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General Principles of Cancer
Chemotherapy

Mechanism of Cancer Therapy

The use of chemical elixirs for the treatment of cancer can be traced
through the medicinal customs and practices of a number of cul-
tures." The modern use of pharmacologic agents to treat cancer
began in the mid-1940s when Alfred Gilman and Louis Goodman
showed the efficacy of nitrogen mustard in tumor-bearing mice,
and these results were quickly translated and verified in human
patients. These results and the efforts of others such as Sydney
Farber with antifolates and George Hitchings and Gertrude Elion
with purine analogs rapidly advanced the growing interest of treat-
ing cancer with drugs. The beginning of a systematic screening
program for anticancer drugs at the National Cancer Institute
(NCI) in 1955 set the framework for cancer chemotherapy develop-
ment in both the public and private sectors and led to the charac-
terization of many of the agents still in clinical use today.>’

The basis of anticancer drug activity is the targeting of dividing
cells through interference with processes involved in progression
through the cell cycle. As shown in Figure 11-1, the major classes
of drugs used to treat cancer work at various steps in the processes
of DNA replication (S phase) and subsequent cell division (M
phase). Another set of therapeutic agents, the signal transduction
inhibitors, work by interfering with the signaling processes that
trigger entry into the cell cycle and continuing cellular prolifera-
tion. This newer class of agents is discussed in Chapter 14, Section
B, of this text. DNA synthesis is a complicated process involving
anabolic processes to create the purine and pyrimidine nucleotide
triphosphates required for replication, unwinding of the template
DNA to provide access to the replication machinery, and the high
fidelity process of creating complementary strands. Anticancer
drugs work at all of these levels of DNA synthesis, including the
antimetabolites that inhibit anabolic processes required for provid-
ing the nucleotide building blocks, topoisomerase inhibitors that
interfere with the enzymatic process of DNA unwinding, cross-
linking agents that through either interstrand or intrastrand inter-
actions block the processes of strand separation and template
processing, and the alkylating agents that interfere with the replica-
tion machinery through multiple mechanisms of altered binding
and base recognition. The resulting effects of interacting at these
levels of DNA replication can include the generation of DNA strand
breaks, incomplete replication, and triggering of apoptotic signal-
ing such that cell death is the ultimate result.

Processes in cell division not involving DNA replication are also
targets for anticancer agents. The most prominent of these targets
is tubulin with several classes of drugs having antitubulin activity.
The mechanism of action of these agents involves either inhibiting
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the polymerization of tubulin or stabilizing the polymerized form
so that depolymerization is blocked. The result of blocking either
of these processes is the inhibition of microtubule function in the
dividing cell. Microtubule function is critical to progression through
mitosis via the spindle fiber formation and the separation of
chromosome pairs into daughter cells. Blockade of this process by
antitubulin agents has proved to be a very effective strategy of
antiproliferation because cells blocked in this part of the cell cycle
(M phase) can trigger apoptosis or undergo other mechanisms of
cell death and loss of viability.

Terminology and Concepts

Terms that are related to the efficacy and toxicity of cancer chemo-
therapy are important concepts for understanding their pharmaco-
logic activity. The therapeutic index for a given chemotherapeutic
agent is the ratio between the toxic dose and the therapeutic dose
for that drug. For most cytotoxic chemotherapy used to treat cancer,
the therapeutic index is an abstract parameter because the admin-
istered dose is based on the maximum tolerated dose (MTD) rather
than dose response. The MTD is an empirically derived value that
represents the highest dose of a given drug that can be administered
in the absence of unacceptable or irreversible side effects to a
limited population sample. This is an important concept in cancer
drug administration in that drug doses are generally based on this
value rather than assessments of efficacy. A newer concept for drugs
used to treat cancer is the biologically effective dose (BED), based
on a measured response at a putative target or surrogate that is
related to the mechanism of action of the agent. Determination of
the BED is currently more related to the use of signal transduction
inhibitors and molecularly targeted agents; however, the concept is
not exclusive to these agents and this approach may be useful when
applied to cytotoxic chemotherapy using dosing protocols not
based on the MTD. Dose intensity (DI) is a measure of dose per
unit of time and thus allows comparisons between protracted and
compacted dosing schedules. Comparisons of DI between, for
example, every 3 weeks and every week dosing allows for determin-
ing whether the total dose of the drug or the DI relates to toxicity
or therapeutic outcome and the impact that altering dosing sched-
ules can have on outcome. Therapeutic gain is often evaluated when
combining two drugs or drug-radiation therapy combinations and
quantitatively describes any improved tumor response relative to
increased normal tissue toxicity when agents are used in a planned
schedule. The basis for a positive therapeutic gain is the additive or
synergistic tumor effects that exceed any summative toxicity pat-
terns in normal tissues accomplished with combination therapy.

