B-cell antigen) have a
radioactive label. The antibody brings the radiation to the tumor cells to increase
specificity of the radiation. Ibritumomab tiuxtan is a combination molecule. The
antibody is the ibritumomab piece that is bonded to the chelator tiuxetan. The
chelator provides the binding site for the radioactive ligand .

po W DA (b oyl e’ Cangind daal ki (g s AANTIBODIES syl
ul@J‘ adﬁymdu\écY‘ngw\ u&ﬂ\&hémﬂ\um

alemtuzumab—CD?®Y;
bevacizumab—vascular endothelial growth factor (VEGF) ;

cetuximab—epidermal growth factor receptor (EGFR);

gemtuzumab ozogamicin—CD33;

ibritumomab tiuxetan labled with yttrium 90—CD20 ;
tositumomab labeled with 1-131—CD20;

trastuzumab—HER?2 ((human epidermal growth factor receptor 2)

L au s clliad CD20 (a B-cell antigen) -l slaca¥ (pe il Gl JaaY

by 5 jbritumomab was!\c@aly ibritumomab tiuxetan J . Lelzd
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DRUG

Erfotinib

1brutinib

Idelalisib

Imatinib

Nilotinib

Sorafenib

Sunitinit

Trametinib

Vemurafenib

MECHANISM OF ACTION

Inhibits EGFR tyrosine
kinase

Inhibits mutated BRAF
kinases

Inhibits BCR-ABL tyrosine
kinase

Inhibits EGFR tyrosine
kinase

Inhibits Bruton's tyrosine
kinase

Inhibits
phosphatidylinositol
3-kinase

Inhibits BCR-ABL tyrosine
kinase

Inhibits BCR-ABL kinase

Inhibits EGFR tyrosine
kinase

Multi-tyrosine kinase
inhibitor

Inhibits multiple
intracellular and
cell surface kinases

Multi-tyrosine kinase
inhibitor

Rewversible inhibitor of
mitogen-activated
extracellular kinases

Inhibits mutated BRAF
serine-threonine kinase

ADVERSE EFFECTS

Diarrhea, rash, stomatitis,
paronychia, nausea,
vomiting, pruritus

Pyrexia, rash, arthralgia.
couwgh, embryo-fetal
toxicity

Myel PP ion, fluid
retention. diarrhea

Rash, ILD, hepatoxicity

Diarrhea, fatigue, nausea,
cough, pyrexia, abdominal
pain, pneumonia, rash,
neutropenia, infection

Myelosuppression, fluid
retention. CHF

Myelosuppression,
QT prolongation,
hepatotoxicity

Diarrhea, rash, dry skin,
nail toxicity, fatigue

Diarrhea, hypertension,
hair color changes, nausea,
anorexia, vomiting

Hypertension, hand-foot
syndrome, rash, diarrhea,
fatigue

Hypertension, hand-foot
syndrome, rash, diarrhea,
fatigue, hepatotoxicity,
hypothyroidism

Pyrexia, rash, dia

202 = hed.
Q. flymp

Arthralgia, rash, alopecia,
fatigue, photosensitivity.,
pruritus, skin papilloma

NOTABLE DRUG
INTERACTIONS

P-gp inhibitors and
inducers

CYP3A4 inhibitors and
substrates; CYP2Cs8
inhibitors and substrates;
substrates of CYP2C9,
CYP2C19, or CYP2B6

CYP3A4S substrates, acid-
reducing agents

CYP3AS substrates, acid-
reducing agents, warfarin

CYP3A inhibitors and
inducers

CYP3A inducers and
substrates

CYP3AS substrates, warfarin

CYP3AA4 substrates, acid-
reducing agents

Strong CYP3A inducers

CYP3A4S inhibitors,
ind s, and sub
CYP2D6 or CYP2CS

el

ates;

drugs that reduce
gastric pH

CYP3AS inducers, warfaorin

CYP3A4 substrates

CYP2CS substrates, P-gp

CYP3A4 inhibitors and
inducers, CYP1A2
substrates

MONITORING
PARAMETERS

<BC,.CmpP

Glucose, symptoms of
heart failure or bleeding.
CBC, BMP. INR (if warfarin)

CBC, BCR-ABL, electrolytes

<mpP

CBC, CMP. atrial ibrillation,
BP, tumor lysis syndrome

CBC, LFTs, pulmonary
symptoms, infection

CBC. BCR-ABL

CBC, BCR-ABL, electrolytes

CBC, ECG, electrolytes

ECG, electrolytes, thyroid
function tests, LFTs, UA,
<BC,. 8P

BP, CMP

BP. CMP. TSH

Fever, new cutaneous
malignancies, serum
glucose, LVEF, CBC, CTMWMP

ECG, electrolytes, CMP,
uwveitis

NOTES

Administer on an empty
stomach

Reduce dose for significant
diarrhea

Use effective contraception
for fernale patients

Use effective contraception
for fernale patients
Administer on empty
stomach

May cause new primary
malignancies

QT prolongation

Rash equated with
increased response

Avoid grapefruit juice and
Seville oranges

Can cause hepatitis B
reactivation

Use effective contraceptive

Use effective contraception
for female patients

A e 1. -

forde P
of heart failure

QT prolongation

Administer on empty
stomach

Use effective contraceptive
for female patients

Use effective contraceptive
for female patients

Wound healing
complications, cardiac
events

Monitor for development
of heart failure

Used in combination with
dabrafenib

Adrninid

stomach

on Pty

May cause new primary
cutaneocus malignancies

Use effective contraception
in female patients

BMP = basic matabolic panci; BP = blood pressurc: CBC = complate blood count: CHF = congestive heoart faillure; CMP = complicte metabolic pancl; ECG = cloctrocar-
diogram; EGFR = cpidermal growth factor receptor; ILD = interstitial lung discasc: INR = international normalized ratio; LFT = Rver function test: LVEF = left ventricular
cjection fraction: P-gp = P-glycoprotein: TSH = thyroid-stimulating hormone; UA = urinalysis.

Figure 35.32
Summary of tyrosine kinase inhibitors.




m MECHANISM OF ACTION ADVERSE EFFECTS MONITORING PARAMETERS “

Cetuximab

Ramucirumakb

Rituximab

Trastuzumab

Binds VEGF and prevents binding
of VEGF to Its receptors on
endothellal calls

Inhiblts vascularization of the
tumor

Binds to EGFR and competitively
inhibits the binding of epldermal
growth factor and other ligands

Inhibits tumor call growth and
increases apoptosls

Binds to the transmembrane
protein CD3& on multiple
myeloma cells and causes
cell lysls

Binds VEGF receptor 2 and blocks
binding of VEGF receptor ligands

Targets the CD20 antigen
expressed on the surface of
pre-B lymphocytes and mature
B lymphocytes

Inhibits the proliferation of human
tumor cells that overexpress HER2

Hypertension, Gl perforation,
protelnuria, wound haallng
problems, bleading

Skin rash, electrolyte wasting,
Infuslon reaction, diarrhea

Infuslon reactions, diarrhea,
fatigue, pyrexia

Protelnuria, hypertenslion, wound
healing problems, bleeding

Fatal Infusion reaction, TLS,
mucocutaneous reactions, PML

Cardlomyopathy, Infuslon-related
fever and chills, pulmonary

toxiclty, headache, nausea/
vomiting

BP, urine proteln, slgns and
symptoms of bleading

Electrolytes, vital signs during
Infusion

CBC with differential, vital signs
during Infusion

BP, urine proteln, slgns and
symptoms of bleeding

Vital signs during Infusion,
TLS labs

LVEF, CBC, pulmonary toxicity
due to Infuslon reaction

Hold for recent or upcoming
surglcal proceduras

Premedication with antihistamine
required bafore Infusion; rash
equated with Increased responsa

Can bind CD38 on red blood cells

Type and screen patlients before
starting tharapy

Premeadication with
antihistamines, antipyretics, and
cortlcosterolds required

Hold for recent or upcoming
surglcal procedures
Fatal reactivation of hepatitls B

Premedication required before
Infusion

Incraased risk of nephrotoxdcity
when glven with cisplatin
Embryo-fetal toxicity

Meutropenia In comblination with
chemotherapy

Premedication with antihistamina
and acetaminophen requirad

BP = blood pressure; CBC = complete blood count; EGFR = epidermal growth factor receptor; HER2 =human epidermal growth factor receptor protein 2; Gl

tinal; LVEF =

Figure 35.31

= gastrointes-

left ventricular ejection fraction; PML = progressive multifocal leukoencephalopathy; TLS = tumor lysis syndrome; VEGF = vascular endothelial growth factor.

Summary of monoclonal antibodies. (For drug dosages, refer to Appendix at the end of the book.)
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Antimetabolites:

Meach koreshzmims

Chilorarmibuacil

o plheosph amiads-

Be=ndamustine
Melphalan
Thiotepa
Busulfam

Carmasssin=

A Rretamines

Temozodomids

Procarbazine

Foomms D8 cross-
lamilk=_ resasitirag im
il i iy o LA
symth==i=s and
funciisom

Samie as akb-owe

Samie as akb-oes

Same as aboes
Same as akb-owes
Same as akb-oes
Same as akb-oes
Same as abows
Same as aboes
Same as ab-oes

Merhyilares DTS
amd imbibits DA
symthe=sis and
Fuanciisoam
Methyilanes DS
amd imbhabics DA
symthe==i=s and
fFunciisom

Methylates DS
amd imhiabits DA
symthe==i=s arnd
fFunciisom

Ciruag

Mechanism of Action

Capecitabine

Cytarabine

=emcitabine

Fludarabine

Cladribine

s-Mercaptopurine
{&=-MP)

S-Thicguanine

Inhibits TS; incorporation of FUTE inbo BRA
resulting im alferation in ENA processing;
imcorporatiom of FAUTE imto DA resulting
im inhibtion of DA synthesis and fumction
Inhibits TS; incorporation of FUTP o BHA
resulting im alf=ration in RMA processing;
incorporatiom of FAUTE into DA resulting
im inhibtion of DA synthesis and fumction
Inhibits DHFE; inhibits T5; inhibits de mowo
purine muclestide synthesis

Inhikits TS, OHFR, and pawrine medeotide
symitheesis

Inhibits CMA chain elongation, DA
symitheesis and repair; inhibits ribonudeotids
reductase with reduced formation of dNTPs;
incorporation of cytarabine tmiphosphats
imto CHA

Imhibits OMA synithesis and repair; mhibits
ribonuclectide redwctase withn redwced
formation of diNTPs; incorporatiom of
gamicitabine triphosphate into DMA
resulting im inhibitiom of DA synithesis

and functicm

Inhibits CMA synithesis and respair; imhibits
ribonucleotide redwctase; incorporation

of fludarabine triphosphate into CRA;
induction of apopiosis

Imhibits DA synithesis and repair; mhbibits
ribonucleoctide redwctase; incorporation of
cladribine triphosphate into DA mdwuctiocn
of apoptosis

Imhibits de nowo purine nucleotide syrithe-
sis; inoorporation of miphosphate into RRNA;
inconporation of triphosphate imbo DA

Same as 6&-MP

ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; DHFR, dihydrofolate reductase;
dNTP, deoxyribonucleotide triphosphate; FAUTP, 5-fluorodecxyuridine-5"-triphosphate; FUTF, 5-fluorouridine-5™triphosphate; TS, thymidylate synthase.



TABLE 54-3 Antimetabolites: Clinical activity and toxicities.

Drug

Mechanism of Action

Clinical Applications

Toxicity

Capecitabine

S-Fluorouracil

Methotrexate

Pemetrexed

Cytarabine

Gemcitabine

Fludarabine

Cladribine

6-Mercaptopurine
(6-MP)

6-Thioguanine

Inhibits TS; incorporation of FUTP into RNA
resulting in alteration in RNA processing;

incorporation of FAUTP into DNA resulting
in inhibition of DNA synthesis and function

Inhibits TS; incorporation of FUTP into RNA
resulting in alteration in RNA processing;
incorporation of FAUTP into DNA resulting
in inhibition of DNA synthesis and function

Inhibits DHFR; inhibits TS; inhibits de novo
purine nucleotide synthesis

Inhibits TS, DHFR, and purine nucleotide
synthesis

Inhibits DNA chain elongation, DNA
synthesis and repair; inhibits ribonucleotide
reductase with reduced formation of dNTPs;
incorporation of cytarabine triphosphate
into DNA

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase with reduced
formation of dNTPs; incorporation of
gemcitabine triphosphate into DNA
resulting in inhibition of DNA synthesis
and function

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase; incorporation
of fludarabine triphosphate into DNA;
induction of apoptosis

Inhibits DNA synthesis and repair; inhibits
ribonucleotide reductase; incorporation of
cladribine triphosphate into DNA; induction
of apoptosis

Inhibits de novo purine nucleotide synthe-
sis; incorporation of triphosphate into RNA;
incorporation of triphosphate into DNA

Same as 6-MP

Breast cancer, colorectal can-
cer, gastroesophageal cancer,
hepatocellular cancer, pancreatic
cancer

Colorectal cancer, anal cancer, breast
cancer, gastroesophageal cancer,
head and neck cancer, hepatocellular
cancer

Breast cancer, head and neck cancer,
osteogenic sarcoma, primary central
nervous system lymphoma, non-
Hodgkin's lymphoma, bladder cancer,
choriocarcinoma

Mesothelioma, non-small cell lung
cancer

AML, ALL, CML in blast crisis

Pancreatic cancer, bladder cancer,
breast cancer, non-small cell lung
cancer, ovarian cancer, non-Hodgkin's
lymphoma, soft tissue sarcoma

Non-Hodgkin's lymphoma, CLL

Hairy cell leukemia, CLL,
non-Hodgkin’s lymphoma

AML

ALL, AML

Diarrhea, hand-foot syndrome,
myelosuppression, nausea and
vomiting

Nausea, mucositis, diarrhea, bone
marrow depression, neurotoxicity

Mucositis, diarrhea, myelosup-
pression with neutropenia and
thrombocytopenia

Myelosuppression, skin rash,
mucositis, diarrhea, fatigue,
hand-foot syndrome

Nausea and vomiting,
myelosuppression with neutro-
penia and thrombocytopenia,
cerebellar ataxia

Nausea, vomiting, diarrhea,
myelosuppression

Myelosuppression, immunosup-
pression, nausea and vomiting,
fever, myalgias, arthralgias

Myeilosuppression, nau-
sea and vomiting, and
immunosuppression

Myelosuppression, immunosup-
pression, and hepatotoxicity

Same as 6-MP

ALL, acute lymphobilastic leukemia: AML, acute myelogenous leukemia; CLL chronie lymphocytic leukemia; CML, chronic myclogenous levukemia; DHFR, dihydrofolate reductase;

ANTP, deoxyribonucleotide triphosphate; FAUTE, 5-fluoredeoxyuridine-5"-triphosphate; FUTPE, 5-flucrouridine-5"-triphosphate: TS, thymidylate synthase.



TABLE 54—4 Natural product cancer chemotherapy drugs: Clinical activity and toxicities.

Drug Mechanism of Action Clinical Applications Acute Toxicity Delayed Toxicity
Bleomycin Oxygen free radicals bind Hodgkin’s and non-Hodgkin's Allergic reactions, Skin toxicity, pulmo-
to DNA causing single- and lymphoma, germ cell cancer, head fever, hypotension nary fibrosis, mucositis,
double-strand DNA breaks and neck cancer alopecia
Daunorubicin Oxygen free radicals bind AML, ALL Nausea and vomit- Cardiotoxicity (see
to DNA causing single- and ing, fever, red urine text), alopecia,
double-strand DNA breaks; {not hematuria) myelosuppression
inhibits topoisomerase I;
intercalates into DNA
Docetaxel Inhibits mitosis Breast cancer, non-small cell lung Hypersensitivity Neurotoxicity, fluid reten-
cancer, prostate cancer, gastric cancer, tion, myelosuppression
head and neck cancer, ovarian cancer, with neutropenia
bladder cancer
Doxorubicin Oxygen free radicals bind to Breast cancer, Hodgkin’s and non-Hodg- Nausea, red urine Cardiotoxicity (see text),
DNA causing single- and double- kin's lymphoma, soft tissue sarcoma, (not hematuria) alopecia, myelosuppres-
strand DNA breaks; inhibits ovarian cancer, non-small cell and small sion, stomatitis
topoisomerase Ii; intercalates cell lung cancey, thyroid cancer, Wilms'
into DNA tumor, neuroblastoma
Etoposide Inhibits topoisomerase Il Non-small cell and small cell lung can- Nausea, vomiting, Alopecia,
cer; non-Hodgkin's lymphoma, gastric hypotension myelosuppression
cancer
Idarubicin Oxygen free radicals bind to AML, ALL, CML in blast crisis Nausea and Myelosuppression, muco-
DNA causing single- and double- vomiting sitis, cardiotoxicity
strand DNA breaks; inhibits
topoisomerase li; intercalates
into DNA
Irinotecan Inhibits topoisomerase | Colorectal cancer, gastroesophageal Diarrhea, nausea, Diarrhea, myelosuppres-
cancer, non-small cell and small cell vomiting sion, nausea and vomiting
lung cancer
Mitomycin Acts as an alkylating agent and Superficial bladder cancer, gastric can- Nausea and Myelosuppression,
forms cross-links with DNA; for- cer, breast cancer, non-small cell lung vomiting mucositis, ancrexia and
mation of oxygen free radicals, cancer, head and neck cancer (in combi- fatigue, hemolytic-uremic
which target DNA nation with radiotherapy) syndrome
Paclitaxel Inhibits mitosis Breast cancer, non-small cell and small Nausea, vomit- Myelosuppression, periph-
cell lung cancer, ovarian cancer, gas- ing, hypotension, eral sensory neuropathy
troesophageal cancer, prostate cancer, arrhythmias,
bladder cancer, head and neck cancer hypersensitivity
Topotecan Inhibits topoisomerase | Small cell lung cancer, ovarian cancer Nausea and Myelosuppression
vomiting
Vinblastine Inhibits mitosis Hodgkin's and non-Hodgkin's lym- Nausea and Myelosuppression, muco-
phoma, germ cell cancer, breast cancer, vomiting sitis, alopecia, syndrome
Kaposi's sarcoma of inappropriate secretion
of antidiuretic hormone
{SIADH), vascular events
Vincristine Inhibits mitosis ALL, Hodgkin’s and non-Hodgkin's None Neurotoxicity with periph-
lymphoma, rhabdomyosarcoma, eral neuropathy, paralytic
neuroblastoma, Wilms' tumor ileus, myelosuppression,
alopecia, SIADH
Vinorelbine Inhibits mitosis Non-small cell lung cancer, breast Nausea and Myelosuppression,

cancer, ovarian cancer

vomiting

constipation, SIADH

ALL, acute lymphobilastic leukemia; AML, acute myclogenous leukemia: CML, chronic myelogenous leukemia



Alkylating Agent :

(Nittrogen Mustards : Mechlorethamine, Cyclophosphamide,
Chlorambucil, Melphalan, Bendamustine, Altretamine

Alkyl sulfonates : Busulfan

Nitrasoureas : Carmustine, Lomustine....

Each one Forms DNA crosslinks, resulting in inhibition of DNA
synthesis and function)

(Triazine : Dacarbazine , Temozolomide
Methylhydrazine : Procarbazine
Each one Methylates DNA and inhibits DNA synthesis and function)

Cisplatin Forms intrastrand and interstrand DNA cross-links; binding to
nuclear and cytoplasmic proteins



TABLE 54—-5 Miscellaneous anti-cancer drugs: Clinical activity and toxicities.

Drug

Mechanism of Action’

Clinical Applications’

Acute Toxicity

Delayed Toxicity

Bortezomib

Carfilzomib

Erlotinib

Imatinib

Bosutinib

Cetwamab

Panitumumab

Bevacizumab

Ziv-aflibercept

Sorafenib

Sunitinib,
pazopanib

Inhibitor of the 26S protecsome;
results in down-regulation of the
NF-xB signaling pathway

Inhibitor of the 26S proteosome;
results in down-regulation of the
NF-xB signaling pathway; maintains
activity in bortezomib-resistant
TuMmors

Inhibits EGFR tyrosine kinase leading
to inhibition of EGFR signaling

Inhibits Bcr-Abl tyrosine kinase and
other receptor tyrosine kinases,
including PDGFR, and c-kit

Inhibits Bcr-Abl tyrosine kinase and
retains activity in imatinib-resistant
Bor-Abl mutations except for the
T3151 and V2991 mutations. inhibits
Src family tyrosine kinases.

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Binds to EGFR and inhibits down-
stream EGFR signaling: enhances
response to chemotherapy and
radiotherapy

Inhibits binding of VEGF-A 1o VEGFR
leading to inhibition of VEGF signal-
ing; inhibits tumor vascular perme-
ability; enhances tumor blood flow
and drug delivery

Inhibits binding of VEGF-A, VEGF-B,
and PIGF to VEGFR leading to inhibi-
tion of VEGF signaling; inhibits tumor
vascular permeability; enhances
tumor blood flow and drug delivery

Inhibits multiple RTKs, including
raf kinase, VEGF-R2, VEGF-R3, and
PDGFR-B leading to inhibition

of angiogenesis, invasion, and
metastasis

Inhibits multiple RTKs, includ-

ing VEGF-R1, VEGF-R2, VEGF-R3,
PDGFR-ax and PDGFR-B leading to
inhibition of angiocgenesis, invasion,
and metastasis

Multiple myeloma,
mantie cell iymphoma

Multiple myeloma

Non-small cell lung can-
cer, pancreatic cancer

CML, gastrointestinal
stromal tumor (GIST),
Philadelphia chromo-
some-positive ALL
CML

Colorectal cancer, head
and neck cancer (used in
combination with radio-
therapy), non-small cell
lung cancer

Colorectal cancer

Colorectal cancer, breast
cancer, non-small ceill
lung cancery, renal cell
cancer, glioblastoma
multiformae

Colorectal cancer

Renal cell cancer, hepa-
tocellular cancer

Renal cell cancer, GIST

Nausea and
vomiting, fever

Diarrhea

Nausea and
vomiting

Nausea and
vomiting

Infusion
reaction

Infusion
reaction
(rarely)

Hyperten-
sion, infusion
reaction

Hypertension

Nausea,
hypertension

Hypertension

Peripheral sensory neuropathy, diarrhea,
orthostatic hypotension, fever, pulmonary
toxicity, reversible posterior leukoenceph-
alopathy (RPLS), congestive heart failure
{CHF), rare cases of QT prolongation

Fatigue, cardiac toxicity with CHF and
myocardial infarction, myelosuppression,
pulmonary toxicity, hepatotoxicity, ortho-
static hypotension

Skin rash, diarrhea, anorexia, interstitial
lung disease

Fluid retention with ankle and periorbital
edema, diarrhea, myalgias, congestive
heart failure

Diarrhea, fluid retention, myelosuppres-
sion, skin rash hepatotoxicity

Skin rash, hypomagnesemia, fatigue,
interstitial lung disease

Skin rash, hypomagnesemia, fatigue,
interstitial lung disease

Arterial thromboembolic events, gastro-
intestinal perforations. wound healing
complications, bleeding complications,
proteinuria

Arterial thromboembolic events, gastro-
intestinal perforations, wound healing
complications, bleeding complications,
diarrhea, mucositis, proteinuria

Skin rash, fatigue and asthenia, bleeding
complications, hypophosphatemia

Skin rash, fatigue and asthenia, bleeding
complications, cardiac toxicity leading to
congestive heart failure in rare cases

'Sece text for acronyms.
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FIGURE 54-2 The cell cycle and cancer. A conceptual depiction =" " U0 e
of the cell cycle phases that all cells—normal and neoplastic—must Albumin-bound paclitaxel Daunorubicin
traverse before and during cell division. The percentages given Cabazitaxel Daxorubicin
. . . Docetamns=| Epirubicim
represent the approximate percentage of time spent in each phase el I
by a typical malignant cell; the duration of G,, however, can vary Vinca alkalokds (M phase) M tosantrone
markedly. Many of the effective anticancer drugs exert their action Vinblastine
on cells traversing the cell cycle and are called cell cycle-specific e e
Wincrelbine
(CCS) drugs (see Table 54-1). A second group of agents called cell Antiembcrétubulie Mlsfbtor (M phase)
cycle-nonspecific (CCNS) drugs can sterilize tumor cells whether they  abepilone
are cycling or resting in the G, compartment. CCNS drugs can kill Erbulio

both Gy and cycling cells (although cycling cells are more sensitive). M,Eﬂ":._:m"mm"" phasel



F ¥ Wy NPV ERLSTSSe GRS VESSSE - EESTNE Sey SN BN GREFASENNSNTSTSS | Ve
inhibitors of tetra o synthesls {2). .W 3)
L8 0 R ——— Da
3 — to template
 e— s ———— Alkylation.
==
» e — mechlorethamine
—_— — ==
’ = —— of platinum
- =
4 ,_:1‘___ Insertion
[e—— ——— IMoDNA.eg..
=
= szrand breaks
OPORLOMmer
—_— — §\\ T - L
. =  epipodopnyiio-
} Toodnes, tecans

e — -z

A -
&,

Dihydrofolate
reductase T T~
-+ I Folic acid
/,-" u,n\‘_,nl ~o -
"‘l/ TN CCHe—N—
k?..( -:;'.\ T

~F 22 T S-i
&\ ~ +— "\ Building blocss® L |
Purines
T
etrahydro-
Thymine
nucleotide
Inhibition by
Methotrexate
2
DNA DONA
S— r——
— —
- - — —
O— o e—— | 2 1
P — -:" s /'K‘[ ~r\,.
r—— e — k\ > - ~
=y § =y ~ ~
— -— 6-Merc purine
e cp— from azathioprine
O— L e—
— —-—
- - — - e— U
O— e ee— = - ~ -
— e e— —
R el e ot S-Fluorouracil i | —
O— e e—
e | —e—— Cytarabine Cytosine
—_— = Arabinose
| P el P —— <

. insteadof = Uracil
Cyulbsine
instead of | Desoxyribose




DNA

— A. Cytostatics: alkylating agents and cytostatic antibiotics (1),
inhibitors of tetrahydrofolate synthesis (2), antimetabolites (3)

Damage

to template

7

=Pt

Alkylation,
e.g., by

mechlorethamine

Binding
of platinum

Insertion
into DNA, e.q.,
doxorubicin

Induction of
strand breaks
Topoisomerase
inhibitors:
epipodophyllo-
toxins, tecans

C—CH>—CH;
Y
fN_CH3
HoN Cl—CH,—C
>f_ NH Mechlﬂretl'ljmine
N 0

)_8:

~NN~CH,—CHpe. CHs

-
Fod
— i —=




HISTORY Alkylating Anticancer Drugs

The discovery and initial development of alkylating anticancer
drugs are based on observations of the effects of chemical
warfare in World War | (Chabner and Roberts, 2005). The
pervasively toxic sulfur mustard gas that caused topical burns to
skin, eyes, lungs, and mucosa also caused aplasia of the bone
marrow and lymphoid tissue and ulceration of the Gl tract
(Krumbhaar, 1919). In 1942, Louis Goodman and Alfred
Gilman, the originators of this text, demonstrated the activity of
nitrogen mustards against mouse lymphoma. Their clinical
studies of intravenous nitrogen mustards in patients with
lymphoma launched the modern era of cancer chemotherapy
(Gilman and Philips, 1946).




R. Lymphoma

Hodgkin lymphoma encompasses a distinctive group of
neoplasms that are characterized by the presence of a

tumor giant (e cell, the RS cell. Unlike most NHLs, Hodgkin
lymphomas arise in a single lymph node or chain of

lymph nodes and typically spread in a stepwise fashion

to anatomically contiguous _sis= nodes. Although the Hodgkin
lymphomas are now understood to be unusual tumors of B

cell origin, they are distinguished from the NHLSs by their
unusual pathologic and clinical features.
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Bleomycin :the cytotoxicity of bleomycin is due to oxidative damage to Doxorubicin

DNA. Bleomycin causes DNA fragmentation with predominantly single strand Epirubicin

breakage, but also some double-strand breakage. Bleomycin causes scission 1 4arubicin

of DNA by interacting with oxygen and ferrous ion . G2 and mitotic phases  pgieavantrone

Daunorubicin : Daunorubicin, an anthracycline antibiotic inhibits DNA Actinomycin D

topoisomerase Il. Anthracyclines also intercalate into DNA and generate Mitomycin C

free radicals. Bleomycin
.

Doxorubicin : is an anthracycline antitumor antibiotic that enhances

formation of free oxygen radicals that alter cell membranes and induce

Topoisomerase 11 (deoxyribonucleic acid) DNA damage.

Ebirubicin

Idarubicin : Idarubicin binds to DNA by intercalation and inhibits synthesis of
nucleic acids, particularly DNA, and inhibits the activity of topoisomerase
[1, resulting in strand breaks. In addition, the quinone group of

anthracyclines is reduced by cytochrome P450 reductase to generate
semiquinone free radicals and oxygen radicals that attack DNA

Mitoxantrone : It interferes with DNA synthesis by intercalation with DNA or
byinhibiting topoisomerase I1.

Actinomycin : Dactinomycin inhibits DNA-dependent RNA polymerase
(choriocarcinoma)

Mitomycin



Vincristin : A vinca alkaloid, vincristine, acts by inhibiting mitosis . depolymerizes
microtubules and causes mitotic arrest . A cytotoxic effect by binding to tubulin and
preventing its polymerization. This action interferes with the formation of the
mitotic spindle and mitosis.

Vinblastin : natural product that binds to microtubular proteins, inhibiting microtubule
assembly.

Paclitaxel ; docetaxel: It causes mitotic arrest in cells by stabilizing polymerized tubulin
and the mitotic spindle.



Topotecan : Topotecan cytotoxicity is due to inhibition of topoisomerase |, an enzyme that
relieves torsional (2 5!l strain =) during DNA replication. Topotecan, like other
camptothecin derivatives, inhibits topoisomerase | activity. The cleavable complex
normally formed between DNA and topoisomerase | is stabilized by topotecan causing
breaks in single-stranded DNA that cannot be religated. Because DNA synthesis is
necessary for cytotoxicity, the action of topotecan may be S-phase-specific . Ais a
topoisomerase |l inhibitor . An inhibitor of topoisomerase | which is involved in DNA
replication. inhibitor of topoisomerase I.

Irinotecan : By inhibiting topoisomerase |, irinotecan relieves torsional strain in DNA,
thereby causing reversible, single-strand breaks. Irinotecan interferes with processes
linked to DNA unwinding ¢& yiul/ ¢l )/ &l

Etoposide : causes DNA strand breaks in cells by binding to topoisomerase Il and preventing
re-joining of DNA strands. It binds to tubulin and causes mitotic arrest. Etoposide
prevents cells from entering mitosis or destroys them in the premitotic phase. Cells in
the S G2 phases of the cell cycle are more sensitive to etoposide. Etoposide induces
double-strand breaks in DNA by forming a ternary complex with topoisomerase Il and
DN A. Resistance to etoposide develops because of enhanced expression of
Pglycoprotein.

teniposide, forms ternary complexes with topoisomerase Il and DNA, resulting in double-stranded

DNA breaks and inhibition of repair . Teniposide prevents cells from entering mitosis or destroys
them in the premitotic phase. Cells in the late S and early G2 phases of the cell cycle are more
sensitive to teniposide. Teniposide, which forms a ternary complex with topoisomerase Il and
DNA, induces double-strand breaks in DNA. Although teniposide binds to tubulin at a site different
from vinca alkaloids, it does not interfere with microtubular structure or function.




Mechlorethamine : immediately cyclizes, forming an ethylene immonium ion in a
nonenzymatic reaction. The cyclic ring is highly reactive and reacts with the N-7 of
guanine. While alkylation of any of the nucleophiles in the cell may occur, the N-7
of guanine produces the only anti-cancer effect. The second chloroethyl group
then cyclizes and alkylates the DNA again. The internal cyclization of the bis-
chloroethyl group is necessary for the pharmacological activity of nitrogen
mustard and determines the ability to alkylate at the N-7 position of guanine. The
two alkylations may occur on the same strand, or on two separate strands, leading to
double or single strand breaks by the DNA repair enzymes Chabner et al (2001).

Chlorambucil : a derivative of nitrogen mustard, is an alkylating agent. Since it
interacts with cellular DNA to produce chromosomal cross-linkages, it is cell cycle-
phase nonspecific agent Chabner et al (2001).

Cyclophosphamide : Cyclophosphamide is activated in the liver by cytochrome P-450
enzymes to 4-hydroxy cyclophosphamide, which in turn isomerizes into
aldophosphamide. Aldophosphamide is converted to phosphoramide mustard, the
alkylating agent, and acrolein, a cytotoxic moiety affecting the bladder Chabner et al
(2001).

Bendamustine : ..




Melphalan : The mechanism of action of melphalan is similar to nitrogen mustard.
Because of the amino acid in the molecule it is subject to carrier-mediated transport.
Melphalan cyclizes in the cell, forming an ethylene immonium ion. The nitrogen
becomes highly reactive and the ring opens and attaches to the N-7 of guanine.
While alkylation of any of the nucleophiles in the cell may occur, alkylation of the
N-7 of guanine is responsible for the anti-cancer effect. The second chloroethyl
group then cyclizes and alkylates the DNA again. Because the internal cyclization of
the bis-chloroethyl group determines the ability of the drug to alkylate at the N-7
position of guanine it is necessary for the biological activity of nitrogen mustards.
The two alkylations may occur on the same strand or on separate strands, leading to
double or single strand breaks by the DNA repair enzymes Chabner et al (2001)

Thiotepa : Thiotepa is activated in the liver and rapidly converted by mixed-function
oxygenases to its major metabolite, triethylene phosphoramide (TEPA). TEPA
alkylates the N-7 position of guanine and induces DNA cross-links, leading to
double or single stranded breaks, and, ultimately, inhibition of DNA
replicationChabner et al (2001).

Busulfan : alkylates DNA at the N7 position of guanine causing interstrand cross-
linkage Chabner et al (2001).



Carmustine : Carmustine alkylates the N-7 position of guanine to cause crosslinking of
DN A. This results in intra J3)2 - and inter o2 -strand breaks that inhibit DNA
replication. Unlike the nitrogen mustards, nitrosoureas undergo spontaneous,
nonenzymatic degradation resulting in the formation of highly electrophilic
carbonium ions that alkylate DN A. The spontaneous degradation of carmustine
may also inactivate certain DNA repair enzymes by generation of carbamoylating
proteins Chabner et al (2001).

Lomustine : undergoes spontaneous nonenzymatic degradation that results in the
formation

of 2-chloroethyl carbonium ions that alkylate DN A. Like other alkylating agents,

lomustine alkylates the N-7 of guanine to cause DNA cross-linking. This results in
intraand inter-strand breaks that ultimately inhibit DNA replication. The
spontaneous degradation of lomustine may also inactivate some DNA repair
enzymes because of the formation of carbamoylating proteins Chabner et al (2001).
It crosses CNS

Altretamine : An alkylating agent, altretamine is a cancer chemotherapeutic agent. Its
mechanism of action is alkylation of DNA leading to strand breaks Chabner et al
(2001).




Dacarbazine : alkylates the N-7 of guanine to cause cross-linking of DNA,
causing breaks in the DNA strands and, ultimately, inhibition of DNA
replication Chabner et al (2001). Unlike the nitrogen mustards, dacarbazine
methylates the N-7 of guanine by way of its methyl group Chabner et al
(2001).

Procarbazine : Procarbazine appears to act by inhibiting DNA, RNA, and
protein synthesis, possibly by blocking transmethylation of the methyl group
of methionine into t-RN A. Procarbazine metabolism yields cytotoxic
hydrogen peroxide. Azoxy metabolites of procarbazine liberate
diazomethane, a potential methylating agent. These reactions can cause
chromosomal damage, chromatid breaks, and translocations Chabner et al
(2001). Repair of methylation of guanine via guanine-O6-alkyl transferase
can lead to resistance.

Temozolomide : 1s an imidazotetrazine derivative of decarbazine and used via
oral route.

Streptozotocin : like the other nitrosoureas, is an alkylating agent that acts by
alkylating the N-7 of guanine to cause cross-linking of DN A. This results in
intra- and inter-strand breaks that ultimately inhibit DNA replication.
specifically for the treatment of pancreatic tumors . derived from
Streptomyces achromogenes variety. It also displays antibacterial
properties.



Antimetabolites :

5-Fluorouracil : A potent inhibitor of thymidylate synthase it interferes with DNA synthesis and with
RNA function.

5-Fuorouracil is activated intracellularly to a 5’-monophosphate nucleotide (FUMP)
either directly by 5-phosphoribosyl-1-pyrophosphate (PRPP) or in two steps by way of
conversion to fluorouridine by uridine phosphorylase and then to FUMP by uridine
kinase. FUMP is activated to FUDP and then reduced by the enzyme ribonucleotide

reductase to F-dUDP, which leads to the formation of F-dUM P. 5-FU may also be directly converted
into FUdR by thymidine phosphorylase and then to FAUMP by thymidine kinase. FAUMP forms a
ternay complex with thymidylate synthetase and the folate cofactor, N5, N10-
methylenetetrahydrofolate. Thus, 5-FU inhibits the conversion of dUMP to thymidylate (TMP).
Addition of 5-formyl-tetrahydrofolate (leucovorin) increases the formation of the ternary complex
and enhances responses to 5-F U.

Capacitabine : ..

Methotrexate : Methotrexate (MTX) induces an effect similar to 5-fluorouracil (5-FU) by interrupting
the formation of thymine within the cell, which leads to the inability to replicate DN A. Unlike 5-
FU, which inhibits the action of thymidylate synthetase, MTX binds tightly to dihydrofolate
reductase (DHFR) and blocks the formation of tetrahydrofolate, leading to the depletion of
associated folate co-factors. However, the same effect-arrestment of DNA, RNA, and protein
synthesis as is induced by 5-FU results.

Pemetrexed : Pemetrexed, thymidylate synthase a and transferase inhibitor, is used in a treatment for
several solid tumors. This compound is not only a thymidylate synthase inhibitor but also

a potent inhibitor of human dihydrofolate reductase. Pemetrexed probably acts upon

multiple intracellular targets and the antitumor effect may be derived from its simultaneous
inhibition of multiple folate-requiring enzymes. Thus, this compound has been

designated as a multitargeted antifolate. The drug also causes concentration- and timedependent
apoptosis Norman (2001).



Cytarabine : A pyrimidine antimetabolite, cytarabine, inhibits DNA polymerase and
causes chain termination.

Cytarabine diffuses into cells and is activated by deoxycytidine kinase to the
monophosphate. It is converted to the di- and tri-phosphates by non-specific cellular
enzymes. Cytosine triphosphate inhibits DNA polymerase by competition of Ara-
CTP for dCT P. It is also a weak inhibitor of ribonucleotide reductase. Cytarabine is
a cell cycle S-phase specific drug Chabner et al (2001).

Gemcitabine : After diffusing into cells, gemcitabine is activated by nucleoside kinases
to di- and triphosphate forms. Gemcitabine diphosphate inhibits ribonucleotide
reductase, leading to a reduction in the concentration of deoxynucleotides and
inhibition of DNA synthesis. Gemcitabine triphosphate competes with dCTP for
incorporation into DN A. Because dCTP concentrations are already reduced by the
diphosphate, the incorporation of the triphosphate is increased causing further
inhibition of DNA synthesis. Unlike cytarabine, a closely related antimetabolite,
gemcitabine is not cell cycle S-phase specific Chabner et al (2001).

Fludarabine : After diffusing into the cell it is activated by deoxycytidine kinase to the
monophosphate, which is then converted to the di- and tri-phosphates by non-
specific cellular enzymes. Fludarabine triphosphate is incorporated into DNA and
Inhibits the enzymes responsible for DNA synthesis. Since apoptosis is a major
effect of fludarabine, it does not require cell division to be cytotoxic Chabner et al
(2001).



Cladribine : A purine nucleoside analog .
6-Thioguanine : A purine derivative

6-Mercaptopurine : purine analog, 6-mercaptopurine, inhibits nucleic
acid synthesis by multiple mechanisms, including incorporation into
DNA.

Cisplatin : Cisplatin causes a cross-linking of DNA strands via alkyl
groups. Cisplatin, which causes intra-strand DNA cross-linking

Once activated cisplatin reacts with nucleophilic

sites on DNA, RNA, or protein resulting in the formation of
bifunctional covalent links, very similar to alkylating reactions. The
intrastrand cross-links, in particular with guanine and cytosine,
change DNA conformation and inhibit DNA synthesis. Only the
cisdichloro structure is active as an antitumor agent. Cisplatin has
immunosuppressive and mutagenic properties. It is classified as an
alkylating agent with cell cycle nonspecific characteristics.

Carboplatin : Carboplatin causes crosslinks within DNA, inhibiting its
synthesis

Oxaliplatin : Oxaliplatin has selectivity for tumor cells with high rates of
DNA synthesis.



The DNA topmsomerases are nuclear enzymes that reduce torsional
stress 2 1Y) eVl in supercoiled calafy) L ,DNA, allowing
selected regions of DNA to become sufficiently untangled

& sSaa/d slaato permit replication, repair, and transcription. Two classes
of topoisomerase (I and Il) mediate DNA strand breakage and
resealing.

Camptothecin analogues inhibit the function of topoisomerase |; other

drugs, such as

anthracyclines, epipodophyllotoxins, and acridines, inhibit
topoisomerase I1.

The camptothecins bind to and stabilize the normally transient DNA-
topoisomerase | cleavable complex. Although the initial cleavage
action of topoisomerase | Is not affected, the religation step is
Inhibited, leading to the accumulation of single-stranded breaks in
DNA. These lesions are reversible and not by themselves toxic to the
cell. However, the collision ~2l<siof a DNA replication fork with this
cleaved strand of DNA causes an irreversible double-strand DNA
break, ultimately leading to cell death.
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Pharma. The alkylating agents are a diverse group of anticancer drugs
that covalently bind an alkyl group or a substituted alkyl group to
cellular constituents. Their common property is the capacity to
become strong electrophiles through the formation of carbonium ion
Intermediates or to form transition complexes with the target
molecules. These reactions yield covalent linkages by alkylation with
various nucleophilic groups such as sulfhydryl or carboxyil.
Clinically, the most important actions of the alkylating agents are
those that effect DNA synthesis and cell division. Although they
Interact with cells in all phases of the cell cycle, their therapeutic
effects and toxicity are due primarily to interference with rapidly
proliferating cells.




Pharma. The antimetabolites represent a relatively large group of
anticancer agents that structurally resemble natural substrates, but
differ enough to interfere with their metabolism.

__Included are
folic acid antagonists, such as methotrexate;

purine antimetabolites, such as 6-mercaptopurine, 6-thioguanine,
fludarabine phosphate, pentostatin, and cladribine; and the

pyrimidine antimetabolites such as 5-fluorouracil, 5-
fluorodeoxyuridine, cytarabine, and gemcitabine.

Antimetabolites disrupt nucleic acid synthesis by interfering with

production of a major nucleotide metabolite or by substituting for the
natural metabolite.

Like most cytotoxic anticancer agents, antimetabolites are toxic to

normal cells, especially those in the bone marrow and gastrointestinal
tract.




Notably important immuno-oncology targets are the programmed death
ligand 1 (PD-L1) and its cognate receptor, PD-1, which is found on
activated T cells, B cells, and myeloid cells. PD-L1 up regulation
allows melanoma, lung, renal, and gastric cancers to evade the host
Immune system. PD-1 checkpoint inhibitors, such as nivolumab

and pembrolizumab, have been approved. Another example of effective
Immuno-oncology therapy is the blocking antibody against cytotoxic
T-lymphocyte—associated protein 4 (CTLA-4), which down regulates
cytotoxic T-lymphocytes and is used for the treatment of melanoma.

ailiine 3 (PD-L1) zosadl Gsall V-gaad immuno-oncology - <ilaal ¢

13 gam il pany | (0 LA g daltiall Al LAY e 53 g pall PD-1 s il
Cincaal) delie jlea cuiaty sanall g A0S 5 451 ity s Lo gdlall PD-L1 1

. &adpembrolizumab s nivolumab Jis PD-1 I Jasca Jalss cilaia



Normally, only immunosuppressive cells such as Tregs and MDSCs
express the protein PD-L1, which binds to its receptor PD-1 on
cytotoxic T cells. This interaction suppresses T cells so they are
“exhausted,” or unable to carry out their cytolytic function, and
prevents unchecked immune cell destruction of tissues. Tumor cells
mimic the role of the normal immunosuppressive components of the
Immune system, placing the T cells into the “exhaustion” state by

expressing PD-L1 on their cell surfaces. The discovery of the PD-L1 and
PD-1 interaction helps explain why tumors are often not rejected by
the host, even though ample cytotoxic T cells are present. Two
antibodies are currently approved that inhibit this pathway; one is a
humanized monoclonal antibody that neutralizes PD-L1 (nivolumab),
and the other is a humanized monoclonal antibody that neutralizes
PD-1 (pembrolizumab).
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Difficulty level: Easy

26. A 10-year-old boy suffering from acute lymphoblastic leukemia started
maintenance therapy that included high dose methotrexate. Two weeks later, a
blood test with differential showed a white blood cell count of 1800/mm3 (normal
4500-11,000/mm3). The oncologist believed the result was related to an excessive
dose of methotrexate and ordered an antidote agent. Which of the following drugs
would be appropriate for the patient at this time?

A.Vitamin B12 B. Pyridoxine C. Folicacid D. Vitamin B3 E. Leucovorin
Learning objective: Identify the drug to be used as a methotrexate antidote.

26. E Leucovorin can be given to counteract the adverse effects that methotrexate has
on normal cells. Leucovorin (formyl tetrahydrofolate, also called folinic acid) is
accumulated more readily by normal cells than by neoplastic cells. The
administration of this drug results in rescue of the normal cells, because the drug
bypasses the step in the purine synthesis that is blocked by methotrexate (i.e.,
dihydrofolate to tetrahydrofolate).



ANTIRHEUMATIC DRUGS

OVERVIEW : inappropriate activation of the immune system can result in inflammation and
immune-mediated diseases such as rheumatoid arthritis (RA).. In RA, white blood cells
(WBCs) view the synovium as non-self and initiate an inflammatory attack. WBC activation
leads to stimulation of T lymphocytes which recruit and activate monocytes and
macrophages. These cells secrete proinflammatory cytokines, including tumor necrosis factor
(TNF)-a and interleukin (IL)-1, into the synovial cavity, ultimately leading to joint
destruction and other systemic abnormalities characteristic of RA.. B lymphocytes produce
rheumatoid factor and other autoantibodies to maintain inflammation. These defensive
reactions cause progressive tissue injury, resulting in joint damage and erosions, functional
disability, pain, and reduced quality of life. Pharmacotherapy for RA includes anti-
inflammatory and/or immunosuppressive agents that modulate/reduce the inflammatory
process, with the goals of reducing inflammation and pain, and halting or slowing disease
progression..
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V. TRADITIONAL DISEASE-MODIFYING
ANTIRHEUMATIC DRUGS (DMARDS)

Traditional DMARDs (methotrexate, hydroxychloroquine, leflunomide, or
sulfasalazine) are used in the treatment of RA and have been shown to slow
the course of the disease, induce remission, and prevent further destruction
of the joints and involved tissues. Following diagnosis of RA, these agents
should be started as soon as possible to delay progression of the disease.
Monotherapy may be initiated with any of the traditional DMARDs,
although methotrexate is generally preferred. For patients with madequate
response to monotherapy, a combination of traditional DMARDSs, or use of a
TNF inhibitor or non-TNF biologic agent may be needed. NSAIDs or
glucocortlcmds can also be used for their anti-inflammatory actions.
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A. Methotrexate is a folic acid antagonist that inhibits cytokine production and purine
nucleotide biosynthesis, leading to immunosuppressive and anti-inflammatory effects.
It has become a mainstay of treatment in patients with rheumatoid arthritis. Response to
methotrexate usually occurs within 3 to 6 weeks of starting treatment. Other traditional
DMARDs, TNF inhibitors, or non-TNF biologic agents can be added to methotrexate if
there is inadequate response to monotherapy with this agent. Doses of methotrexate
required for RA treatment are much lower than those needed in cancer chemotherapy
and generally administered once weekly, thereby minimizing adverse effects. Common
adverse effects of methotrexate when used for RA are mucosal ulceration and nausea.
Cytopenias (particularly leukopenia), cirrhosis of the liver, and an acute pneumonia-like
syndrome may occur with chronic administration. [Note: Supplementation with folic
acid may improve tolerability of methotrexate and reduce gastrointestinal and hepatic
adverse effects.] Periodic liver function tests, complete blood counts, and monitoring
for signs of infection are recommended. Methotrexate is contraindicated in pregnancy.
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B. Hydroxychlorogquine

Hydroxychloroquine [hye-drox-ee-KLOR-oh-kwin] is used for early,
mild RA and may be combined with methotrexate. Its mechanism of
action in autoimmune disorders is unknown, and onset of effects takes
6 weeks to 6 months. Hydroxychloroquine has less adverse effects on
the liver and immune system than other DMARDSs. However, it may
cause ocular toxicity, including irreversible retinal damage and
corneal deposits, CNS disturbances, Gl upset, and skin discoloration
and eruptions.
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FIG. 35.2 Disruption of the Inflammmatory Pathway by DMARDs. The nonspecific conventional DMARDs
{methotrexate, leflunomide, sulfasalazine, and sulfapyridine) inhibit the proliferation and activation of T and
B cells, whereas hydroxychloroguine affects the activation of antigen-presenting cells (APCs). The biological
and targeted DMARDs interact with specific cytokines such as tumor necrosis factor-oo (THNF-w), cytokine
targets such as the interleuking (IL-6) receptor, or cell surface proteins such as CD20 expressad by Bymphocytes
to potently inhibit inflammmation.
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'C. Leflunomide [le-FLOO-no-mide] is an
Immunomodulatory agent that
. preferentially causes cell arrest of the
! autoimmune lymphocytes through its
’ action on dihydroorotate
dehydrogenase (DHODH). After
biotransformation, leflunomide
becomes a reversible inhibitor of
DHODH, an enzyme necessary for
' pyrimidine synthesis (Figure 40.18).
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Leflunomide may be used as monotherapy in patients who have

Intolerance or contraindications to use of methotrexate in RA, or it
may be used in combination with methotrexate for patients with
suboptimal response to methotrexate alone. Common adverse effects
Include headache, diarrhea, and nausea. Other effects are weight loss,
allergic reactions, including a flu-like syndrome, skin rash, alopecia,
and hypokalemia. The drug Is not recommended in patients with liver
disease as it can be hepatotoxic. Leflunomide is contraindicated in
pregnancy. Monitoring parameters include signs of infection,
complete blood count, electrolytes and liver enzymes.
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D. Sulfasalazine. Sulfasalazine [sul-fa-SAH-la-zeen] has
recommendations for use similar to leflunomide in the treatment of
RA. Its mechanism of action in treating RA is unclear. The onset of
activity i1s 1 to 3 months, and it is associated with Gl adverse effects
(nausea, vomiting, anorexia) and leukopenia.

E. Glucocorticoids. Glucocorticoids (see Chapter 26) are potent anti-
Inflammatory drugs that are commonly used in patients with RA to
provide symptomatic relief and bridge the time until other DMARDSs
become effective. Glucocorticoids should always be used at the lowest
dose and for the shortest duration possible to avoid adverse effects
associated with long-term use.

. leflunomide J) Jis RA I & Jlexin¥) o) g0 (83 4l 2 Sulfasalazine J) .2
CAaaly e RA J Aadles 8 alad 43])

¢ J}@_u YE. ) CL\;.H\_J\.:AM ;:J.j:\.::).u

o) A A ¢ (agd s elis i) dpaan 5 ilia il e a i

8L uai Ly (al gel o si 58 Gl RA ) 8 JlerinV) dadld ;45 Sl el a8l
Ak DMARDs

Aoyl jiall 5 yilall el il Caiat) Ai€ea 5 58 yail g de ja Al Lealadind Lty iy
- Y-y shall Jlaxia¥) ae




VI. BIOLOGIC DISEASE-MODIFYING
ANTIRHEUMATIC DRUGS

IL-1 and TNF-a are proinflammatory cytokines involved in the pathogenesis
of RA. When secreted by synovial macrophages, IL-1 and TNF-a stimulate
synovial cells to proliferate and synthesize collagenase, thereby degrading
cartilage, stimulating bone resorption, and inhibiting proteoglycan synthesis.
The TNF-a inhibitors (adalimumab, certolizumab, etanercept, golimumab,
and infliximab) are biologic DMARDs which have been shown to decrease
signs and symptoms of RA, reduce progression of structural damage, and
Improve physical function. Clinical response can be seen within 2 weeks of

therapy.
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FIG. 35.3 Structures of the Biological and Targeted DMARDSs. The light striped gray denotes the Fab
and Fc portions of human antibodies (IgG1), while the darker striped gray indicates mouse Fab regions. The
black stripes within the human Fab regions indicate mouse amino acids that form the complementary
determining regions {CDR) in the humanized antibodies. The dark gray squares indicate polyethylene glycol
moieties. TNF-«, Tumor necrosis factor-a; APC, antigen-presenting cell; /L-6, interieukin-6.
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Fig. 30.1 Pathogenesis of rheumatoid arthritis and sites of action of selected antirheumatic drugs. In this simplified view of the immune system,
dendritic (antigen-presenting) cells phagocytose antigens and present them to T cells, thereby activating the T cells. Activated T cells stimulate
the production of B and T cells. B cells produce plasma cells that form rheumatoid antibodies. Helper T cells activate macrophages and cytotoxic
T cells. Together, T cells, macrophages, and cytotoxic T cells produce cytotoxic cytokines (tumor necrosis factor-a [TNFa]j, interleukin [IL]-1, IL-6,
and others) and prostaglandins that cause joint inflammation, synovial proliferation, and bone and cartilage destruction. Abatacept blocks the
costimulation of T cells. Methotrexate and leflunomide inhibit the proliferation and activity of T cells and B cells. Etanercept, infliximab,
adalimumab, golimumab, and certolizumab inactivate TNFa. Anakinra blocks the action of IL-1, and tocilizumab and sarilumab inactivate IL-6.
Not shown are the GC that inhibit T-cell activation and IL-2 production by regulation of gene transcription. Glucocorticoids and nonsteroidal
anti-inflammatory drugs (NSAIDs) also inhibit the formation of prostaglandins. Immunoglobulin G-rheumatoid factor (IgG-RF) complexes are
detected in the blood of patients with rheumatoid arthritis.
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TNF-a inhibitors are usually employed in RA after a patient has an
Inadequate response to traditional DMARDs. These agents may be
used alone or in combination with traditional DMARDs. If a patient
has failed monotherapy with one TNF-a inhibitor, a traditional
DMARD may be added, or therapy with a non-TNF biologic agent or
a different TNF-a inhibitor may be tried. TNF-a inhibitors should be
used cautiously in those with heart failure, as they can cause and/or
worsen pre-existing heart failure. An increased risk of lymphoma and
other cancers has been observed with the use of TNF-a inhibitors.
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Biologic DMARD:Ss include the TNF-a inhibitors as well as the non-
TNF biologic agents (abatacept, rituximab, tocilizumab). Like TNF-a
Inhibitors, non-TNF biologics are generally used in RA after a patient
has an inadequate response to traditional DMARDs, and they may be

used alone or in combination with traditional DMARDs. If a patient
has failed monotherapy with one non-TNF biologic, a trial of another

non-TNF biologic with or without methotrexate is warranted.
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Patients receiving biologic DMARDSs are at increased risk for
Infections, such as tuberculosis, fungal opportunistic infections, and
sepsis. [Note: TNF-a inhibitors and non-TNF biologic agents should
not be used together due to the risk of severe infections.] Reactivation
of hepatitis B may occur with use of these agents. Live vaccinations
should not be administered to patients taking any of the biologic
DMARDs. Characteristics of the TNF-a inhibitors and non-TNF
biologic therapies for the treatment of RA are outlined below. [Note:
TNF-a inhibitors find use in a number of disorders, such as ulcerative
colitis and Crohn’s disease (see Chapter 42), psoriasis, and ankylosing
spondylitis.]
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A. Adalimumab. Adalimumab [a-dal-AYE-mu-mab] is a recombinant
monoclonal antibody that binds to TNF-a and interferes with its
activity by blocking interaction of TNF-a with cell surface receptors.
Adalimumab is administered subcutaneously weekly or every other
week. It may cause headache, nausea, agranulocytosis, rash, reaction
at the injection site, and increased risk of infections.

B. Certolizumab pegol. Certolizumab [ser-toe-LIZ-00-mab] is a
humanized antibody that neutralizes biological actions of TNF-a.. It is
combined with polyethylene glycol (pegylated) and is administered
every 2 weeks via subcutaneous injection. Its adverse effects are
similar to other TNF-a inhibitors.
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C. Etanercept. [ee-TAN-er-cept] is a
genetically engineered fusion protein that
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and methotrexate is more effective than
methotrexate or etanercept alone in
Etanercept plus methotrexate h A .
40% hindering the RA disease process,
Improving function, and achieving remission
b Metho (Figure 40.19). Etanercept is given
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e e subcutaneously once weekly and is generally
[ well tolerated.
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D. Golimumab. [goe-LIM-ue-mab] neutralizes the biological activity of TNF-a
by binding to it and blocking its interaction with cell surface receptors. It is
administered subcutaneously once a month in combination with
methotrexate. Golimumab may increase hepatic enzymes.

E. Infliximab. [in-FLIX-i-mab] is a chimeric monoclonal antibody composed of
human and murine regions. The antibody binds specifically to human TNF-a
and inhibits binding with its receptors. This agent is not indicated for
monotherapy, as this leads to the development of anti-infliximab antibodies
and reduced efficacy. Infliximab should be administered with methotrexate.
Infliximab is administered as an IV infusion every 8 weeks. Infusion-related
reactions, such as fever, chills, pruritus, and urticarial, may occur.
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F. Abatacept. T lymphocytes need two interactions to become activated: 1) the
antigen-presenting cell (macrophages or B cells) must interact with the
receptor on the T cell and 2) the CD80/CD86 protein on the antigen-
presenting cell must interact with the CD28 protein on the T cell. Abatacept
[a-BAT-ah-cept] is a recombinant fusion protein and costimulation
modulator that competes with CD28 for binding on CD80/CD86 protein,
thereby preventing full T-cell activation and reducing the inflammatory
response. Abatacept is administered as an IV infusion every 4 weeks.
Common adverse effects include infusion-related reactions, headache, upper
respiratory infections, and nausea.
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G. Rituximab. In RA, B lymphocytes can perpetuate the inflammatory process
In the synovium by 1) activating T lymphocytes, 2) producing
autoantibodies and rheumatoid factor, and 3) producing proinflammatory
cytokines, such as TNF-a and IL-1. Rituximab is a genetically engineered
chimeric murine/human monoclonal antibody directed against the CD20
antigen found on the surface of normal and malignant B lymphocytes.
Administration of rituximab results in B-cell depletion. Rituximab is
administered as an intravenous infusion every 16 to 24 weeks. To reduce the
severity of infusion reactions, methylprednisolone is administered 30
minutes prior to each infusion. Infusion reactions (urticaria, hypotension,
and angioedema) are the most common complaints and typically occur
during the first infusion.
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TABLE 35.1 Disease-Modifying Antirheumatic Drugs (DMARDs)
Classification Mechanism/Target Generic Name Consequences
Conventional Antimetabolite Methotrexate Depletes T and B cells and macrophages
L eflunomide
APC directed Sulfasalazine Prevents APC maturation; inhibits proliferation of T and B cells
Hydroxychloroguine Inhibits APC function; inhibits proliferation of T and B cells
Chloroquine
Biological TNF-or Infliximab Binds TNF-ai, preventing it from activating its receptor; protects bone
Adalimumab from destruction
Golimumab
Certolizumab pegol
Etanercept
APC directed Abatacept Binds CD80 on APC; prevents activation of T cells; antiinflammatory
B cells Rituximab Binds to CD20 on B cells, preventing their proliferation and differentiation
|L-6 receptor (IL-0R) Tocilizumab Binds IL-6R, preventing activation of macrophages and osteoclasts
IL-1(IL-1R) Anakinra Antagonist at IL-1R, preventing immune activation
Targeted synthetic Janus kinase (JAK) Tofacitinib Inhibits JAK blocking JAK-mediated intracellular signaling




H. Tocilizumab and sarilumab

Tocilizumab [toe-si-LIZ-ue-mab] and sarilumab [sar-1L-ue-mab] are
recombinant monoclonal antibodies that bind to IL-6 receptors and
Inhibit activity of the proinflammatory cytokine IL-6. Both
tocilizumab and sarilumab are administered as a subcutaneous
Injection every 2 weeks. Tocilizumab may also be administered as an
Intravenous infusion every 4 weeks. Adverse reactions to tocilizumab
Include elevated liver function tests, hyperlipidemia, neutropenia,
hypertension, and infusion-related and injection site reactions.
Adverse reactions for sarilumab are similar.
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VII. OTHER DRUGS FOR RHEUMATOID ARTHRITIS

Janus kinases are intracellular enzymes that modulate immune cell
activity in response to the binding of inflammatory mediators to the
cellular membrane. Tofacitinib [toe-fa-SYE-ti-nib] is a synthetic small
molecule that is an oral inhibitor of Janus kinases. It is indicated for
the treatment of moderate-to-severe established RA in patients who
have had an inadequate response or intolerance to methotrexate.
Metabolism of tofacitinib is mediated primarily by CYP3A4, and
dosage adjustments may be required if the drug is taken with potent
Inhibitors or inducers of this isoenzyme.
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VIIl. DRUGS USED FOR THE N

TREATMENT OF GOUT. Goutisa i e I
metabolic disorder characterizedby | 7 e T
high levels of uric acid in the blood T O —ienny
(hyperuricemia). Hyperuricemia can M i
lead to deposition of sodium urate ' ‘1, ’ e
crystals in tissues, especially the joints /‘-“ X e
and kidney. The deposition of urate ' / Lsosomes
crystals initiates an inflammatory / | e
process involving the infiltration of | s }
granulocytes that phagocytize the urate
crystals (Figure 40.20). -o
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FIGURE 36—5 Pathophysiologic events in a gouty joint. Syn-
oviocytes phagocytose urate crystals and then secrete inflammatory
mediators, which attract and activate polymorphonuclear leukocytes
(PMN) and mononuclear phagocytes (MNP) (macrophages). Drugs
active in gout inhibit crystal phagocytosis and polymorphonuclear
leukocyte and macrophage release of inflammatory mediators. PG,
prostaglandin; IL-1, interleukin-1; LTB,, leukotriene B..
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Acute flares of gout usually present as pain, swelling, tenderness, and
redness in the affected joints (for example, big toe, knees, ankles,
wrists, or elbows). The cause of hyperuricemia in gout is an imbalance
between overproduction of uric acid and/or the inability to excrete
uric acid renally. Most therapeutic strategies for gout involve lowering
the uric acid level below the saturation point (6 mg/dL), thus
preventing the deposition of urate crystals. This can be accomplished
by interfering with uric acid synthesis or increasing uric acid
excretion.
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A. Treatment of acute gout. Acute gout attacks can result from a number of
conditions, including excessive alcohol consumption, a diet rich in purines,
and kidney disease. NSAIDs, corticosteroids, and colchicine are effective
agents for the management of acute gouty arthritis. Indomethacin is
considered the classic NSAID of choice, although all NSAIDs are likely to
be effective in decreasing pain and inflammation. Intra-articular
administration of corticosteroids (when only one or two joints are affected)
IS also appropriate in the acute setting, or systemic corticosteroids for more
widespread joint involvement. Patients are candidates for prophylactic
urate-lowering therapy if they have more than two attacks per year or they
have chronic kidney disease, kidney stones, or tophi (deposit of urate
crystals in the joints, bones, cartilage, or other body structures).
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B. Treatment of chronic gout. Urate-lowering therapy for chronic gout aims to
reduce the frequency of attacks and complications of gout. Treatment
strategies include the use of xanthine oxidase inhibitors to reduce the
synthesis of uric acid or use of uricosuric drugs to increase its excretion.
Xanthine oxidase inhibitors (allopurinol, febuxostat) are first-line urate-
lowering agents. Uricosuric agents (probenecid) may be used in patients who
are intolerant to xanthine oxidase inhibitors or fail to achieve adequate
response with those agents. [Note: Initiation of urate-lowering therapy can
precipitate an acute gout attack due to rapid changes in serum urate
concentrations. Medications for the prevention of an acute gout attack (low-
dose colchicine, NSAIDs, or corticosteroids) should be initiated with urate-
Iowering therapy and continued for at least 6 months ]
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C. Colchicine. Colchicine [KOL-chi-seen], a plant alkaloid, is used for the treatment of
acute gouty attacks. It is neither a uricosuric nor an analgesic agent, although it
relieves pain in acute attacks of gout.

1. Mechanism of action: Colchicine binds to tubulin, a microtubular protein, causing
its depolymerization. This disrupts cellular functions, such as the mobility of
neutrophils, thus decreasing their migration into the mflamedjomt Furthermore,
colchicine blocks cell division by binding to mitotic spindles.

2. Therapeutic uses: The anti-inflammatory activity of colchicine is specific for gout,
usually alleviating the pain of acute gout within 12 hours. [Note: Colchicine must be
administered within 36 hours of onset of attack to be effective.] NSAIDs have
largely replaced colchicine in the treatment of acute gouty attacks for safety reasons.
Colchicine is also used as a prophylactic agent to prevent acute attacks of gout in
patients initiating urate-lowering therapy.
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3. Pharmacokinetics: Colchicine is administered orally

and is rapidly absorbed from the Gl tract. Colchicine is
metabolized by hepatic CYP450 3A4 and other tissues. It
undergoes enterohepatic recirculation and exhibits high
interpatient variability in the elimination half-life. A
portion of the drug is excreted unchanged in the urine.

4. Adverse effects: Colchicine may cause nausea,
vomiting, abdominal pain, and diarrhea (Figure 40.21).
Chronic administration may lead to myopathy,
neutropenia, aplastic anemia, and alopecia. The drug
should not be used in pregnancy and should be used
with caution in patients with hepatic, renal, or
cardiovascular disease. Adequate drug holiday must be
given between dosages to avoid cumulative toxicity.
Dosage adjustments are required in patients taking
CYP3AA4 inhibitors (for example, clarithromycin and
itraconazole) or P-gp inhibitors (for example, amiodarone
and verapamil) and those with severe renal impairment.
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D. Allopurinol. Allopurinol [al-oh-PURE-I-nole], a xanthine oxidase
Inhibitor, is a purine analog. It reduces the production of uric acid by
competitively inhibiting the last two steps in uric acid biosynthesis
that are catalyzed by xanthine oxidase (Figure 40.20).

1. Therapeutic uses: Allopurinol is an effective urate-lowering therapy
In the treatment of gout and hyperuricemia secondary to other
conditions, such as that associated with certain malignancies (those

In which large amounts of purines are produced, particularly after
chemotherapy) or in renal disease.
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2. Pharmacokinetics: Allopurinol is completely absorbed after oral
administration. The primary metabolite alloxanthine (oxypurinol) is also a
xanthine oxidase inhibitor with a half-life of 15 to 18 hours. Thus, effective
Inhibition of xanthine oxidase can be maintained with once-daily dosing.
The drug and its active metabolite are excreted in the urine. Dose adjustment
IS needed if the estimated glomerular filtration rate is less than 30
mL/min/1.73 m2.

3. Adverse effects: Allopurinol is well tolerated by most patients.
Hypersensitivity reactions, especially skin rashes, are the most common
adverse reactions. The risk is increased in those with reduced renal function.
Because acute attacks of gout may occur more frequently during the first
several months of therapy, colchicine, NSAIDs, or corticosteroids can be
administered concurrently
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E. Febuxostat. is an oral xanthine oxidase inhibitor structurally unrelated to
allopurinol. Febuxostat is rapidly absorbed after oral administration with the time to
reach peak concentration (tmax) being of approximately 1 hour. The drug is highly
bound to albumin in blood (~99%) and appears to have a low-to-medium apparent
volume of distribution of approximately 0.7 I/kg. Febuxostat is indicated for the
long-term management of hyperuricemia in patients with gout at a dose of 10 to 120
mg once daily. Febuxostat is well tolerated. Its adverse effect profile is similar to
that of allopurinol, although the risk for rash and hypersensitivity reactions may be
reduced. Febuxostat does not have the same degree of renal elimination as
allopurinol and thus requires less adjustment in those with reduced renal function.
The most common adverse events include abnormal liver function test results,
abdominal pain, diarrhea, headache, joint-related signs and symptoms, and
musculoskeletal and connective tissue signs and symptoms. Febuxostat should be
used with caution in patients with a history of heart disease or stroke, as this agent
may be associated with a greater risk of these events as compared to allopurinol.
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F. Probenecid. Probenecid [proe-BEN-a-sid] is an oral uricosuric
drug. It is a weak organic acid that promotes renal clearance of uric
acid by inhibiting the urate—anion exchanger in the proximal tubule.
At therapeutic doses, it blocks proximal tubular reabsorption of uric
acid. Probenecid should be avoided if the creatinine clearance is less
than 50 mL/min. Adverse effects include nausea, vomiting, and
dermatologic reactions, and, rarely, anemia or anaphylactic reactions.
It is used at a dose of 0.25 to 0.5 g twice daily. However, intermittent
colchicine therapy is indicated to avoid acute precipitation of gout.
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G. Pegloticase. Pegloticase [peg-LOE-ti-kase] is a recombinant form
of the enzyme urate oxidase or uricase. It acts by converting uric acid
to allantoin, a water-soluble nontoxic metabolite that is excreted
primarily by the kidneys. Pegloticase is indicated for patients with
gout who fail treatment with standard therapies such as xanthine
oxidase inhibitors. It is administered as an 1V infusion every 2 weeks.
Infusion-related reactions and anaphylaxis may occur with
pegloticase, and patients should be premedicated with antihistamines
and corticosteroids. F
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FIG. 32.1 Uric Acid Synthesis and Metabolism and the Sites of Action of Drugs Used for the
Prophylactic Treatment of Gout. URAT1 and GLUTSY are the primary transporters in the renal proximal
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Hemoglobin concentrations must be greater than 9 g/dL to start
tofacitinib and must be monitored during therapy due to the risk for
anemia. Likewise, lymphocyte and neutrophil counts should be
checked prior to initiation of therapy and monitored during treatment.
Tofacitinib treatment may also increase the risk for new primary
malignancy and opportunistic infections. Due to long-term safety
concerns, tofacitinib is usually reserved for patients who have
Inadequate response or intolerance to other agents. [Note: Anakinra,
azathioprine, cyclosporine, gold, and minocycline are other agents
used infrequently in the treatment of RA due to their adverse effect
profile or the availability of other agents with more proven efficacy.] f
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VIIl. DRUGS USED FOR THE N

TREATMENT OF GOUT. Goutisa i e I
metabolic disorder characterizedby | 7 e T
high levels of uric acid in the blood T O —ienny
(hyperuricemia). Hyperuricemia can M i
lead to deposition of sodium urate ' ‘1, ’ e
crystals in tissues, especially the joints /‘-“ X e
and kidney. The deposition of urate ' / Lsosomes
crystals initiates an inflammatory / | e
process involving the infiltration of | s }
granulocytes that phagocytize the urate
crystals (Figure 40.20). -o
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FIGURE 36—5 Pathophysiologic events in a gouty joint. Syn-
oviocytes phagocytose urate crystals and then secrete inflammatory
mediators, which attract and activate polymorphonuclear leukocytes
(PMN) and mononuclear phagocytes (MNP) (macrophages). Drugs
active in gout inhibit crystal phagocytosis and polymorphonuclear
leukocyte and macrophage release of inflammatory mediators. PG,
prostaglandin; IL-1, interleukin-1; LTB,, leukotriene B..
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Acute flares of gout usually present as pain, swelling, tenderness, and
redness in the affected joints (for example, big toe, knees, ankles,
wrists, or elbows). The cause of hyperuricemia in gout is an imbalance
between overproduction of uric acid and/or the inability to excrete
uric acid renally. Most therapeutic strategies for gout involve lowering
the uric acid level below the saturation point (6 mg/dL), thus
preventing the deposition of urate crystals. This can be accomplished
by interfering with uric acid synthesis or increasing uric acid
excretion.
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A. Treatment of acute gout. Acute gout attacks can result from a number of
conditions, including excessive alcohol consumption, a diet rich in purines,
and kidney disease. NSAIDs, corticosteroids, and colchicine are effective
agents for the management of acute gouty arthritis. Indomethacin is
considered the classic NSAID of choice, although all NSAIDs are likely to
be effective in decreasing pain and inflammation. Intra-articular
administration of corticosteroids (when only one or two joints are affected)
IS also appropriate in the acute setting, or systemic corticosteroids for more
widespread joint involvement. Patients are candidates for prophylactic
urate-lowering therapy if they have more than two attacks per year or they
have chronic kidney disease, kidney stones, or tophi (deposit of urate
crystals in the joints, bones, cartilage, or other body structures).
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B. Treatment of chronic gout. Urate-lowering therapy for chronic gout aims to
reduce the frequency of attacks and complications of gout. Treatment
strategies include the use of xanthine oxidase inhibitors to reduce the
synthesis of uric acid or use of uricosuric drugs to increase its excretion.
Xanthine oxidase inhibitors (allopurinol, febuxostat) are first-line urate-
lowering agents. Uricosuric agents (probenecid) may be used in patients who
are intolerant to xanthine oxidase inhibitors or fail to achieve adequate
response with those agents. [Note: Initiation of urate-lowering therapy can
precipitate an acute gout attack due to rapid changes in serum urate
concentrations. Medications for the prevention of an acute gout attack (low-
dose colchicine, NSAIDs, or corticosteroids) should be initiated with urate-
Iowering therapy and continued for at least 6 months ]
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C. Colchicine. Colchicine [KOL-chi-seen], a plant alkaloid, is used for the treatment of
acute gouty attacks. It is neither a uricosuric nor an analgesic agent, although it
relieves pain in acute attacks of gout.

1. Mechanism of action: Colchicine binds to tubulin, a microtubular protein, causing
its depolymerization. This disrupts cellular functions, such as the mobility of
neutrophils, thus decreasing their migration into the mflamedjomt Furthermore,
colchicine blocks cell division by binding to mitotic spindles.

2. Therapeutic uses: The anti-inflammatory activity of colchicine is specific for gout,
usually alleviating the pain of acute gout within 12 hours. [Note: Colchicine must be
administered within 36 hours of onset of attack to be effective.] NSAIDs have
largely replaced colchicine in the treatment of acute gouty attacks for safety reasons.
Colchicine is also used as a prophylactic agent to prevent acute attacks of gout in
patients initiating urate-lowering therapy.
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3. Pharmacokinetics: Colchicine is administered orally

and is rapidly absorbed from the Gl tract. Colchicine is
metabolized by hepatic CYP450 3A4 and other tissues. It
undergoes enterohepatic recirculation and exhibits high
interpatient variability in the elimination half-life. A
portion of the drug is excreted unchanged in the urine.

4. Adverse effects: Colchicine may cause nausea,
vomiting, abdominal pain, and diarrhea (Figure 40.21).
Chronic administration may lead to myopathy,
neutropenia, aplastic anemia, and alopecia. The drug
should not be used in pregnancy and should be used
with caution in patients with hepatic, renal, or
cardiovascular disease. Adequate drug holiday must be
given between dosages to avoid cumulative toxicity.
Dosage adjustments are required in patients taking
CYP3AA4 inhibitors (for example, clarithromycin and
itraconazole) or P-gp inhibitors (for example, amiodarone
and verapamil) and those with severe renal impairment.
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Some adverse effects of colchicine.
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D. Allopurinol. Allopurinol [al-oh-PURE-I-nole], a xanthine oxidase
Inhibitor, is a purine analog. It reduces the production of uric acid by
competitively inhibiting the last two steps in uric acid biosynthesis
that are catalyzed by xanthine oxidase (Figure 40.20).

1. Therapeutic uses: Allopurinol is an effective urate-lowering therapy
In the treatment of gout and hyperuricemia secondary to other
conditions, such as that associated with certain malignancies (those

In which large amounts of purines are produced, particularly after
chemotherapy) or in renal disease.
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2. Pharmacokinetics: Allopurinol is completely absorbed after oral
administration. The primary metabolite alloxanthine (oxypurinol) is also a
xanthine oxidase inhibitor with a half-life of 15 to 18 hours. Thus, effective
Inhibition of xanthine oxidase can be maintained with once-daily dosing.
The drug and its active metabolite are excreted in the urine. Dose adjustment
IS needed if the estimated glomerular filtration rate is less than 30
mL/min/1.73 m2.

3. Adverse effects: Allopurinol is well tolerated by most patients.
Hypersensitivity reactions, especially skin rashes, are the most common
adverse reactions. The risk is increased in those with reduced renal function.
Because acute attacks of gout may occur more frequently during the first
several months of therapy, colchicine, NSAIDs, or corticosteroids can be
administered concurrently

Wd oo ¢ 13 muﬁg\\oMﬂjgw\J\,\MYMM\
LA Jad 8 Jedll aliicn g o1 5all 7 50y 4w pde o G001 51a0sY
@JAJ.\A\ V\“/AA.\SJ/).J&.MV~ wdﬂ\@aﬂ\c_\u‘)ﬂ\uﬁ\d\@‘)ﬂ\.k@
JU:‘.\;Y\ Y J\J} J;J\ CdLLA}.A; ¢ U-‘“-’A-’LJS u)u:\s.m OJAM\ ubuu\

QJY\J‘}@A&M;L\J\)AS‘Q_\JMJSDJ\AM ﬁd\uquWu\mjwj&Jjﬁ\
4 Aalbdl




E. Febuxostat. is an oral xanthine oxidase inhibitor structurally unrelated to
allopurinol. Febuxostat is rapidly absorbed after oral administration with the time to
reach peak concentration (tmax) being of approximately 1 hour. The drug is highly
bound to albumin in blood (~99%) and appears to have a low-to-medium apparent
volume of distribution of approximately 0.7 I/kg. Febuxostat is indicated for the
long-term management of hyperuricemia in patients with gout at a dose of 10 to 120
mg once daily. Febuxostat is well tolerated. Its adverse effect profile is similar to
that of allopurinol, although the risk for rash and hypersensitivity reactions may be
reduced. Febuxostat does not have the same degree of renal elimination as
allopurinol and thus requires less adjustment in those with reduced renal function.
The most common adverse events include abnormal liver function test results,
abdominal pain, diarrhea, headache, joint-related signs and symptoms, and
musculoskeletal and connective tissue signs and symptoms. Febuxostat should be
used with caution in patients with a history of heart disease or stroke, as this agent
may be associated with a greater risk of these events as compared to allopurinol.

Loty Blaie ye (5 sad (13 Hasdy e - : Febuxostat. [feb-UX-oh-stat]
Vd = )%aaemwﬂmhhf‘(tmax = 1h) L e G . I35 9L
u)sEjCAH\UAAQAMJd}uJy}Y\duo).ahaj\d\_a\)u\_m \_m}aclq\\'~ A
&\de\.@_u\juh(d\u« b, Al \@aﬂmﬁ\Muuds\ Creanil) Lo 8
ST a5 Al il pa yad Allariadl S J3a) a | ol L) 3500

CJsise sl e L T Uaial




F. Probenecid. Probenecid [proe-BEN-a-sid] is an oral uricosuric
drug. It is a weak organic acid that promotes renal clearance of uric
acid by inhibiting the urate—anion exchanger in the proximal tubule.
At therapeutic doses, it blocks proximal tubular reabsorption of uric
acid. Probenecid should be avoided if the creatinine clearance is less
than 50 mL/min. Adverse effects include nausea, vomiting, and
dermatologic reactions, and, rarely, anemia or anaphylactic reactions.
It is used at a dose of 0.25 to 0.5 g twice daily. However, intermittent
colchicine therapy is indicated to avoid acute precipitation of gout.
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G. Pegloticase. Pegloticase [peg-LOE-ti-kase] is a recombinant form
of the enzyme urate oxidase or uricase. It acts by converting uric acid
to allantoin, a water-soluble nontoxic metabolite that is excreted
primarily by the kidneys. Pegloticase is indicated for patients with
gout who fail treatment with standard therapies such as xanthine
oxidase inhibitors. It is administered as an 1V infusion every 2 weeks.
Infusion-related reactions and anaphylaxis may occur with
pegloticase, and patients should be premedicated with antihistamines
and corticosteroids. F
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FIG. 32.1 Uric Acid Synthesis and Metabolism and the Sites of Action of Drugs Used for the
Prophylactic Treatment of Gout. URAT1 and GLUTSY are the primary transporters in the renal proximal
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Drugs Used to Treat Headache
Disorders and Obesity



VI. DRUGS USED TO TREAT HEADACHE DISORDERS

The most common types of headaches are migraine, tension-type, and
cluster headaches. Migraines can usually be distinguished from cluster
headaches and tension-type headaches by the characteristics as shown in
Figure 39.8. Patients with severe migraine headaches report one to five
attacks per month of moderate-to-severe pain which is usually unilateral.
Headache disorders significantly affect quality of life and result in
considerable healthcare costs. Management of headaches involves avoidance
of headache triggers (for example, alcohol, chocolate, and stress) and use of
abortive treatments for acute headaches, as well as prophylactic therapy in
patients with frequent or severe migraines (Figure 39.9). Serotonin agonists
(triptans and ergot alkaloids) are effective as abortive agents in the treatment
of mlgralnes
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Family history

Sex

Onset

Location

Character and severity

Duration

Associated symptoms

MIGRAINE

Yes

Females more often than males

Variable

Usually unilateral

Pulsating, throbbing

2-72 hours per episode

Visual auras, sensitivity to light
and sound, pale facial
appearance, nausea and
vomiting

CLUSTER

No

Males more often than females

During sleep

Behind or around one eye

Excruciating, sharp, steady

15-90 minutes per episode

Unilateral or bilateral sweating,
facial flushing, nasal congestion,
lacrimation, pupillary changes

TENSIONTYPE

Yes

Females more often than males

Under stress

Bilateral in band around head

Dull, persistent, tightening

30 minutes to 7 days per episode

Mild intolerance to light and
noise, anorexia

Figure 39.8

Characteristics of migraine, cluster, and tension-type headaches.




Triptans:

Almotriptan Oral 6.25-25 mg/day, once or twice a day

Eletriptan Oral 20-80 mg/day, twice a day

Frovatriptan Oral 2.5-7.5 mg/day, up to thrice a day

Naratriptan Oral 1-5 mg/day, once in 4-hour interval

Rizatriptan Oral 5-30 mg/day, once in 2-hour interval
Sumatriptan Oral/intranasal/subcutaneous Oral = 25-200 mg/day, once in 2 hours if required

Intranasal = 5-40 mg/day, once in 2 hours if required
Subcutaneous = 6-12 mg/day, twice a day with 1 hour interval
Zolmitriptan Oral/intranasal Oral: 1-10 mg/day (once in 2 hr)

Intranasal = 5-10 mg/day, once in 2 hours if required

Ergots:

Dihydroergotamine Sublingual/IM/subcutaneous/IV/ Sublingual = 2-6 mg/day, 30 minutes of interval
intranasal Subcutaneous/IM = 1-3 mg/day, once in 1-hour interval

IV = 1-2 mg/day, once in 1-hour interval

Intranasal = 1-3 mg/day, once in 15 minutes on both nostrils
Ergotamine Oral/sublingual/suppository Oral:

Adult = 1-6 mg/day or 1-10 mg/week, with 30 minutes of interval

Children = 1-3 mg/day or 1-5 mg/week, with 30 minutes of
interval

Sublingual = 2-6 mg/day, with 30 minutes of interval
Suppository = 2-10 mg/week, once in 1 hour interval

Other agents:

NSAIDs (refer to Chapter 40):

Aspirin, Ibuprofen, Indomethacin, ketorolac
Naproxen

Prophylactic medications:

Anticonvulsants (refer to Chapter 12)
B-Blockers (refer to Chapter 7)

Calcium channel blockers (refer to Chapter 16)
Tricyclic antidepressants (refer to Chapter 10)

Figure 39.9

Summary of drugs used to treat migraine headache and their dosages. Modified from D. D. Dubose, A. C. Cutlip,
and W. D. Cutlip. Migraines and other headaches: an approach to diagnosis and classification. Am. Fam.
Physician 51: 1498 (1995).



Fig. 29.1 Mechanisms of ergot alkaloids and
triptan drugs used in the treatment of migraine
headache disorder. Migraine attacks are
thought to result from trigeminal
neurovascular dysfunction. When neurons in
the trigeminal complex release peptides such
as substance P and calcitonin gene-related
peptide (CGRP), this causes vasodilation and
inflammation of pial and dural vessels. These
events activate nociceptive trigeminal fibers
and cause moderate to severe pain that is
characteristic of migraine headaches. Ergot
alkaloids and triptan drugs terminate the pain
by activating serotonin 5-HT1B/1D receptors
at several sites: (1) They activate receptors on
pial and dural vessels and thereby cause
vasoconstriction. (2) They activate presynaptic
receptors to inhibit the release of peptides and
other mediators from trigeminal neurons. (3)
They activate receptors in the brainstem,
which is believed to inhibit the activation of
trigeminal neurons responsible for migraine
attacks. CGRP antagonists (not shown) are
also effective in the treatment of migraine.
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A. Types of migraine. There are two main types of migraine headaches. The first,
migraine without aura, is a severe, unilateral, pulsating headache that typically lasts from
2 to 72 hours. These headaches are often aggravated by physical activity and are
accompanied by nausea, vomiting, photophobia (hypersensitivity to light), and
phonophobia (hypersensitivity to sound). The majority of patients with migraine do not
have aura. In the second type, migraine with aura, the headache is preceded by
neurologic symptoms called auras, which can be visual, sensory, and/or cause speech or
motor disturbances. Most commonly, these prodromal symptoms are visual (flashes,
zigzag lines, and glare) and occur approximately 20 to 40 minutes before headache pain
begins. In the 20%—-30% of migraine patients whose headache is preceded by an aura, the
aura itself allows diagnosis. The headache in migraines with or without auras is similar.
Women are threefold more likely than men to experience either type of migraine.
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B. Biologic basis of migraine headaches

The first manifestation of migraine with aura is a spreading depression of
neuronal activity accompanied by reduced blood flow in the most posterior
part of the cerebral hemisphere. This hypoperfusion gradually spreads
forward over the surface of the cortex to other contiguous areas of the brain.
The vascular alteration is accompanied by functional changes. The
hypoperfusion persists throughout the aura and well into the headache phase.
Patients who have migraine without aura do not show hypoperfusion.
However, the pain of both types of migraine may be due to extracranial and
intracranial arterial vasodilation, which leads to release of neuroactive
moleaules, such as substance P, neurokinin A, and calcitonin gene—related
peptide
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C. Symptomatic treatment of acute migraine

Acute treatments can be classified as nonspecific (symptomatic) or migraine
specific. Nonspecific treatment includes analgesics such as nonsteroidal anti-
Inflammatory drugs (NSAIDs) and antiemetics (for example,
prochlorperazine) to control vomiting. Opioids are reserved as rescue
medication when other treatments for a severe migraine are not successful.
Migraine-specific therapy includes triptans and ergot alkaloids, which are 5-
HT1B/1D receptor and 5-HT1D receptor agonists, respectively. It has been
proposed that activation of 5-HT1 receptors by these agents leads either to
vasoconstriction or to inhibition of the release of proinflammatory
neuropeptides on the trigeminal nerve innervating cranial blood vessels.
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Through activation of
presynaptic 5-HT1D and
5 HT1F receptors, the
triptans inhibit the
release of CGRP and
other peptides implicated
In the dilation of
Intracranial blood
vessels, thereby
preventing this effect and
contributing to
vasoconstriction.
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FIG. 21.1 Effects of Serotonin 1 (5-HT,) Receptor Activation on
MNeurons and Blood Vessels. The 5-HTp and 5-HT s receptors are located
presynaptically where they function to inhibit the release of calcitonin
gene—related peptide (CGRF) and substance P. 5-HT,g receptors are located
on blood vessels where activation leads to vasoconstriction.
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1. Triptans: This class of drugs includes almotriptan [al-moe-TRIPtan],
eletriptan [el-e-TRIP-tan], frovatriptan [froe-va-TRIP-tan], naratriptan
[nar-a-TRIP-tan], rizatriptan [rye-za-TRIP-tan], sumatriptan [So0-ma-
TRIP-tan], and zolmitriptan [zole-ma-TRIPtan]. Sumatriptan was the first
available triptan and is the prototype of this class. These agents rapidly and
effectively abort or markedly reduce the severity of migraine headaches in
about 70% of patients. The triptans are serotonin agonists, acting at a
subgroup of serotonin receptors found on small peripheral nerves that
Innervate the intracranial vasculature. The nausea that occurs with
dihydroergotamine and the vasoconstriction caused by ergotamine (see
below) are much less pronounced with the triptans.
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Sumatriptan is given subcutaneously, intranasally, or orally

(sumatriptan is also available in a combination product with naproxen).
Zolmitriptan is available orally and by nasal spray. All other agents are
taken orally. The onset of the parenteral drug sumatriptan is about 20
minutes, compared with 1 to 2 hours when the drug is administered orally.
The drug has a short duration of action, with an elimination half-life of 2
hours. Headache commonly recurs within 24 to 48 hours after a single dose
of drug, but in most patients, a second dose is effective in aborting the
headache. Frovatriptan is the longest acting triptan, with a half-life of
more than 24 hours. Individual response to triptans varies, and a trial
of more than one triptan may be necessary before treatment is
successful.
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Elevation of blood pressure and other cardiac events have been
reported with triptan use. Therefore, triptans should not be
administered to patients with risk factors for coronary artery disease
without performing a cardiac evaluation prior to administration. Other
adverse events with the use of triptans include pain and pressure
sensations in the chest, neck, throat, and jaw. Dizziness and malaise
have also been seen with the use of triptans.
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2. Ergot alkaloids: Ergot is the dried sclerotium of the fungus Claviceps purpura
which grows on rye plant. Ergot alkaloids such as ergotamine and ergonovine are
potent bioactive compounds. Ergotamine and dihydroergotamine [dye-hye-droe-er-
GOT-a-meen], a semisynthetic derivative of ergotamine, are ergot alkaloids
approved for the treatment of migraine headaches. The action of the ergot alkaloids
Is complex, with the ability to bind to 5-HT1 receptors, a receptors, and dopamine
receptors. 5-HT1 receptors located on intracranial blood vessels are targets that
cause vasoconstriction with the use of these agents. Ergotamine is currently
available sublingually and is mostly effective when used in the early stages of the
migraine. It is also available as an oral tablet or suppository containing both
ergotamine and caffeine. Ergotamine is used with strict daily and weekly dosage
limits due to its ablllty to cause dependence and rebound headaches.
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Dihydroergotamine is administered intravenously or intranasally and has an

efficacy similar to that of sumatriptan. The use of dihydroergotamine is limited to
severe cases of migraines. Nausea is a common adverse effect. Ergotamine and
dihydroergotamine are contraindicated in patients with angina and peripheral
vascular disease because they are significant vasoconstrictors. Apart from migraine,
ergot alkaloids such as ergonovine and methylergonovine are used as uterotonic in
postpartum women. After intravenous administration, the effect can be observed
within 10 minutes. The plasma half-life of methylergonovine is between 0.5 and 2
hours. Considering this action of ergot alkaloids on the uterus, it is contraindicated
In patients who have migraine during pregnancy or who are likely to become
pregnant. Ergot alkaloids are known to cause fetal distress and miscarriage in
pregnant women.
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3. Nonspecific therapies: Other therapies for acute migraine attacks
Include analgesics, antiemetics, nonsteroidal anti-inflammatory drugs,
and corticosteroids.

D. Prophylaxis for migraine headache

Therapy to prevent migraine is indicated if the attacks occur two or
more times a month and if the headaches are severe or complicated by
serious neurologic signs. 3-Blockers are the drugs of choice for
migraine prophylaxis; however, calcium channel blockers,
anticonvulsants, and tricyclic antidepressants have also shown
effectiveness in migraine prevention (Figure 39.10). Flunarizine
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Recently

The cosmetic agent botulinum toxin A (Botox) was recently approved for
the prevention of migraines. Its exact mechanism is unknown; however,
Botox disrupts the neurotransmission of acetylcholine by preventing
vesicle fusion with the membrane of the presynaptic terminal.

CGRP-Targeted Monoclonal Antibodies for prevention .

Galcanezumab (Emgality) (SC) ; Galcanezumab binds CGRP and
thereby blocks the binding of CGRP to the CGRP receptor.
fremanezumab (Ajovy), SC on a quarterly (3 months) schedule, and
eptinezumab (Mypepti) IV infusion on a quarterly basis.

Erenumab (Aimovig) which targets the CGRP receptor and not
the CGRP peptide.



1. Ubrogepant was the first small molecule CGRP receptor
antagonist to be approved and marketed. It Is an oral medication
Indicated for the acute treatment of migraine with or without aura in
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2. Rimegepant, was very recently approved and is formulated as an
orally disintegrating tablet for sublingual or oral use. The most
common adverse effect of rimegepant was nausea.



Agents used to treat an acute attack
s

TRIPTANS

® Triptans rapidly and effectively abort or markedly reduce the
severity of migraine headaches in about 80% of patients.

@® Triptans are serotonin agonists, acting at 5-HT,, receptors.

Agents used in prophylaxis

™~

—

.
Several classes of drugs are effective

in reducing the frequency and severity
of migraine attacks:

® P-Blockers: Propranolol and nadolol

® Tricyclic antidepressant: Amitriptyline
® Anticonvulsant: Divalproex
o

Calcium channel blocker: Verapamil
-

Start of
attack

Asymptomatic phase

® Between attacks, no
symptoms or pathologic
features are evident.

-

DIHYDRO-
ERGOTAMINE

® Dihydroergotamineisa
vasoconstrictor.

® Most effective when given
during the prodromal phase.

® Contraindicated in
pregnancy and in patients
with peripheral vascular
disease or coronary artery
disease.

ANALGESICS

® Anti-inflammatory drugs
such as aspirin, naproxen,
and ibuprofen are useful
in relieving migraine attacks.

Severe pain may require
@ administration of opioids

such as codeine sulfate

or meperidine.

Prodromal phase

@® Visual disturbances
that precede the
actual headache.

® Associated with arterial
vasoconstriction and

release of serotonin.

Headache phase

® Pain, nausea, and
vomiting.

@ Associated with cerebral
vasodilation and lower-
than-normal levels of

serotonin.

Figure 39.10
Drugs useful in the treatment and prophylaxis

of migraine headaches.



. Drugs for tension and cluster headache

Analgesics (NSAIDS, acetaminophen, aspirin) are used for symptom
relief of tension headaches, and caffeine and butalbital are often
combined with acetaminophen or aspirin. Triptans, along with
Inhalation of 100% oxygen, are used as first-line abortive strategies
for cluster headache.
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VII. DRUGS FOR OBESITY

The term “obesity” is given to individuals with a body mass index (BMI) 30
kg/m2 or greater. Obesity Is due in part to an energy imbalance; however, it
Is now well understood that genetics, metabolism, behavior, environment,
culture, and socioeconomic status play a role in obesity, as well. Serotonin
agonists have been used in the treatment of obesity for the appetite
suppression that they produce. Drugs for obesity are considered effective if
they demonstrate at least a 5% greater reduction in body weight as compared
to placebo (no treatment). The majority of drugs approved to treat obesity
have short-term indications for usage. A summary of medications for obesity
IS provided in Figure 39.11.
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DRUG NAME ROUTE OF ADMINISTRATION COMMENTS

Nonspecific 5HT, receptor agonists:
Fenfluramine Oral Discontinued by FDA

Dexfenfluramine Oral Discontinued by FDA

Specific 5SHT, receptor agonist:

Lorcaserin Oral 10-20 mg/day, twice a day

Appetite suppressants:

Phentermine Oral 12-30 mg/day, once a day

Diethylpropion Oral 25-75 mg/day, up to thrice a day

Lipase inhibitor:

Orlistat Oral 120-360 mg/day, thrice a day at 1 hour
after meal

Glucagon-like peptide-1 (GLP-1) receptor agonist:

Liraglutide Subcutaneous 0.6-1.8 mg/day, once a day

Combination drugs:

Buproprion/naltrexone Oral Naltrexone 8 mg/bupropion 90 mg, 1-4
tablets/wk
Pentermine/topiramate Oral Phentermine = 3.75-15 mg/day, topiramate =

23-92 mg/day, once a day in morning

Figure 39.11
Summary of the drugs used for the treatment of obesity and their doses.




TABLE 16-5 Antiobesity drugs|and their effects.

Drug or Drug Possible Mechanism

Combination  Drug Group of Action Dosage Toxicity

Orlistat Gl lipase inhibitor Reduces lipid absorption 60-120mgTIDPO  Decreased absorption of fat-soluble
vitamins, flatulence, fecal incontinence

Liraglutide GLP-1 agonist Decreases appetite 3mg/d SC Nausea, vomiting, pancreatitis

Lorcaserin 5-HT,, agonist Decreases appetite 10 mg PO BID Headache, nausea, dry mouth, dizziness,
constipation

Naltrexone/ Opioid antagonist Unknown 32 mg/ Headache, nausea, dizziness, constipation

bupropion + antidepressant 360 mg POTID

Phentermine Sympathomimetic Norepinephrine release in CNS ~ 30-37.5mg/dPO Increased BP, HR: arrhythmias, insomnia, anxiety

Phentermine/  Sympathomimetic Norepinephrine release plus 3.75-15 mag/ Insomnia, dizziness, nausea, paresthesia,

topiramate + antiseizure agent unknown mechanism 23-92 mg PO dysgeusia

BID, twice daily; BP blood pressure; CNS, central nervous system; G, gastrointestinal; HR, heart rate; PO, by mouth; SC, subcutaneously; TID, three times daily.



Although obesity can be defined as excess adipose tissue, it is
currently quantitated by means of the body mass index (BMlI),
calculated from
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BMI = weight (in Kilograms)/height2 (in meters).

Using this measure, the range of
normal BMI is defined as 18.5-24.9 ;

overwelight, 25-29.9

obese, 30-39.9 : and

morbidly obese (ie, at very high risk) , >40.

(Underweight persons, ie, those with a BMI < 18, also have an
Increased [but smaller] risk of health problems.) K




Some extremely muscular individuals may have a BMI higher than 25 and
no excess fat; however, the BMI scale generally correlates with the degree of

obesity and with risk.
A second metric, which may be an even better predictor of cardiovascular

risk, is the ratio of waist measurement to body height :
cardiovascular risk i1s lower If this ratio iIs less than 0.5.

Experts consider drug therapy to be justified in patients with increased risk
factors and a BMI > 27 and in those without comorbidities but with a BMI >

30. K
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A. Serotonin agonists

The first serotonin agonists used for weight loss, fenfluramine and
dexflenfluramine, were withdrawn following an increase in potentially
fatal adverse effects, including valvulopathy. Valvulopathy, which
may lead to pulmonary hypertension, is linked to 5-HT2B receptors.
Lorcaserin [lor-KAS-er-in] is a serotonin agonist with selectivity for
the 5-HT2C serotonin receptor. In contrast to many other weight-loss
drugs, it is used for chronic weight management.
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1. Mechanism of action: Lorcaserin selectively activates 5-HT2C receptors, which are almost
exclusively found in the central nervous system. This activation, in turn, stimulates pro-
opiomelanocortin (POMC) neurons, which activate melanocortin receptors, thereby causing a
decrease in appetite (Figure 39.12). If a patient does not lose at least 5% of their body weight
after 12 weeks of use, the drug should be discontinued.

2. Pharmacokinetics: Lorcaserin is extensively metabolized in the liver to two inactive
metabolites that are then eliminated in the urine. Lorcaserin has not been studied for use in severe
hepatic impairment and is not recommended in severe renal impairment.
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POMC = pro-opiomelanocortin.



3. Adverse effects: The most common adverse effects observed with lorcaserin are nausea,
headache, dry mouth, dizziness, constipation, and lethargy. Although rare, mood changes and
suicidal ideation can occur. The development of life-threatening serotonin syndrome or
neuroleptic malignant syndrome has been reported with the use of serotonin agonists.
Therefore, patients should be monitored for the emergence of these conditions while on
lorcaserin. Because of the increased risk of serotonin syndrome, concomitant use of
lorcaserin with selective serotonin reuptake inhibitors, serotonin—norepinephrine reuptake
inhibitors, MAOIs, or other serotonergic drugs should be avoided. As mentioned in the
preceding text, valvulopathy has been associated with the use of 5-HT2B receptor agonists.
Although the incidence of valvulopathy was not significantly increased in studies of
lorcaserin (5HT2c receptor agonist), patients should still be monitored for the development
of this condition. For that reason, individuals with a history of heart failure should use this
agent with caution.
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Serotonin Syndrome and Similar Syndromes

Excess synaptic serotonin causes a serious, potentially fatal syn-
drome that is diagnosed on the basis of a history of administration
of a serotonergic drug within recent weeks and physical findings.
It has some characteristics in common with neuroleptic malignant
syndrome (NMS) and malignant hyperthermia (MH), but its patho-
physiology and management are quite different (Table 16-4).

As suggested by the drugs that precipitate it, serotonin
syndrome occurs when overdose with a single drug, or concur-
rent use of several drugs, results in excess serotonergic activity in
the central nervous system. It is predictable and not idiosyncratic,
but milder forms may easily be misdiagnosed. In experimental|

animal models, many of the signs of the syndrome can be
reversed by administration of 5-HT, antagonists; however, other
5-HT receptors may be involved as well. Dantrolene is of no value,
unlike the treatment of MH.

NMS is idiosyncratic rather than predictable and appears to
be associated with hypersensitivity to the parkinsonism-inducing
effects of D,-blocking antipsychotics in certain individuals. MH is
associated with a genetic defect in the RyR1 calcium channel of
skeletal muscle sarcoplasmic reticulum that permits uncontrolled
calcium release from the sarcoplasmic reticulum when precipitat-
ing drugs are given (see Chapter 27).

TABLE 16-4 Characteristics of serotonin syndrome and other hyperthermic syndromes.

Syndrome Precipitating Drugs Clinical Presentation Therapy'

Serotonin SSRls, second-generation antidepressants,  Hypertension, hyperreflexia, tremor, Sedation (benzodiazepines),

syndrome MAOIs, linezolid, tramadol, meperidine, clonus, hyperthermia, hyperactive bowel  paralysis, intubation, and ventilation;
fentanyl, ondansetron, sumatriptan, sounds, diarrhea, mydriasis, agitation, consider 5-HT, block with cyproheptadine
MDMA, LSD, St. John's wort, ginseng coma; onset within hours or chlorpromazine

Neuroleptic D,-blocking antipsychotics Acute severe parkinsonism; hypertension,  Diphenhydramine (parenteral),

malignant hyperthermia, normal or reduced bowel  cooling if temperature is very high,

syndrome sounds; onset over 1-3 days sedation with benzodiazepines

Malignant Volatile anesthetics, succinylcholine Hyperthermia, muscle rigidity, hyperten-  Dantrolene, cooling

hyperthermia sion, tachycardia; onset within minutes

]Precipitating drugs should be discontinued immediately. First-line therapy is in boldface font.

LSD, lysergic acid diethylamide, MAOIs, monoamine oxidase inhibitors; MDMA, methylenedioxy-methamphetamine (ecstasy); SSRIs, selective serotonin reuptake inhibitors.



B. Other agents for obesity

In addition to lorcaserin, several agents with varying mechanisms of
action are available for weight loss and the management of obesity.

1. Appetite suppressants: Phentermine [FEN-ter-meen] and
diethylpropion [dye-eth-ill-PROE-pee-on] are appetite suppressants.
They exert pharmacologic action by increasing the release of
norepinephrine and dopamine from the nerve terminals and by
Inhibiting reuptake of these neurotransmitters, thereby increasing
levels of neurotransmitters in the brain. The increase in
norepinephrine signals a “fight-or-flight” response by the body,
which, in turn, decreases appetite.
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Tolerance to the weight loss effect of these agents develops within weeks,
and weight loss typically plateaus. An increase in the dosage generally does
not result in further weight loss, and discontinuation of the drug is usually
recommended once the plateau is reached. The anorexiants are classified as
controlled substances due to the potential for dependence or abuse. Dry
mouth, headache, insomnia, and constipation are common adverse effects.
Heart rate and blood pressure may be increased with these agents. Therefore,
these drugs should be avoided in patients with a history of uncontrolled
hypertension, cardiovascular disease, arrhythmias, heart failure, or stroke.
Concomitant use of anorexiants with monoamine oxidase inhibitors
(MAOISs) or other sympathomimetics should be avoided.
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2. Lipase inhibitor: Orlistat [OR-lih-stat] is the only agent in a class of
antiobesity drugs known as lipase inhibitors. It is indicated for weight
loss or weight maintenance. Orlistat Is a pentanoic acid ester that
Inhibits gastric and pancreatic lipases, thus decreasing the breakdown
of dietary fat into smaller molecules that can be absorbed.
Administration of orlistat decreases fat absorption by about 30%. The
loss of calories from decreased absorption of fat is the main cause of
weight loss. Figure 39.13 shows the effects of orlistat treatment.

i) s adde ddadladl ol )l Gl 4y aasr ; Orlistat A ; Jlelll ciladia Y
oSS ity T g ¢ Ay Sl g Dpaeall SLalll ey 3l oy (o) el gilingll aala
Lpalaial (Say yral @il i ) (65330 caall
D (ye il Ll 38 3 L %Y ea caall Galiaial (pady i ;Y slac]

dallaall ¢l a3l VY, ¥ KA jeday | sl Gl i ) il aliaial
, i )V




The clinical utility of orlistat is limited by gastrointestinal adverse effects, including oily

spotting, flatulence with discharge, fecal urgency, and increased defecation. These effects
may be minimized through a low-fat diet and the use of concomitant cholestyramine. Orlistat
Is contraindicated in pregnancy and in patients with chronic malabsorption syndrome or
cholestasis. The drug also interferes with the absorption of fat-soluble vitamins and [3-
carotene. Patients should be advised to take a multivitamin supplement that contains vitamins
A, D, E, and K and B-carotene. Orlistat can also interfere with the absorption of other
medications, such as amiodarone, cyclosporine, and levothyroxine, and clinical response to
these medications should be monitored if orlistat is initiated. The dose of levothyroxine
should be separated from orlistat by at least 4 hours.
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3. Glucagon-like peptide-1 (GLP-1) receptor agonist: Liraglutide is an injectable
GLP-1 receptor agonist that is indicated for obesity. See Chapter 24 for a full
discussion of GLP-1 receptor agonists.

4. Combination therapy: The combination of phentermine and topiramate has been
approved for long-term use in the treatment of obesity. Initial studies of the
anticonvulsant topiramate observed weight loss in patients taking the medication.

Because of the sedating effects of topiramate, the stimulant phentermine was added

to counteract sedation and promote additional weight loss. If a patient does not

achieve a 5% weight loss after 12 weeks on the highest dose of this medication, then
it should be discontinued. It is also important to note that this medication should not

be stopped abruptly as seizures may be precipitated.
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Topiramate has been associated with birth defects including cleft
palate, and, thus, the combination of phentermine/topiramate is
contraindicated in pregnancy. Bupropion and naltrexone is another
combination therapy approved for chronic weight management.
Important characteristics of the medications for obesity are
summarized in Figure 39.14.  f
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DRUG

Bupropion +
naltrexone

Liraglutide

Lorcaserin

Orlistat

Phentermine

Diethylpropion

Phentermine +
topiramate

TARGET

Bupropion: CNS-POMC
neuron stimulation

Naltrexone: CNS—blocks
autoinhibitory feedback
of the hypothalamic
melanocortin system

GLP-1 receptor agonist

CNS—5-HTcreceptor
agonist

Gl system—inhibits gastric
and pancreatic lipase

CNS—increase in NE and
dopamine release and
reuptake inhibition

CNS—increase in NE and
dopamine release and
reuptake inhibition

Phentermine: CNS—
increase in NE and
dopamine release and
reuptake inhibition

Topiramate: CNS—
increase in GABA

MECHANISM OF ACTION
Combination regulates
the mesolimbic reward

system and results in
appetite suppression

Slows gastric emptying
and increases satiety

Appetite suppression

Fat absorption decreased
by ~30%, which decreases
overall caloric intake

Appetite suppression

Appetite suppression

Appetite suppression and
increased satiety

PHARMACOKINETICS

Extensive metabolism
through CYP2D6

Excretion through the
kidneys and metabolism
in the liver

Extensive metabolism in
the liver

Minimal systemic
absorption

Excretion through the
kidneys

Excretion mainly through
the kidneys

Excretion primarily
through the kidneys with
limited hepatic metabolism

ADVERSE EFFECTS

Nausea, headache, dry
mouth, dizziness,
constipation, suicidal
ideation

Nausea and vomiting,
pancreatitis, hypoglycemia,
acute gall bladder disease,
elevated heart rate, suicidal
ideation

Nausea, headache, dry
mouth, dizziness,
constipation, suicidal
ideation, lethargy

Gl symptoms such as oily
spotting, flatulence, fecal
urgency, and increased
defecation

Dry mouth, headache,
insomnia, constipation

Possible heart rate and
blood pressure increases

Dry mouth, headache,
insomnia, constipation

Possible heart rate and
blood pressure increases

Paresthesia, altered taste,
dizziness, insomnia, dry
mouth, constipation

Contraindicated in
pregnancy

CNS = central nervous system: GABA = y-aminobutyric acid; Gl = gastrointestinal; GLP = glucagon-like peptide; NE = norepenephrine; POMC = pro-opiomelanocortin,

Figure 39.14

Characteristics of the medications for obesity.
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Fic. 29.1 Mechanisms of ergot alkaloids and triptan drugs used in the treatment of migraine headache disorder. Migraine attacks are thought to result
from trigeminal neurovascular dysfunction. When neurons in the tripgeminal complex release peptides such as substance P and calcitonin gene-related pep-
tide (CGRP), this causes vasodilation and inflammation of pial and dural vessels. These events activate nociceptive trigeminal fibers and cause moderate to
severe pain that is characteristic of migraine headaches. Ergot alkaloids and triptan drugs terminate the pain by activating serotonin 5-HT,, _ receptors at
several sites: (1) They activate receptors on pial and dural vessels and thereby cause vasoconstriction. (2} They activate presynaptic receptors to inhibit the
telease of peptides and other mediators from trigeminal neurons. {3) They activate receptors in the brainstem, which is believed to inhibit the activation of
trigeminal neurons responsible for migraine attacks, CGRP antagonists {not shown) are also effective in the treatment of migraine.
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TABLE 29.1 Classification and Pharmacologic Management of Headache Disorders

Primary Headaches
Cluster headaches Severe, unilateral, retro-orbital; Lithium and verapamil DHE, ergotamine,
clustered over time glucocorticoids, lidocaine,
oygen, and sumatriptan
Migraine headaches Moderate or severe, often fradrenoceptor antagonists, DHE, ergotamine,
unilateral, usually pulsatile; occur anticonvulsants, antidepressants, calcium isometheptene, NSAIDs,
with or without aura channel blockers, NSAIDs, and serotonin tramadol, and triptans:
&-HT, receptor antagonists
CGRP drugs
Tension headaches Mild or moderate, bilateral, non- Amitriptyline Muscle relaxants and NSAIDs
pulsatile; exert bandlike pressure
Secondary Headaches
Characteristics vary, dependingon  None Mone (treat underlying
the underlying cause® disorder)

DHE, Dihydroergotamineg; N5AIDs, nonsteroidal anti-inflammatory drugs.
“Triptans include naratriptan, rizatriptan, sumatriptan, and zolmitriptan.
“Examples of causes are hemorrhage, infection, neuropathy, stroke, and tumor.



GABA, Sh'ycl'lnine_-sensitive 5HT, Meuronal Glutamate
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Fic. 21.3 Mechanism of action of general anesthetics. Like antiepileptic drugs, general anesthetics work at a variety of target sites. General anesthetics
increase GABA and glycine inhibitory effects and decrease excitatory effects by blocking serotonergic, nicotinic, and glutaminergic neurotransmission.



5. A 35-year-old woman with a history of migraine reports to her physician that the last time she used
her medicine to stop an acute attack, she felt numbness and tingling 23 in her extremities and
blanching o= and cyanosis of her fingers. Which one of the following medications did she take?

(A) butorphanol (B) sumatriptan (C) dihydroergotamine (D) tramadol (E) naproxen

5. The answer is C: dihydroergotamine. DHE is an ergot alkaloid, and these agents are known to cause
vasoconstriction and paresthesia in the extremities, especially at high doses. Answer A, butorphanaol,
is an opioid analgesic and not associated with the woman’s symptoms. Answer B, sumatriptan, is a
triptan also used for acute attacks and can cause vasoconstriction, but not as commonly as observed
with DHE. Answer D, tramadol, is a dual action opioid-antidepressant agent, helpful in the acute
treatment of migraine but not producing the patient’s constellation of adverse effects. Answer E,
naproxen, is an NSAID agent that can cause increased release of norepinephrine and possible
vasoconstriction, but it does not produce these effects as commonly as DHE

. 39.8 A 27-year-old married woman is asking about treatment options for obesity. She
recently stopped taking her birth control medications, as she felt they were contributing to her
weight gain. Which medication should be avoided in this patient?

A. Phentermine/topiramate B. Orlistat C. Diethylproprion D. Lorcaserin

Correct answer = A. Although patients should not take any medications to lose weight during
pregnancy, the topiramate component of this medication is especially dangerous, since it can
be teratogenic. Because this patient stopped her birth control medicine, she is at risk of
becoming pregnant and developing birth defects while also on this medication.



39.6 A 29-year-old woman complains of migraine headaches associated with early onset
vomiting. Currently, she uses ibuprofen as needed for her migraines, but it is not very
effective. Which triptan would be ideal for this patient?

A. Naratriptan B. Zolmitriptan C. Frovatriptan D. Almotriptan

Correct answer = B. Although all of the triptans listed are available as an oral tablet, this
patient suffers from vomiting associated with her migraines. Zolmitriptan and
sumatriptan are available as an intranasal dosage form, which would be ideal for this
patient.

Difficulty level: Medium.

14. A 43-year-old man with a long history of exertional angina was recently diagnosed
with migraine. Which of the following

antimigraine drugs would be contraindicated in this patient?

A. Aspirin B. Acetaminophen C. Sumatriptan D. Ibuprofen E. Propranolol



CLASSIFICATION OF DRUGS FOR HEADACHE DISORDERS

Drugs for Migraine Headaches Other agents for preventing migraine
* Gabapentin (NeuroNTIN)

Drugs for migraine prevention . .
g g P * Botulinum toxin A (Botox)

Antiepileptic drugs and antidepressants

o Valproic acid (Depakene) Drugs for migraine termination

* Fluoxetine (Prozac) also amitriptyline Serotonin 5-HT receptor agonists
(EawviL) * Dihydroergotamine (DHE, MiGranaLy

* Phenelzine (Naroi)  Sumatriptan (IMmrex)®

Nonsteroidal anti-inflammatory drugs * Lasmiditan (Revvow) |

e Naproxen (NaprosN, ALEv) CGRP receptor antagonists
* Fenoprofen (Naron)? * Rimegepant (NurTec)

» Ubrogepant (Usrevy)

Beta (B)-adrenoceptor antagonists
®) : J Other agents for migraine termination

* Propranolol (INDErat)

¢ Timolol {Tll‘u‘lDLlDE} e IEDmEthEﬂtE‘HE‘ (MIDHJD)

: * Tramadol (Uttram)
Calcium channel blockers s Butorphanol (SanaL NS)
’ Vgrapa_mll (Caan) » Naproxen (Narrosyn, ALeve)® |
e Nimodipine (Nmoror) » Acetaminophen with codeine (TvienoL #3)
CGRP-targeted monoclonal antibodies * Prochlorperazine (Compazing)
* Galcanezumab (EmcALTY) Drugs for cluster and tension headaches
o Erenumab (Amovic) * See Table 29.1.

* Also flurbiprofen (Ansam), ketoprofen (Osuoe), and mefenamic acid (PousTeL).

“ Also fremanezumab (Auovy), and eptinezumab (Vyeeer).

* Also ergotamine (ERGOMAR).

4Also naratriptan (Asmerce), zolmitriptan (Zowig), rizatriptan (Maxair), frovatriptan (Feows), almotriptan {Axeer), and eletriptan (Rewrax); sumatriptan is also formulated
as a nasal spray {Owzemea Xsan) and as a transdermal iontophoresis patch {Zecunmy).

* Also flurbiprofen (Ansam), ketoprofen (Osupk), and mefenamic acid (PousTeL).

| Mlery acetaminonhan with caffeine butalbitzl and codaine (Foacer)



Fig. 29.1 Mechanisms of ergot
alkaloids and triptan drugs used in the
treatment of migraine headache
disorder. Migraine attacks are thought
to result

from trigeminal neurovascular
dysfunction. When neurons in the
trigeminal complex release peptides
such as substance P and calcitonin
gene-related peptide

(CGRP), this causes vasodilation and
inflammation of pial and dural vessels.
These events activate nociceptive
trigeminal fibers and cause moderate
to

severe pain that is characteristic of
migraine headaches. Ergot alkaloids
and triptan drugs terminate the pain by
activating serotonin 5-HT....receptors at

several sites: (1) They activate
receptors on pial and dural vessels and
thereby cause vasoconstriction. (2)
They activate presynaptic receptors to
inhibit the

release of peptides and other
mediators from trigeminal neurons. (3)
They activate receptors in the
brainstem, which is believed to inhibit
the activation of

trigeminal neurons responsible for
migraine attacks. CGRP antagonists
(not shown) are also effective in the
treatment of migraine.
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K19. C. Postpartum Hemorrhage

The uterus at term is extremely sensitive to the stimulant action of ergot, and even
moderate doses produce a prolonged and powerful spasm of the muscle quite unlike
natural labor. Therefore, ergot derivatives should be used only for control of
postpartum uterine bleeding and should never be given before delivery. Oxytocin is
the preferred agent for control of postpartum hemorrhage, but if this peptide agent is
ineffective, ergonovine maleate, 0.2 mg given intramuscularly, can be tried. It is
usually effective within 1-5 minutes and is less toxic than other ergot derivatives for
this application. It is given at the time of delivery of the placenta or immediately
afterward if bleeding is significant.

Use of Er o], )stpartum Hemorrhage

All of the natural ergot alkaloids markedly increase the motor activity of the uterus;
however, ergonovine and its semisynthetic derivative methylergonovine have
primarily been used as uterine-stimulating agents in obstetrics. As the dose is
increased, contractions become more forceful and prolonged, resting tone is
dramatically increased, and sustained contracture can result. This characteristic is
compatible with their use postpartum or after abortion to control bleeding and
maintain uterine contraction. Oxytocin (see Chapter 44) is now the more prevalent
agent in controlling postpartum hemorrhage.



What does the calcitonin gene related
peptide do?

CGRP is released from trigeminal axons
onto blood vessels in the meninges where it
Is involved in vasodilation and activation of
trigeminal neurons. CGRP targeting drugs
likely act at this site to treat migraine

How does CGRP cause migraines?

One theory is that CGRP sensitizes
peripheral nerves, which in turn send
signals to the central nervous system
(CNS) that trigger the pain and
sensitivity to sensory stimuli associated
with migraine. This may occur because
when CGRP binds to its receptor, it
sensitizes the nerves by increasing their
rate of firing.28/10/2021
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What is the mechanism of action
of CGRP?

The adenylate cyclase pathway
mediates CGRP's vasodilatory
action. CGRP contributes to
neurogenic inflammation by
activating the release of neurokinin
A and substance P, which leads to
plasma extravasation, and by
Interacting with glial and mast
cells to release inflammatory
agents.03/03/2023

= What is the calcitonin gene
related peptide neurons?

CGRP is produced in both
peripheral and central neurons. It is
a potent peptide vasodilator and
can function in the transmission of
nociception. In the spinal cord, the
function and expression of CGRP
may differ depending on the
location of synthesis.
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= How does CGRP cause
vasodilation?

Using a HEK?293 cell line, 1t was
shown that CGRP exhibits biased
agonism, favoring the Gas
pathway and thus vasodilation
(Weston et al., 2016) where CGRP
triggers nitric oxide (NO)
production in the endothelial cells,
acting to relax the underlying
vascular smooth muscles, while
PKA activation in the vascular
smooth ...19/09/2018

= Is CGRP a neurotransmitter?

CGRP is the main
neurotransmitter of the
nociceptive sensory c fibers, but is
also present in other sensory nerve
fibers i.e., type A and B medium-
sized neurons.
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Lorcaserin (Belvig ) Withdrawn From
US Market Due to Cancer Risk

M. Alexander Otto
February 13, 2020

12

The Food and Drug Administration
asked Eisai to voluntary withdraw
the weight-loss

drug lorcaserin (Belvig and Belvig XR)
on Feb. 13 after a post-marketing
trial with more than 12,000 subjects
revealed an increased occurrence of
cancetr.

In a Drug Safety Communication, the
agency said "health care
professionals should stop prescribing
and dispensing lorcaserin to patients.
Contact patients currently taking
lorcaserin, inform them of the
increased occurrence of cancer seen
in the clinical trial, and ask them to
stop taking the medicine



https://reference.medscape.com/drug/belviq-belviq-xr-lorcaserin-999756

What is the trigeminal complex?

Definition. The trigeminal (V) brainstem nuclear complexai sl S3E) cuaall ¢ Laall ¢ 3a 8] g Jas
(VBNC, Fig. 1) is the site of the first synapse of most V sensory primary afferents and of
considerable sensory processing and modulation. Its anatomy and physiology, although

generally similar to the spinal sensory system, display several differences.
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aclial) cliils
Immunosuppressants | &l
I " OV E RV I EW. The importance of the immune system in protecting the body against harmful foreign molecules is well recognized. The immune system is one of the most complex organ systems in the body,

wnion e make e aimeat 0 marpuiee. | MMUNOSUPPressants are drugs that reduce the activation or efficacy of
the immune system to treat certain conditions, such as autoimmune diseases, or to lower
the body’s ability to reject a transplanted organ. Autoimmune diseases can arise when the
Immune system mistakenly identifies an individual’s own tissues as foreign and directs a
destructive response against them. The goal of treatment for these diseases is to use drug
therapy to stop this inappropriate and harmful process. In the case of organ
transplantation, foreign tissue is purposely implanted into the recipient, but the goal
remains the same—to use drug therapy to limit the damage inflicted by the immune
system and potential rejection of the transplanted organ.
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Transplantation of organs and tissues (for
example, kidney, heart, or bone marrow) has
become routine due to improved surgical
techniques and better tissue typing. Available
drugs now more selectively inhibit rejection
of transplanted tissues while preventing the
patient from immunological compromise and
prolonging the life of transplanted organs
(Figure 38.1).
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ANTIBODIES

Alemtuzumab
Antithymocyte globulins
Basiliximab

Rituximab

CALCINEURIN INHIBITORS

Cyclasporine
Tacrolimus

COSTIMULATION BLOCKER
Belatacept
mTOR INHIBITORS

Everolimus
Sirolimus

ANTIPROLIFERATIVES

Azathioprine
Mycophenolate mofetil
Mycophenolate sodium

ADRENOCORTICOIDS
Methylprednisolone

Prednisolone
Prednisone

Bortezomib
Intravenous immunoglobulin

Figure 38.1

Immunosuppressant drugs.

mTOR = mammalian target of
rapamycin. (For drug dosages, refer



Earlier drugs were nonselective, and patients frequently succumbed to infection due to
suppression of both the antibody-mediated (humoral) and the cell-mediated arms of the
Immune system. Today, the principal approach to immunosuppressive therapy is to alter
lymphocyte function using drugs or antibodies against immune proteins. Because of their
severe toxicities when used as monotherapy, a combination of immunosuppressive
agents, usually at lower doses, is generally employed. Immunosuppressive drug
regimens typically consist of two to four agents with different mechanisms of action that
disrupt various levels of T-cell activation.

[Note: these agents may be used in the treatment of other disorders. For example,
cyclosporine may be useful in the treatment of psoriasis, and various monoclonal
antibodies have applications in a number of disorders, including rheumatoid arthritis,
multiple sclerosis, Crohn’s disease, and ulcerative colitis.]
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The immune activation cascade can be described as a three-signal model (Figure 38.2).
Signal 1 constitutes T-cell triggering at the CD3 receptor complex by an antigen on the
surface of an Signal 1 alone is insufficient for T-cell
activation and requires signal 2. Signal 2, also referred to as co stimulation, occurs when
CD80 and CD86 (also known as B7.1 and B7.2) on the surface of APCs engage CD28
on T-cells. Both signals 1 and 2 activate several intracellular signal transduction
pathways, one of which is the calcium—calcineurin pathway. These pathways trigger the
production of cytokines such as interleukin (IL)-2. IL-2 then binds to the IL-2 receptor
(also known as CD25) on the surface of other T-cells, thereby providing signal 3
activating the cell cycle via mammalian target of rapamycin (mTOR) and leading to T-
cell proliferation.
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Antigen- }
PNS:."'.ﬁno Cell-mediated ] -2

Activation of the :
T-cell receptor 2 Activation of immune response receptor
results in increased ¢l|<i§|¢urin.
intracellular CaZ+ a Ca“*-dependent / \
phosphatase _] Ralcase
e of IL-2

Tacrolimus Cyclosporine

= " 5

Cyclophilin

As a result of
dephosphorylation
by calcineurin,
NFAT moves from
the cytoplasm to
the nucleus

..~
proteins

CYTOPLASM / )
NFAT associates Active NFAT
with other nuclear

— components, leading
to activation of genes | IL-2 gene
encoding cytokines

NUCLEUS

Figure 38.2
Mechanism of action of immunosuppressive agents. IL-2 = interleukin 2; mRNA = messenger RNA;
mTOR = mammalian target of rapamycin; NFAT = nuclear factor of activated T.



Immunosuppressants can be broadly categorized by their place in therapy
and their mechanism of action. More potent Immunosuppressant drugs, such
as monoclonal and polyclonal antibodies, are often used in induction
therapy, which powerfully suppresses the immune system at the time of
transplant, allowing the new organ to start functioning in the recipient and
preventing early graft rejection. Maintenance immunosuppressant drugs, on
the other hand, are less potent and provide long-term immunological
protection for the transplanted organs, with lower risk of infection than with
the induction drugs. As noted above, maintenance immunosuppressant
medications are frequently combined in regimens to maintain adequate
Immunosuppression while minimizing adverse effects.
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[I. INDUCTION AND REJECTION IMMUNOSUPPRESSANT

MEDICATIONS

The use of antibodies plays a central role in prolonging allograft survival.
[Note: An allograft is transplant of an organ or tissue from one person to
another who is not genetically identical.] Antibodies are prepared by
Immunization of either rabbits or horses with human lymphoid cells
(producing a mixture of polyclonal antibodies or monoclonal antibodies) or
by hybridoma technology (producing antigen-specific monoclonal
antibodies). Hybridomas are produced by fusing mouse antibody-producing
cells with tumor cells. Hybrid cells are selected and cloned, and the antibody
specificity of the clones is determined. Clones of interest can be cultured in
large quantities to produce clinically useful amounts of the desired antibody.
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Fig. 46.1 Manufacture of monoclonal antibody drugs. The antigen of interest is injected into mice for development of targeted
antibodies. After an immune response occurs, mice are sacrificed, and antibody-producing B cells are removed from the spleen.
Immortalized myeloma cells are mixed with the mouse B cells and fused to create hybridoma cells. The hybridoma cells are selected
for in the cell culture and unfused cells die off. The remaining cells are screened for those emitting the specific antibody to the
antigen of interest. The selected antibody-producing hybridoma cells are grown in vast quantities and the culture media periodically
drained off and the monoclonal antibodies purified and packaged for administration .
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Figure 35-3  Gemerafion of mAbs. Mice are immunized with the selected antigen, and the spleen or lymph node is harvested and B cells separated. These B cells
are fused to a suitable B-cell myeloma selected for its ability to grow in medium supplemented with HAT (hypoxanthine, aminopterin, and thymidine). Only
myeloma cells that fuse with B cells can survive in HAT-supplemented medium. The hybridomas expand in culture. Hybridomas of interest are selected based on
a specific screening technique and then cloned by limiting dilution. The mAbs can be used directly as supernatants or ascites fluid for experimental use but are

purified for clinical use.



Recombinant DNA technology can also be used to replace part of the
mouse gene sequence with human genetic material, thus
“humanizing” the antibodies and making them less antigenic. The
names of monoclonal antibodies conventionally contain “xi” or “zu” if
they are chimerized or humanized, respectively. The suffix “-mab”
(monoclonal antibody) identifies the category of drug. The polyclonal
antibodies, although relatively inexpensive to produce, are variable
and less specific, which is in contrast to monoclonal antibodies, which
are homogeneous and specific (Figure 38.3).
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DRUG

Alemtuzumab

Antithymocyte
globulins

Basiliximab

Bortezomib

Intravenous
Immunoglobulin

(iVig)

Methylprednisolone

Rituximab

CLASS

Humanized monoclonal
antibody (CD52)

Polyclonal antibodies

Chimeric monoclonal

antibody

Proteasome inhibitor

Immune globulin

Corticosteroid

Chimeric monoclonal

antibody

MECHANISM
OF ACTION

BindstoCD52onBandT

lymphocytes, causing T-
and B-cell depletion

T-cell depletion

Binds to CD25 (IL-2R) and
inhibits IL-2 mediated
T-cell proliferation
(nondepleting)

Proteasome inhibition
leads to plasma cell
depletion

Antibodies, B cells

Nonspecific interleukin
and TNF inhibition

CD20* B-cell depletion

INDICATIONS ‘

Induction, treatment
of rejection

Induction, treatment
of rejection

Induction

Treatment of
antibody-mediated
rejection

Induction for highly
sensitized patients,
treatment of rejection

Induction, treatment
of rejection,
maintenance

Induction, treatment
of rejection

ADVERSE EFFECTS

Infusion-related effects (chills, fever),
severe and prolonged leukopenia,
neutropenia, thrombocytopenia,
infections (CMV, HSV, and other
viruses/fungi)

Infusion-related effects (chills, fever),
leukopenia, thrombocytopenia,
pulmonary edema, infections due to
CMV or other viruses, skin rash

Generally well tolerated vs. placebo

Leukopenia, anemia, thrombo-
cytopenia, nausea/vomiting, diarrhea,
peripheral neuropathy, hypotension,
hepatotoxicity (less common)

Infusion-related reactions, headache,
hypotension, hemolytic anemia,
pulmonary edema, thromboembolic
events, aseptic meningitis, acute
renal failure

HTN, HLD, hyperglycemia, peripheral
edema, mood disturbance,
osteoporosis, weight gain

Infusion-related effects (chills, fever),
infections (reactivation of hepatitis

B virus, CMV, and other viruses/fungi),
PML, leukopenia, thrombocytopenia,

mucocutaneous reactions

CMV = cytomegalovirus; HLD = hyperlipidemia; HSV = herpes simplex virus; HTN = hypertension; il
tumor necrosis factor

TNF

Figure 38.3

Medications used for induction and/or rejection immunosuppressant therapy.

= iInterleuking PML = progressive multifocal leukoencephalopathy;



A.  Antithymocyte globulins . Antithymocyte globulins are polyclonal antibodies produced by
isolating y-globulin fractions of serum obtained from rabbits or horses after immunization with
human thymocytes. They cause depletion of circulating T-cells and apoptosis of activated T-cells.

Rabbit preparations are preferred over horse preparations because of greater potency and less
toxicity.

Antithymocyte globulin, rabbit is primarily used at the time of transplantation to prevent early
allograft rejection, along with other immunosuppressive agents. It may also be used to treat severe
rejection episodes or corticosteroid-resistant acute rejection. It is usually used for 3 to 10 days to
produce profound lymphopenia that may last beyond 1 year.

The antibodies are slowly infused intravenously and their half-life extends from 3 to 9 days.
Premedication with corticosteroids, acetaminophen, and antihistamines may help reduce infusion-
related reactions. Prolonged use may be associated with profound immunosuppression and an

increased risk of opportunistic infections and/or post-transplant lymphoproliferative disease
(PTLD).
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B. Basiliximab. Basiliximab is a chimeric (murine/human) monoclonal antibody that
functions as an immunosuppressive agent. Basiliximab is a monoclonal antibody to the
high-affinity IL-2 receptor expressed on activated T cells. Basiliximab binds to the a-subunit
of the receptor and prevents IL-2 binding. By this action, IL-2—-mediated activation of
lymphocytes is prevented, and the response of the immune system to alloantigens (e.g.,
those present in transplanted allografts) is impaired. A short course of basiliximab is used in
combination with other agents as induction immunotherapy immediately after renal
transplantation.

Basiliximab significantly lowers circulating lymphocytes and prevents acute transplant
rejection.
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XXV. IMMUNOSUPPRESSANT DRUGS

Antibodies:
Alemtuzumab
Antithymocyte globulins
Basiliximab

Rituximab

Calcineurin inhibitors:

Cyclosporine

Tacrolimus

Belatacept

mTOR Inhibitors:
Everolimus
Sirolimus

Antiproliferatives:
Azathloprine
Mycophenolate mofetil
Mycophenolate sodium

Costimulation blocker:

IV: 12 mg/day

IV: Adult = 20 mg 12 hourly, children =

10 mg 12 hourly
IV: 250-500 mg/m?

Oral: 2-15 mg/kg/ day
IV: 3-5 mg/kg/day

Oral: 0.05-0.2 mg/kg 12 hourly
0.03% and 0.1% topical ointment

IV: 5-10 mg/kg

Oral: 2.5-20 mg/day
Oral: 1 mg/m?/day

Oral: 1-5 mg/kg/day
Oral: 1 g twice a day

Oral:
Adult: 720 mg twice a day, children:
400-720 mg twice a day

Adrenocorticoids:

Methylprednisolone

Prednisolone

Prednisone

Others:
Bortezomib

Intravenous
immunoglobulin

Oral: 4-32 mg/day
IV:0.5-1q

Oral: 5-60 mg/day
IM/intra-articular: 10-40 mg/day

Oral: Adult = 0.5-2 mg/kg/day, children:
0.05-2 mg/kg/day

IV: 1.3 mg/m?
IV : 300-1000 mg/kg
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C. Alemtuzumab is a CD52-directed cytolytic monoclonal antibody approved for the
treatment of patients with relapsing forms of MS. Because of its potentially life-
threatening adverse effects of autoimmune, infusion reactions, and increased
malignancies, alemtuzumab should only be used in patients who have not responded
to two or more other treatments for MS.

Alemtuzumab binds to CD52, a cell surface glycoprotein found on allBand T
lymphocytes, natural killer cells, monocytes, and macrophages. Following cell surface
binding to T and B lymphocytes, alemtuzumab results in antibody-dependent cellular
cytolysis and complement- mediated lysis. It is indicated for the treatment of MS.
Alemtuzumab may cause bleeding, hypertension, and kidney failure.
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D. Rituximab is an anti-CD-20 cytolytic agent indicated for the treatment
of non-Hodgkin lymphoma (NHL), chronic lymphocytic leukemia, RA,
Wegener granulomatosis, and pemphigus vulgaris. Rituximab is a
monoclonal antibody that targets the CD20 antigen expressed on the
surface of pre-B and mature B-lymphocytes. Upon binding to CD20,
rituximab mediates B-cell lysis by complement dependent cytotoxicity
(CDC) and antibody dependent cell mediated cytotoxicity (ADCC).

Rituximab is a chimeric (xi) human-mouse mAb used to treat tumor (tu).

Rituximab was the first monoclonal antibody drug approved for
targeted cancer treatment.
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Flg. 12.20 Hodgkin lymphoma—Ilymph node. A binucleate Reed-Sternberg
cell with large, inclusion-like nucleoli and abundant cytoplasm is surrounded
by lymphocytes, macrophages, and an eosinophil. (Courtesy of Dr. Robert W.
McKenna, Department of Pathology, University of Texas Southwestern Medical
School, Dallas, Texas.)
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FIG. 35.2 Disruption of the Inflammatory Pathway by DMARDs. The nonspecific conventional DMARDs
{methotrexate, leflunomide, sulfasalazine, and sulfapyridine) inhibit the proliferation and activation of T and
B cells, whereas hydroxychloroguine affects the activation of antigen-presenting cells (APCs). The biological
and targeted DMARDs interact with specific cytokines such as tumor necrosis factor-oo (TMF-wt), cytokine
targets such as the intereuking (IL-6) receptor, or cell surface proteins such as CD20 expressed by Blymphocytas
to potently inhibit inflammation.



Bortezomib was the first small molecule proteasome inhibitor to be
developed for cancer treatment. The drug prevents the degradation and
recycling of proteins (proapoptotic proteins) by the proteasome of cancer
cells, leading to protein accumulation and cell death. Bortezomib is used to
treat multiple myeloma and mantle cell lymphoma. Other small molecule
proteasome inhibitors include carfilzomib and ixazomib. They are both
approved for the treatment of multiple myeloma.

Inhibition of Proteasome enzymes which then causes buildup of undegraded
proteins which leads to apoptosis and inhibition of cancer growth.
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F. Intravenous immunoglobulin(IVIG) . contains immunoglobulins prepared by human plasma pooled
from many donors. It has an immunomodulatory effect and is often used for autoimmune diseases,
pretransplant desensitization protocols, and treatment of AMR. The immunomodulatory effects on
T- and B-cells occur at high doses. The mechanism of action is not well defined, but high doses of
IVIG appear to induce B-cell apoptosis and modulate B-cell signaling. It also inhibits binding of
antibodies to the transplanted graft and activation of the complement system. The serum half-life
of IVIG is about 3 to 4 weeks.

Adverse effects of IVIG include headache, fever, chills, myalgias, and hypotension/hypertension,
which can be reduced by slowing the infusion rate. Serious adverse effects are rare and can
include aseptic meningitis, acute renal failure, and thrombotic events.
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1. MAINTENANCE IMMUNOSUPPRESSANT

MEDICATIONS. Maintenance immunosuppressants are intended to provide
adequate immunosuppression to prevent allograft rejection, while
minimizing infection, malignancy, and drug-induced adverse effects. Often
they are combined in regimens of two to four drugs, using medications with
different mechanisms of action to minimize drug toxicity. These drugs can
be further divided into four main classes: 1) calcineurin inhibitors
(cyclosporine and tacrolimus), 2) co-stimulation blockers (belatacept), 3)
MTOR inhibitors (sirolimus and everolimus), and 4) antiproliferatives
(mycophenolate and azathioprine) (Figure 38.4).
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Azathioprine

Belatacept

Cyclosporine

Everolimus

Methyl-prednisolone,
prednisolone,
prednisone

Mycophenolate

Sirolimus

Tacrolimus

mm PARMACOKINETICS ADVERSE EFFECTS

Antiproliferative

Costimulation
blockade

Calcineurin
inhibitor

mTOR inhibitor

Corticosteroid

Antiproliferative

mTOR inhibitor

Calcineurin
inhibitor

S0OT (renal), RA

S0OT (renal)

SOT (renal, liver,
heart), psoriasis,
RA, acute GVHD

S0OT (renal, liver),
oncology

Mumerous
indications

50T (renal, liver,
heart)

SOT (renal),

lymphangio-
leiomyomatosis

S0OT (renal, liver,
heart)

Activated by glutathione
S-transferase

DDls (allepurinel,
warfarin)

Elimination half-life
~10 days

Metabolism by CYP3A4

Mumerous DDIs

Metabolism by CYP3A4

Mumerous DDIs

Activated to
prednisolone

Metabolism by
glucuronidation

DDI (bile acid
sequestrants)

Metabolism by CYP3A4

Mumerous DDls

Metabolism by CYP3A4

Mumerous DDIs

Myelosuppression, nausea, vomiting, diarrhea,
pancreatitis, hepatotoxicity

Anemia, leukopenia

HTN, HLD, hyperglycemia, hyperkalemia,
hirsutism, gingival hyperplasia, neurotoxicity,
nephrotoxicity

HTN, HLD (particularly TG, TC), stomatitis,

proteinuria, impaired wound healing, rash,
myelosuppression

HTN, HLD, hyperglycemia, peripheral edema,
mood disturbance, osteoporosis, weight gain

Leukopenia, thrombocytopenia, nausea,
vomiting, diarrhea

HTN, HLD (particularly TG, TC), stomatitis,

proteinuria, impaired wound healing, rash,
myelosuppression, pneumonitis

HTN, HLD, hyperglycemia, hyperkalemia,
alopecia, neurotoxicity (hand tremor, headache,
seizure), nephrotoxicity

DDl = drug-drug interaction; GVHD = grafi-versus-host diseasa; HLD = hyperipidemniz; HTHN = hypertension; mTOR = mammalian target of rapamycing BA = rheumatoid
arthritis; 50T = solid organ transplant; TC = total cholesterol; TG = triglycernides.

Figure 38.4

Medications used for maintenance immunosuppressant therapy.




A. Calcineurin inhibitors. cyclosporine and tacrolimus block signal transduction
through the calcium- calcineurin pathway, activated downstream of signal 1, to
impair T-cell activation. Calcineurin, a calcium-dependent protein phosphatase,
dephosphorylates the transcription factor Nuclear Factor of Activated T-cells
(NFAT), allowing NFAT to enter the T-cell nucleus and bind to DNA, leading to
transcription and production of cytokines, including IL-2. Cyclosporine binds to
cyclophilin, whereas tacrolimus binds a protein called FK-binding protein (FKBP).
These drug—protein complexes inhibit the activity of calcineurin, thereby preventing
T-cell activation. Tacrolimus is the preferred calcineurin inhibitor due to its
decreased rate of allograft rejection as compared to cyclosporine. Although it is
approved for renal, liver, and heart transplant, tacrolimus is the mainstay of
maintenance immunosuppressants for all solid organ transplants.
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Enzymes CYP3A4, CYP3AD5, and P-glycoprotein (P-gp) expressed in the
gastrointestinal tract and liver are responsible for the interindividual
variability in oral absorption and metabolism of cyclosporine and
tacrolimus. Dosing titration is based on 12-hour trough levels, with goal
trough levels varying between different organs, time from transplant, and
transplant center-specific protocols.

One of the primary limitations to the use of calcineurin inhibitors is
nephrotoxicity, which has led to the development of regimens using these
agents in combination with other immunosuppressant drugs. As with all
Immunosuppressants, infections are possible with the use of calcineurin
Inhibitors, and recipients are often given prophylactic medications post-
transplant. Hirsutism, or excessive hair growth, is a common adverse effect
of cyclosporine.
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B. Belatacept is a monoclonal antibody preparation directed against
CD80 glycoprotein on antigen-presenting cells (APCs) and blocks the
costimulation of T cell lymphocytes. The activated T cells are the
primary mediators of immunologic rejection. Belatacept is indicated for
use in renal transplant patients in combination with basiliximab
Induction, mycophenolate, and corticosteroids.
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Figure 38.5

Mechanism of action of sirolimus

and everolimus. FKBP = FK-binding
protein; IL = interleukin; mRBNA =
messenger RNA; mTOR = mammalian
target of rapamycin.

C. mTOR inhibitors

Sirolimus [sih-RO-lih-mus] (also known
as rapamycin) and everolimus [e-ve-RO-
[ih-mus] inhibit the protein mTOR,
blocking the signal transduction pathway
activated by signal 3. Progression into the
cell cycle and T-cell proliferation is
subsequently prevented (Figure 38.5).
The mTOR Inhibitors are commonly used
In multidrug regimens, frequently to
minimize the dose of calcineurin
Inhibitors and spare their nephrotoxic
adverse effects.
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Like the calcineurin inhibitors, both sirolimus and everolimus are
metabolized by CYP3A4, are substrates for P-gp, and are subject to
numerous drug—drug interactions. Both agents require drug monitoring of
trough concentrations to optimize therapy. Sirolimus has a longer half-life
than the calcineurin inhibitors or everolimus, and is dosed only once daily,
which may improve medication compliance. The antiproliferative action of
sirolimus is also valuable in cardiology where sirolimus-coated stents are
used to inhibit restenosis of the blood vessels by reducing proliferation of the
endothelial cells. Everolimus is also used in oncology to treat many different
types of cancer, including breast, renal cell, and neuroendocrine tumors.
However, the doses for tumor treatment are higher than those used in
transplantation.
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D. Antiproliferatives. The antiproliferatives azathioprine [ay-za-THYE-oh-preen] and mycophenolate [mye-koe-FEN-oh-late] block lymphocyte proliferation by
inhibiting nucleic acid synthesis. Azathioprine, which was one of the first agents to achieve widespread use in organ transplantation, is a prodrug that is converted
first to 6-mercaptopurine (6-MP) and then to the corresponding nucleotide analog, thioinosinic acid. The analog is incorporated into nucleic acid chains and
blocks further elongation of the DNA. Mycophenolate is a potent, reversible, noncompetitive inhibitor of inosine monophosphate dehydrogenase, which blocks
the de novo formation of guanosine phosphate (Figure 38.6). Because lymphocytes are unable to utilize the salvage pathway of nucleotide synthesis,
mycophenolate effectively blocks T- and B-cell proliferation by eliminating de novo production of guanosine.
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Mechanism of action of mycophenolafte. GMP = guanosine monophosphate; IMP = inosine-52-monophosphate.



These medications are used as adjunctive immunosuppressant agents, primarily with calcineurin

inhibitors with or without corticosteroids. However, mycophenolate has largely replaced
azathioprine in this role due to its improved safety and efficacy profile. The main dose-limiting
adverse effect of azathioprine is bone marrow suppression. Allopurinol inhibits the metabolism of
azathioprine, thereby enhancing the adverse effects of azathioprine. Thus, concomitant use of
allopurinol requires a significant reduction in azathioprine dose.

Mycophenolate is available in two formulations: 1) as a prodrug mycophenolate mofetil and 2) as
an active drug mycophenolic acid. Mycophenolate mofetil is rapidly hydrolyzed in the
gastrointestinal tract to mycophenolic acid. Glucuronidation of mycophenolic acid in the liver
produces an inactive metabolite, but enterohepatic recirculation occurs, prolonging the effect of the
drug. Mycophenolic acid is an enteric-coated tablet designed to theoretically reduce the
gastrointestinal upset commonly experienced with mycophenolate mofetil.
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E. Cytotoxic agents for immunosuppression

Some of the cytotoxic agents used in anticancer therapy have also
showed immunosuppression by suppressing clonal expression of T
and B lymphocytes; therefore, they are employed In
Immunosuppression. Azathioprine, chlorambucil, and
cyclophosphamide are used in various autoimmune conditions.
Methotrexate has been used as a first-line agent in conditions such as
severe psoriasis, myasthenia gravis, uveitis, and pemphigus.
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F. Corticosteroids

The corticosteroids (see Chapter 26) were the first pharmacologic agents to be used
as Immunosuppressives, both in transplantation and in various autoimmune
disorders. They are still one of the mainstays for attenuating rejection episodes. For
transplantation, the most common agents are prednisone and methylprednisolone,
whereas prednisone and prednisolone are used for autoimmune conditions. [Note: In
transplantation, they are used in combination with agents described previously in
this chapter.] The steroids are used to suppress acute rejection of solid organ
allografts and in chronic graft-versus-host disease. In addition, they are effective
against a wide variety of autoimmune conditions, including refractory rheumatoid
arthritis, systemic lupus erythematosus, temporal arthritis, and asthma.
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The exact mechanism responsible for the immunosuppressive action of the

corticosteroids is unclear. The T-lymphocytes are most affected. The steroids
are able to rapidly reduce lymphocyte populations by lysis or redistribution.
On entering cells, they bind to the glucocorticoid receptor. The complex
passes into the nucleus and regulates the transcription of DNA. Among the
genes affected are those involved in inflammatory responses. The use of
these agents is associated with numerous adverse effects. For example, they
are diabetogenic and can cause hypercholesterolemia, cataracts,
osteoporosis, and hypertension with prolonged use. Consequently, efforts are
being directed toward reducing or eliminating the use of steroids in the
maintenance of allografts.
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Neutraphil

Macrophage Mast cell

Stabilize lysosomal membranes @

Prevent release of catabolic enzymes
Inhibit release of histamine,

Decrease activation prostaglandins, leukotrienes
Decrease cytokine synthesis and release Increase transcription of annexin-1
Glucocorticoids
Ensmuphll
T-cell
Inhibit relase of histamine,
prostaglandins, leukotrienes Suppress activation
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Fic. 33.3  Anti-inflammatory actions of glucocorticoids. Glucocorticoids act by suppressing T-cell activation, decreasing cytokine production and release,
and preventing mast cells and eosinophils from releasing various chemical mediators of inflammation, including histamine, prostaglandins, leukotrienes,
and other substances that cause tissue damage, vasodilation, and edema. They also have a number of actions on neutrophils and macrophages that reduce
the chemical mediators of inflammation. Glucocorticoids have additional anti-inflammatary effects described in the text.



V. THERAPEUTIC DRUG MONITORING
OF IMMUNOSUPPRESSANTS

Immunosuppressants require therapeutic drug monitoring because of
their narrow therapeutic index and significant inter-individual
variability in blood concentrations, especially for cyclosporine,
tacrolimus, sirolimus, and mycophenolic acid. This variability in
blood levels can be because of factors such as age, gender, drug—
disease interactions, drug—nutrient interactions, renal and hepatic
Insufficiency, inflammation and infection, and polymorphism. For
details, see Chapter 1. f
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The anti-inflammatory effects of glucocorticoids are primarily attributable to
their multiple actions on several types of leukocytes (see Fig. 33.3).
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First, glucocorticoids suppress the activation of T lymphocytes by interleukins

and nuclear factor kB (NF-xB), a transcription factor for proinflammatory
cytokine genes.
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Second, they suppress the production of cytokines by activated helper T cells.
Cytokines play a major role in inflammation by recruiting and activating
eosinophils and by stimulating antibody production by B cells. Glucocorticoids
Inhibit the production of proinflammatory cytokines by increasing the
transcription of a gene for a protein that blocks NF-xB, as noted earlier.
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Third, glucocorticoids decrease the release of various chemical
mediators of inflammation, including histamine, prostaglandins,
leukotrienes, and other substances from mast cells, eosinophils, and
Inflamed tissue. They decrease the synthesis of prostaglandins and
leukotrienes by increasing the transcription of annexin-1
(previously named lipocortin- 1), which inhibits phospholipase A,
the first step in the eicosanoid pathway (see Chapter 26).
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Fourth, glucocorticoids stabilize lysosomal membranes of

neutrophils and prevent the release of catabolic enzymes (e.g., acid
phosphatase) from these organelles; this limits

cytotoxic effects of inflammation.
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Fifth, glucocorticoids cause vasoconstriction and decrease capillary permeability by increased synthesis of

annexin-1 leading to decreased prostacyclin by the mechanism outlined previously. They also decrease the
synthesis of proinflammatory cytokines and other substances released from eosinophils in blood vessels as
noted previously, and both actions reduce the vasodilation and plasma extravasation that are the signs of
inflammation.
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Finally, glucocorticoids decrease activation of macrophages and decrease the synthesis and release of
cytokines from these cells.

Glucocorticoids also have multiple effects on circulating leukocytes. Pharmacologic doses of
glucocorticoids suppress lymphoid tissue and reduce the number of circulating lymphocytes. They
also reduce the concentration of circulating eosinophils, basophils, and monocytes, while at the same
time increasing the concentration of erythrocytes, platelets, and polymorphonuclear leukocytes.
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D. Rituximab. [ri-TUX-i-mab] is a chimeric mohddi¢gdl @tdody against the antigen CD20 on pre B-cells,
mature B-cells, and memory B-cells. Rituximab Causes B-cell depletion by inducing B-cell lysis and
blocking B-cell activation and eventual maturation to antibody- forming plasma cells. Existing plasma
cells do not express the CD20 antigen and, therefore, are unaffected by rituximab. The drug is approved
for use in the treatment of B-cell lymphomas, post-transplant lymphoproliferative disease (PTLD)
PTLD, and rheumatoid arthritis. The benefit of using rituximab in transplantation is for antibody
removal, which has been utilized in ABO (blood type) incompatible transplants, desensitization
protocols, and treatment of antibody-mediated rejection (AMR).

Intravenous administration of rituximab leads to rapid and sustained depletion of B-lymphocytes,
with B-cell counts returning to normal within 9 to 12 months. Rituximab has a boxed warning for
reactivation of JC virus leading to progressive multifocal leukoencephalopathy (PML) which has
been reported in the nontransplant population. Activation of hepatitis B infection has also been

reported following treatment, and hepatitis serologies should be monitored. (CDC&ADCC)
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E. Bortezomib

AMR involves the production of high levels of antibodies by plasma cells, either newly
made from B-cells or from those that existed prior to transplant. One mechanism to
control AMR is to target antibody production by plasma cells. Bortezomib [bor-TEZ-oh-
mib] is a proteasome inhibitor that leads to cell cycle arrest and apoptosis of normal
plasma cells, thereby decreasing antibody production in sensitized patients.

Bortezomib is approved for the treatment of multiple myeloma, but it has been adapted for
use in the treatment of AMR in transplant patients. It can be administered via intravenous
bolus or subcutaneous injection, so it has a low potential for infusion-related reactions.
Bortezomib is metabolized primarily by cytochrome P450 enzymes and hepatic
dysfunction has rarely been reported when multiple cycles are given.
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B. Costimulation blocker. Belatacept [bel-a-TA-sept], a second-generation
costimulation blocker, is a recombinant fusion protein of CTLA-4, which, like
CD28, binds to CD80 and CD86 on APCs. Binding of belatacept to CD80 and
CD86 prevents CD28 from binding to those molecules and, thus, inhibits signal 2 of
the T-cell activation pathway. Belatacept is approved for kidney transplantation in
combination with basiliximab, mycophenolate mofetil, and corticosteroids. This
drug can substitute for calcineurin inhibitors to avoid the detrimental long-term
nephrotoxic, cardiovascular, and metabolic complications seen with cyclosporine
and tacrolimus. [Note: The first-generation costimulation blocker abatacept is
approved for rheumatoid arthritis.]. T-lymphocyte—associated antigen 4 (CTLA-4),
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Belatacept is the first IV maintenance immunosuppressant and is dosed in
two phases. Initially, it is administered four times in the first month at a
higher dose to build up drug levels and then decreased to once-monthly
dosing. After 4 months, the dose is also decreased. Monthly dosing may be
beneficial in patients for whom medication compliance Is an issue.
Clearance of belatacept is not affected by age, sex, race, renal, or hepatic
function. Belatacept increases the risk of post-transplant
lymphoproliferative disease (PTLD) , particularly of the central nervous
system. Therefore, it is contraindicated in patients who are seronegative to
Epstein-Barr virus (EBV), a common cause of (PTLD). Serological titers to
EBYV are typically obtained to confirm exposure.
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FiG. 46.3 Mechanism of action of drugs used to treat organ rejection. Sites of action for various drugs used for the treatment of organ rejection are shown.

See text for further details.
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Fic. 46.2 Mechanisms of action of antineoplastic monoclonal antibod-
ies and small molecule inhibitors. Diagram shows tarpets for select mono-
clonal antibody drugs and small molecule inhibitors that are used to treat
hematologic cancers (top half) or solid tumors (bottom half). Cluster of
differentiation (CD) proteins, CD20, CD33, and CD52, the 265 protea-
some, the BCR-ABL fusion gene product and receptor kinases are shown.



presenting cell

FIGURE 55-2 T-cell activation by an antigen-presenting cell
requires engagement of the T-cell receptor by the MHC-peptide
complex (signal 1) and binding of the costimulatory molecules
(CD80, CD86) on the dendritic cell to CD28 on the T cell (signal 2).
The activation signals are strengthened by CD40/CD40L and ICAM-1/
LFA-1 interactions. In a normal immune response, T-cell activation is
regulated by T-cell-derived CTLA-4 and PD-1. CTLA-4 binds to CD80
or CD86 with higher affinity than CD28 and sends inhibitory signals
to the nucleus of the T cell, while ligation of PD-1 by PD-L1 or -L2
also inhibits T cell proliferation.
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FIG. 34.4 Mechanism of Action of Calcineurin and mTOR Inhibi-
tors. Calcineurin normally functions to dephosphorylate phosphorylated
nuclear factor for activated T cells (NFAT-P] through its phosphatase
activity, leading to translocation of NFAT into the nucleus, where it can
bind to DMNA and increase the expression of several proinflammatory
cytokines, including IL-2 and TNF-w. Cyclosporine and tacrolimus are
calcineurin inhibitors that bind to the immunophilins cyclophilin and
FEEP-12, respectively, to formn a complex that inhibits calcineurin. mTOR
I5 8 seringfthreonine kinase involved in cell cycle progression. Sirolimus
binds to the immunophilin FKBP-12, and the resulting complex inhibits
mTOHR, leading to the cell cycle armmast of B and T calls.
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Figure 35-2 T-cell activation and sites of action of immunosuppressive agents. The TCR recognizes antigens bound to the MHC, A costimulatory signal is required
for T-cell activation: The CDS0/CDS86-CD28 interaction from the APC to the T cell. Activation leads to IL-2 production (in a positive-feedback loop) and a
host of other events, some of which are bracketed in the lower right-hand corner. Numerous agents are available to suppress T-cell activation. Cyclosporine
and tacrolimus bind to immunophilins (cyclophilin and FKBP. respectively). forming a complex that inhibits the phosphatase calcineurin and the cal-
cineurin-catalyzed dephosphorylation that permits translocation of NFAT into the nucleus. NFAT is required for transcription of I1L-2 and other growth and
differentiation-associated cytokines (lymphokines). Sirolimus (rapamycin) works downstream of the 11L.-2R, binding to FKBP; the FKBP-sirolimus complex
binds to and inhibits the mTOR, a kinase involved in cell cycle progression (proliferation). MMF and azathioprine inhibit nucleic acid synthesis, thereby inhibit-
ing T-cell proliferation. The antibody muromunab (OKT3) inhibits TCR function via interaction with its CD3 component. Daclizumab and basilixmab block IL-2
signaling by interacting with the alpha subunit of the 1L-2R complex (CID25). Several antibodies can block the systemic effects of released TNE Alemtuzumab, by
binding to CD52, marks the cell for destruction, thereby depleting CD52° cells.



TABLE 55—2 The cytokines.

Cytokine

Properties

Interferon-ce (IFN-o)
Interferon-B (IFN-B)
Interferon-y (IFN-7)

Interleukin-1 (IL-1)
Interleukin-2 (IL-2)
Interleukin-3 (IL-3)
Interleukin-4 (IL-4)
Interleukin-S (IL-5)
intereukin-6 (IL-6)
Interleukin- 7 (IL-7)
Interleukin-8 (IL-8)
Interleukin-9 (IL-9)
Interleukin-10 (IL-10)
Interleukin-11 (IL-11)
Interleukin-12 (IL-12)
Interleukin-13 (IL-13)
Interleukin-14 (IL-14)
Interleukin-1S (IL-15)
Interleukin-16 (IL-16)
Interleukin-17 (IL-17)
Interleukin-18 (IL-18)
Interleukin-19 (IL-19)
Interleukin-20 (IL-20)
Interleukin-21 (IL-21)
Interleukin-22 (IL-22)
Interleukin-23 (IL-23)
Interleukin-24 (IL-24)
Interleukin-27 (IL-27)

Interleukin-28 and -29 (IL-28, IL-29)

interleukin-30 (IL-30)
Interleukin-31 (IL-31)
Interleukin-32 (IL-32)
Interleukin-34 (IL-34)
Interieukin-35 (IL-35)

Antiviral, oncostatic, activates NK cells
Antiviral, oncostatic, activates NK cells

Antiviral, oncostatic, secreted by and activates or up-regulates Tl cells, NK cells, CTLs, and

macrophages

T-cell activation, B-cell proliferation and differentiation

T-cell proliferation, THl, NK, and LAK cell activation
Hematopoietic precursor proliferation and differentiation

T2 and CTL activation, B-cell proliferation

Eosinophil proliferation, B-cell proliferation and differentiation
HCF, T2, CTL, and B-cell proliferation

CTL, NK, LAK, and B-cell proliferation, thymic precursor stimulation
Neutrophil chemotaxis, proinflammatory

T-cell proliferation

TH1 suppression, CTL activation, B-cell proliferation
Megakaryocyte proliferation, B-cell differentiation

Tl and CTL proliferation and activation

Macrophage function modulation, B cell proliferation

B-cell proliferation and differentiation

Tw1, CTL, and NK/LAK activation, expansion of T-cell memory pools
T-lymphocyte chemotaxis, suppresses HIV replication

Stromal cell cytokine production

Induces TH1 responses

Proinflasmmatory

Promortes skin differentiation

Promotes proliferation of activated T cells, maturation of NK cells
Regulator of TH2 cells

Promotes proliferation of TH1 memory cells

Induces tumor apoptosis, induces THl responses

Stimulates naive CD4 cells to produce IFN-y

Antiviral, interferon-like properties

P28 subunit of IL-27

Contributes to type | hypersensitivities and TH2 responses
involved in inflalmmation

Stimulates monocyte proliferation via the CSF-1 receptor (CSF-1R)
induces regulatory T cells (iT:35)

Tumor necrosis factor-ox (TINF-o)
Tumor necrosis factor-B (TNF-B)

Oncostatic, macrophage activation, proinflammatory
Oncostatic, proinflammatory, chemotactic

Granulocyte colony-stimulating factor Granulocyte production
Granulocyte-macrophage colony-stimulating Granulocyte, monocyte, eosinophil production
factor

Macrophage colony-stimulating factor Monocyte production, activation
Erythropoietin (epoetin, EPO) Red blood cell production
Thrombopoietin (TPO) Platelet production
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Figure 35-4 T-cell octivation: costimulotion and coinhibitory checkpoints. Numerous membrane CD proteins may be expressed on the APC and the T cell
that lead to signaling interactions between ligands and receptors. These interactions can enhance or reduce the activation state of the T cell. Two signals are
required for T-cell activation: presentation of an antigen ligand to the TCR and signaling by an additional “costimulatory™ pair. A. The primary signal, signal I,
is the interaction of the TCR with the MHC antigen complex on the APC. Activation requires a second, costimulatory interaction. B. Signal 2, the costimu-
latory interaction between CD28 on the T cell (the costimulatory receptor) and the costimulatory ligand on the APC, CDS0/CDS6, leads to T-cell activation.
Additional costimulatory signals, such as the interaction of CD 154 with CD40 on the APC, can further enhance T-cell activation (+). In the absence of costim -
ulation, a T cell can become anergic or unresponsive. C. Additional APC-T-cell interactions can occur after T-cell activation, and some can be inhibitory,
providing immune checkpoints that are important for reducing autoimmunity and for regulating the size and extent of immune responses. For example, the
interaction of CD152 (CTLA4) with CDS0/86 produces inhibitory signals that attenuate T-cell activation and proliferation (—). CD28 and CD152 compete for
binding to CDS0/CIDS6. As the figure suggests, the affinity of CD152 for CDS0/CDS86 exceeds that of CD2S, and the equilibrium lies toward the formation of
the inhibitory signaling complex, CDI52-CD80/CDS6. T cells may express varying amounts of another important modifier, PD 1 (CD279). When liganded by
PD-L1, PD1 produces inhibitory signals (T protein phosphatase activity, L signaling by TCR. L MAPK activity: see Figure 35-2) and reduces T cell prolifer-
ation, leading to T cell exhaustion, a state of hyporesponsiveness. When PD1 is highly expressed, as during conditions of chronic viral infection and cancer,
suppression of T-cell activity via this pathway can be very effective; this pathway can facilitate continued viral replication and tumor progression. D. These
immune checkpoints are useful sites for pharmacological regulation of T-cell activation. For instance, the agents abatacept and belatacept are fusion proteins
that contain the CTLA4 domain of CD154 and act as decoys. These agents block costimulation of T cells by binding CDS80/CDS6 (sce additional examples
in Figure 35-2). Nivolumab and pembrolizumab are antibodies to PD1 and block interaction of PD1 with PD-L1, thereby blocking the immune suppression
that would normally ensue and producing a state of immune hyperactivity. Checkpoint inhibitors that enhance immune responses are being used in cancer
therapy (see Chapter 67). Antibodies can also be designed to be stimulatory ligands at checkpoints, to aid in generating a state of immune suppression that
would be useful in treating autoimmune diseases.
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FIGURE 55-7 Actions of some monoclonal antibodies (shown in red). CTLA-4-IgFc fusion protein (CTLA-4-lg, abatacept) binds to CD80/86
on DC and inhibits T-cell costimulation. Alefacept inhibits activation of T cells by blocking the interaction of LFA-3 and CD2. Basiliximab and

daclizumab block |L-2 from binding to the IL-2 receptor (CD25) on T cells, preventing activation; CD25 is also important for the survival of
T requlatory cells. T-cell activation can be maintained or restored if CTLA-4 interaction with CD80/86 is blocked using an anti-CTLA-4 antibody

(ipilimumab); ipilimumab inhibits CTLA-4 signaling and prolongs activation. Pembrolizumab and nivolumab bind to PD-1, while atezolizumab
binds to PD-L1. Each of these three Mabs inhibits the negative signal delivery by PD-1, also prolonging T cell activation.
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CHAPTER 1 The Cell as a Unit of Health and Disease

A LYSOSOMAL DEGRADATION

B PROTEASOMAL DEGRADATION
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Fig. 1.10 Inuracellular catabolism. (A) Lyscsomal won. In heterophagy (right side). lysosomes fuse with endosomes or phagosomes to facilitate the
degradation of their internalized contents (see Fig |1 .8). The end products may be released into the cytosol for nutrition or discharged into the extracellular
space {exocytosis). In cutophagy (left side),. senescent organelles or denatured proteins are targeted for lysosome-driven degradation by encircling them with a
double membrane derived from the ER and marked by LC3 proteins (microtubule-associated protein 1AV IB-light chain 3). Cell stressors such as nutrient
depletion or certain intracellular infections can also activate the autophagocytic pathway. (B) Proteasome degradation. Cytosolic proteins destned for turnover
(e2-. transcription factors or regulatory proteins). senescent proteins, or proteins that have become denatured because of extrinsic mechanical or chemical
stresses can be tagged by multiple ubiquitin molecules (through the activity of E,. E.. and E; ubiquitin ligases). This marks the proteins for degradation by
proteasomes. cytosolic multisubunit complexes that degrade proteins to small peptide fragments. High levels of misfolded proteins within the ER trigger a
protective unfolded protein response engendering a broad reduction in protein synthesis, but specific increases in chagerone proteins that can facilitate
protein refolding. Iif this is inadequate to cope with the levels of misfolded proteins, apoprosis is induced.
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Fig. 1.10 Intracellular catabolism. (A) Lysosomal degradation. In heterophagy (right side), lysosomes fuse with endosomes or phagosomes to facilitate the
degradation of their internalized contents (see Fig. | 8). The end products may be released into the cytosol for nutrition or discharged into the extracellular
space (exocytosis). In autophagy (left side), senescent organelles or denatured proteins are targeted for lysosome-driven degradation by encircling them with a
double membrane derived from the ER and marked by LC3 proteins (microtubule-associated protein | A/IB-light chain 3). Cell stressors such as nutrient
depletion or certain intracellular infections can also activate the autophagocytic pathway. (B) Proteasome degradation. Cytosolic proteins destined for turnover
(e.g.. transcription factors or regulatory proteins), senescent proteins, or proteins that have become denatured because of extrinsic mechanical or chemical
stresses can be tagged by multiple ubiguitin molecules (through the activity of E,, B, and E; ubiquitin ligases). This marks the proteins for degradation by
proteasomes, cytosolic multisubunit complexes that degrade proteins to small peptide fragments. High levels of misfolded proteins within the ER trigger a

protective unfolded protein response engendering a broad reduction in protein synthesis, but specific increases in chaperone proteins that can faciliate
protein refolding. If this is inadequate to cope with the levels of misfolded proteins, apoptosis is induced.

“ER stress”

(unfolded protein APOPTOSIS

mEis}“;Ek?:d ¥ Protein synthesis
protein { Protein synthesis




TABLE 34.2 Biopharmaceuticals Used for Immunosuppression

Target/Factor Type of Molecule Generic Name Action/Indications
Multiple human T-cell Ags ~ Polyclonal Anti-thymocyie globulin -~ Depletes lymphocytes/transplantation
(ATG]

TNF-or Recombinant humanized mAb ~ Adalimumab Binds to TNF-ct/autoimmune disorders: Crohn disease, ulcerative

colitis, psoriasis, RA
Chimeric mAD Infliximab Inhibits TNF-ct binding to its receptor/autoimmune disorders:
Crohn disease, ulcerative colitis, psoriasis, RA
Recombinant fusion protein Etanercept Binds to TNF-or; functions as a decoy receptor/autoimmung

disorders: psoriasis, AA

IL-1 Recombinant IL-1 receptor Anakinra Blocks IL-1 from binding to its receptor/RA

antagonist (IL-1RA]

IL-1B Human mAb Canakinumab Binds IL-1p, preventing it from interacting with its receptor/rare
autoimmune disorders®

|L-Z receptor o chain on Chimeric mAb Basiliximab Prevents T-cell replication and activation of B cells/transplantation

activated T cells (CDZ5) Humanized mAb Daclizumab

|L-17A Human mAb Secukinumab Binds IL-17A, preventing it from interacting with its receptor/
psoriasis, multiple sclerosis

C03 & chain Murine mAD Muromonab-CD3 Depletes T cells/transplantation

(02 Human fusion protein Alefacept Binds CDZ on T cells, interfering with T-cell activation/psoriasis

C080 Human fusion protein Abatacept Binds CDB0 on APCs, preventing its interaction with its receptor

Belatacept (CD28) on naive T cells/RA
C052 glycoprotein Humanized mAb Alemtuzumab Prolonged T- and B-cell depletion/chronic lymphacytic leukemia

“For the treatment of cryopyrin-associated periodic syndromes (CAPS), including familial cold autoinflammatory syndrome, Muckle-Wells
syndrome, and neonatal-onset multisystem inflammatory disease.
mAb, Monoclonal antibody; RA, rheumatoid arthritis.



TABLE 35-1 M SITES OF ACTION OF SELECTED
IMMUNOSUPPRESSIVE AGENTS ON T-CELL ACTIVATION

[DRUG | SITE(AND MECHANISM) OF ACTION

Glucocorticoids Glucocorticoid response elements in DNA
(regulate gene transcription)

Cyclosporine Calcineurin (inhibits phosphatase activity)

Tacrolimus Calcineurin (inhibits phosphatase activity)

Azathioprine DNA (false nucleotide incorporation)

Mycophenolate Inosine monophosphate dehydrogenase

mofetil (inhibits activity)

Sirolimus mTOR, protein kinase involved in cell-cycle
progression (inhibits activity)

Everolimus mTOR, protein kinase involved in cell-cycle
progression (inhibits activity)

Eelatacepq Costimulatory ligands (CD80 and CD86)
present on antigen presenting cells (inhibits
activity)

Alemtuzumab CD52 protein, widely expressed on B cells,

T cells, macrophages, NK cells (induces lysis)

Muromonab-CD3 | T-cell receptor complex (blocks antigen
recognition)

Daclizumab, IL-2R (block IL-2-mediated T-cell activation)

basiliximab




Table 18.5 Mechanism of action of immunosuppressants commonly used following renal transplantation

Drug Machanism Comment
Steroids Bind to steroid receptors and inhibit gene Prophylaxis against and reversal of
transcription and function of T-cells, rejection
macrophages and neutrophils
Ciclosporin Forms complex with intracellular protein Long-term maintenance therapy against
cyclophilin — inhibits calcineurin. rejection
Ultimately inhibits interleukin-2
synthesis and T-cell activation
Tacrolimus Forms complex with an intracellular Long-term maintenance therapy against
protein — inhibits calcineurin rejection
Rescue therapy in severe or refractory rejection
Sirolimus Inhibits interleukin-2 cell signalling — Usully used in combination with
blocks T-cell cycling and inhibits B-cells ciclosporin = stercids
Mycophenolate Inhibits inosine monophosphate Usually used in combination with
dehydrogenase — reduces nucleic acid cidlosporin/tacrolimus + steroids
synthesis — inhibits T- and B-cell function
Azathioprine Incorporated as a purine in DNA — inhibits Usually used in combination with

lymphocyte and neutrophil proliferation

ciclosporin/tacrolimus + steroids

Muromonab (OKT3, mouse
monodonal anti-CD3)

Binds to CD3 complex — blocks,
inactivates or kills Tcell. Short -

Prophylaxis against rejection
Reverszal of severe rejection

Polyclonal horse/rabbit
antithymocyte or antilymphocyte
globulin (ATG, ALG)

Antibodies against lymphocycte
proteins — alter T- and B-cell activity

Prophylaxis against rejection
Reversal of severe rejection

Humanised or chimaeric
anti-CD25 (basiliximab
and daclizumab)

Monoclonal antibodies that bind CD25 in
interleukin-2 complex — prevent T-cell
proliferation

Prophylaxis against acute rejection in
combination with ciclosporin and stercids




TABLE 70-9 l MECHANISM OF ACTION FOR

SELECTED CYTOTOXIC, IMMUNOSUPPRESSIVE, AND

IMMUNOMODULATORY DRUGS

Methotrexate Dihydrofolate reductase inhibitor
Fluorouracil Blocks methylation in DNA synthesis
Cyclophosphamide | Alkylates and cross-links DNA
Mechlorethamine Alkylating agent

hydrochloride

Carmustine Cross-links in DNA and RNA

Vinblastine Inhibits microtubule formation

Bleomycin Induction of DNA strand breaks
ﬁlﬂﬂliﬂpl‘iﬂ% Purine synthesis inhibitor

Mycophenolate Inosine monophosphate dehydrogenase
mofetil inhibitor

Cyclosporine Calcineurin inhibitor

Tacrolimus Calcineurin inhibitor

Pimecrolimus Calcineurin inhibitor

Sirolimus mTOR inhibitor

Imiquimod Interferon a induction via toll-like receptor 7
Dapsone Inhibits neutrophil migration, oxidative burst
Thalidomide Cytokine modulation




L)rug Facts for Your Personal Formulary: Imrmunosuppr

The liver converts
prednisone to
prednisolione.

in bone marrow transplant, autcimmune disease,
rheumatoid arthritis, uicerative colitis, multiple
sclerosis, systemic lupus erythematosus

sants and Toleros

Chimical Pharmacotogy and Tips
Glucocorﬂcolds
Prevent and treat transplant rejection, treat GVHD - Broad effects on cellular immunity

- Affects ranscription of many genes; 1 NF-xB activation, . pro-inflammatory
cytokines IL-1 and IL-6

L T-cell proliferation, cytotoxic T-lymphocyte activation and neutrophil and
monocyte function

Can cause T blood glucose, hypertension, Cushingoid habitus, T weight, T risk of

infection, osteoporosis, glaucoma, cataracts, depression, anxiety, psychosis
Long-ternm treatment = adrenal suppression: withdraw slowly on alternate days

Rheumatoid arthritis, uveitis, ulcerative colitis,
multiple sclerosis, vasculitis, sarcoidosis, systemic
lupus erythematosus

As above

- Melhy’pre(ﬁiisolone

Systemic lupus erythematosus, multiple sclerosis

As above

- Cyclosporine

Rheumatoid arthritis, idiopathic thrombocytopenic
purpura

Transplant rejection prophylaxis, transplant
rejection rescue therapy, rheumatoid arthritis,
psoriasis and other skin diseases, xerophthalmia

- As above

Use algorithms to delay dosing until renal function OK in kidney transplant
patienu

- Monitor C_ 1o avoid side effects
- Side effects- remor, hallucinations, drowsiness, coma, nephrotoxicity,

hypertension, hirsutism, hyperlipidemia, gum hyperplasia
Metabolized by CYP3A => drug interactions
Severe interactions with antiarrhythmics

= Tacrolimus

Amiprolifemivo d Antimetabolic Agents

Transplant rejection prophylaxis, transplant
rejection rescue therapy

Purine metabolism inhibitor, adjunct for prevention
of organ transplant rejection, rheumatoid arthritis

Gl absorption is incomplete and variable

Side effects include nephrotoxicity, neurotoxicity, GI complaints. and hypertension
Glucose intolerance and diabetes mellitus

Monitor biood levels 1o avoid nephrotoxicity

= Renal clearance has little effect on efficacy or toxicity

Side effects include bone marrow suppression (leukopenia > thrombocytopenia >

anemia)

= Susceptibility to infections, hepatotaxicity, alopecia, Gl toxicity
= Avoid allopurinol

= Mycophenolate

Purine metabolism inhibitor, prophylaxis of

Side effects include Gl (diarrhea and vomiting) and hematologic (leukopenia,

mofetil transplant rejection, used off label for systemic pure red cell aplasia) problems
lupus erythematosus, multiple sclerosis, sarcoidosis - Contraindicated in pregnancy
- Sirolimus mTOR inhibitor, prophylaxis of organ transplant Monitor blood levels

rejection, incorporated into stents to inhibit
occlusion

Hyperlipidemia

Anemia, leukopenta, thrombocytopenia

Gl effects, mouth ulcers, hyperkalemia

Anticancer effects

Metabolized by CYP3A; requires close attention to drug interactions

= Everclimus

mTOR inhibitor, astrocytoma, breast cancer,
kidney and liver transplant reception prophylaxis,
pancreatic neurcendocrine tumor, renal
angiomyolipoma, renal cell cancer

Pharmacokinetics distinct from sirolimass
Toxicity similar to sirofimus

= Temsirolimus

mTOR inhibitor

T-cell costimulatory blocker

- Belatacept

Prevention of renal transplant rejection

Due to an increased risk of post-transplant lymphoproliferative disorder
predominantly involving the CNS, progressive multifocal leukoencephalopathy.
and serious ONS infections, administration of higher than the recommended
doses or more frequent dosing is NOT recommended.
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FIGURE 55-3 Scheme of cellular interactions during the generation of cell-mediated and humoral immune responses (see text).

The cell-mediated arm of the immune response involves the ingestion and digestion of antigen by antigen-presenting cells such as
macrophages. Activated TH cells secrete IL-2, which causes proliferation and activation of cytotoxic T lymphocytes as well as TH1 and T2
cell subsets. TH1 cells also produce IFN-y and TNF-B, which can directly activate macrophages and NK cells. TH17 cells may be induced by
IL-1, -6, -23 or TGF-PB secretion by antigen-presenting cells; TH17 cells are inflammatory and secrete IL-17 and -22. The humoral response is
triggered when B lymphocytes bind antigen via their surface immunoglobulin. They are then induced by TH2-derived IL-4 and IL-5 to prolif-
erate and differentiate into memory cells and antibody-secreting plasma cells. Regulatory cytokines such as IFN-y and IL-10 down-regulate

TH2 and TH1 responses, respectively (dashed arrows).
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Go back to your immunology and remember that your antibodies are just about
the most target-specific cells in your body.

1-0- : mouse (all mouse)

2-Xi- . chimeric (part human, part non-human)
3-zu- : humanized (mostly human, part non-human)
4-u- : human (all human, all the time)

The ending letters (stem) of the generic names are like surnames that tell what
family the drug is from and how the drug works to kill cancer cells. Monoclonal
antibodies end with the stem “-mab” and small molecule inhibitors end with the
stem “-ib”’.

The suffix <=3 "nib" indicates a small-molecule inhibitor (*nib™ is verbal
shorthand for "inhibit") of kinase enzymes. More specifically, "tinib" is used for
tyrosine kinase inhibitors, "anib" for angiogenesis inhibitors, and rafenib for rapidly
accelerated fibrosarcoma (RAF) kinase inhibitors.

Monoclonal antibodies are named based on a specific structure developed by the
International Nonproprietary Names Working Group, under the direction of the
World Health Organization. This structure consists of a prefix, substem A, substem
B, and suffix.




Monoclonal antibodies “-mab” and
Chimeric human-mouse—drugs ending in “-ximab” (i.e., rituximab)
Humanized mouse—drugs ending in “-zumab” (i.e., bevacizumab)

Fully human—drugs ending in “-mumab” (i.e., ipilimumab).

small molecule inhibitors end with the stem “-ib”.

----- "nib" indicates a small-molecule inhibitor ("'nib" is verbal shorthand for
"Inhibit™) of kinase enzymes. tinib" is used for tyrosine kinase inhibitors,

------ "anib" for angiogenesis inhibitors, and
------ rafenib for rapidly accelerated fibrosarcoma (RAF) kinase inhibitors.

both “-mabs’ and “-ibs” contain an additional stem to describe the targeted
therapies bullseye.

the “tu” in rituximab indicates the target is the tumor,

“cI” in bevacizumab designates the circulatory system,

“Ii”” in ipilimumab identifies the immune system target.

Some of the intracellular targets for the “-ibs” include:

1. Tyrosine kinase inhibition—sub stem “-tinib” (i.e., imatinib)
2. Proteasome inhibition—*“-zomib” (i.e., bortezomib)

3, Clyclin-dependent kinase inhibition—“-ciclib” (i.e., seliciclib)




Ib”. The “-mab” family of targeted therapies has three distinct methods for interfering with
cancer cell growth.

1. Attach to receptors on the outside of cells to prevent the receptors from interacting with
signaling molecules (e.g., growth factor receptors and growth factor interaction)

2. Deliver radioactive molecules or toxins to the inside of the cells through attachment to
cellular receptors

3. Activate the body’s natural immune response

The “-mab” family is used when receptor targets are overexpressed on the outside of cancer
cells. Conversly, the “-ib” family targets processes within the cell and therefore must be small
enough in molecular weight to enter the cell and interfere with proteins on both the inside and
outside of the cell. Proteins that code for growth or inhibit growth are some of the targets of
these small but powerful family of drugs.

The sub stem of the generic names of the “-mabs” identifies the source where the antibodies
were generated or cloned. The three most common sources are

1. Chimeric human-mouse—drugs ending in “-ximab” (i.e., rituximab)
2. Humanized mouse—drugs ending in “-zumab” (i.e., bevacizumab)
3. Fully human—drugs ending in “-mumab” (i.e., ipilimumab).

Finally, both “-mabs” and “-ibs contain an additional stem to describe the targeted therapies
bullseye. For example, the “tu” in rituximab indicates the target is the tumor, the “ci”

In bevacizumab designates the circulatory system, and the “li”’ in |p|||mumab identifies the
Immune system target. Some of the intracellular targets for the “-ibs™ include:

1. Tyrosine kinase inhibition—sub stem “-tinib” (i.e., imatinib)
2. Proteasome inhibition—*-zomib” (i.e., bortezomib)
3, Clyclin-dependent kinase inhibition—*“-ciclib” (i.e., seliciclib)

The prefix 4L of the generic names and the drug market names are where researchers and
pharmaceutical companies—Iike the parents of the young dancers—take creative liberty.
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these small but powerful family of drugs.

The sub stem of the generic names of the “-mabs” identifies the source where the antibodies
were generated or cloned. The three most common sources are

1. Chimeric human-mouse—drugs ending in “-ximab” (i.e., rituximab)
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FIGURE 55-7 Actions of some monoclonal antibodies (shown in red). CTLA-4-IgFc fusion protein (CTLA-4-lg, abatacept) binds to CD80/86
on DC and inhibits T-cell costimulation. Alefacept inhibits activation of T cells by blocking the interaction of LFA-3 and CD2. Basiliximab and

daclizumab block IL-2 from binding to the IL-2 receptor (CD25) on T cells, preventing activation; CD25 is also important for the survival of
T regulatory cells. T-cell activation can be maintained or restored if CTLA-4 interaction with CD80/86 is blocked using an anti-CTLA-4 antibody

(ipilimumab); ipilimumab inhibits CTLA-4 signaling and prolongs activation. Pembrolizumab and nivolumab bind to PD-1, while atezolizumab

binds to PD-L1. Each of these three Mabs inhibits the negative signal delivery by PD-1, also prolonging T cell activation.
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