Indications and Goals of Therapy

The therapeutic intent and goals of a given chemotherapeutic
regimen are important contributors to how a given drug is selected
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FIGURE 11-1  Cell cycle specificity of the major classes of drugs used in cancer chemotherapy. Although agents may have effects throughout
the cell cycle, the phase where the major impact is realized is highlighted.

or assessed. Adjuvant therapy is the treatment with chemotherapeu-
tic drugs following the surgical removal or radiation control of the
primary tumor. The purpose is to treat occult disease and usually
involves systemic drug exposure. Primary or neoadjuvant therapy
is the utilization of chemotherapeutic drugs prior to treatment with
other modalities, primarily surgical removal of the primary tumor,
with the intent of decreasing tumor size for increased control and
preventing possible postoperative growth of micrometastasis.
Induction therapy is a similar concept to neoadjuvant therapy;
however, this refers to the initial drug treatment phase with the
intent of inducing remission in lymphoid or hematopoietic cancers.
Maintenance therapy involves the use of chemotherapy in an
ongoing basis to maintain remission. Consolidation therapy is
intended to sustain an achieved remission. Rescue or salvage therapy
is the use of chemotherapy after a tumor fails to respond to a previ-
ous therapy or after tumor recurrence. Palliative chemotherapy is
delivered to decrease clinical signs in the case of unresectable or
disseminated disease that is associated with functional disturbances
or pain. The outcome of this therapy is based more on quality of
life issues as opposed to other metrics of tumor response. The more
subjective nature of assessing the effect of palliative chemotherapy,
especially in terms of pain control, makes systematic testing of
protocols difficult and treatment recommendations more at the
discretion of the clinician and client. In the cases where organ func-
tion is impacted by tumor growth, more objective endpoints may
exist in terms of functional improvements following treatment.
Doses and scheduling of palliative intent therapies may also
differ as strict adherence to schedules originating from trials where
objective responses were measured may not be relevant and
more patient-based endpoints employed. Radiosensitization is the
enhancement of cytotoxicity when irradiation and chemothera-
peutic agents are combined such that a therapeutic gain is obtained.
The basis for chemotherapeutic exposure leading to enhanced
radiosensitivity can be multifaceted and involve: (1) the enrichment

of the tumor cell population in a more sensitive phase of the cell
cycle, (2) increased tumor oxygenation through cytoreduction or
alterations in tumor vascularization, and (3) selective killing of
inherently radioresistant hypoxic cell fractions.

As a preliminary metric, the clinical measurements of the tumor
response to cancer chemotherapy are useful for predicting the
impact of treatment on the extent of disease or time interval of
tumor control. Table 11-1 describes conventional measures of treat-
ment response.

Tumor Susceptibility and Resistance

Tumor Cell Sensitivity

Individual cell sensitivity to anticancer agents has been addressed
empirically through the screening of tumor cell panels associated
with a given histotype. The NCI60 human tumor cell line panel is
the most well characterized and studied compilation with more
than 100,000 compounds and 50,000 extracts from natural prod-
ucts screened to date.* Further, rich gene expression and other
characterizations of these cell lines exist in public databases so that
drug sensitivity and genotypic characteristics can be considered.’
The use of canine tumor cell line panels to screen drug sensitivity
is becoming established® as a viable way to identify potential drug
combinations for further testing as well.

Chemosensitivity depends on a number of factors, including
drug uptake into the cell, interaction with a cellular target, genera-
tion of lethal damage to important cellular macromolecules, repair
of potentially lethal damage, and the cell’s response to generated
damage as depicted in Figure 11-2. Uptake of some cancer chemo-
therapeutic agents occurs via passive diffusion due to their lipid-
soluble properties; other compounds are actively transported into
tumor cells. Melphalan is actively transported into cells by two
amino acid transporters,” and blocking transport with amino
acid substrates or analogs can significantly reduce cytotoxicity.®
Other examples include nucleoside transporters used by Ara-C’



TABLE 11-1

RESPONSE TERM ABBREVIATION

DESCRIPTION
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Complete remission/response CR Complete disappearance of tumor(s) and symptoms of disease.

Partial remission/response PR Decrease in tumor volume of 250% or decrease in tumor maximum diameter of
>30%.

Stable disease SD Neither an increase nor a decrease in tumor size or disease symptoms (e.g., £20%
diameter changes).

Progressive disease PD Increase in tumor volume of >25% or increase of tumor maximum diameter of

>20%; appearance of new lesions.

Median duration of response/ MDR/MDS The median value for a group of individuals treated with a given therapy in
median duration of survival terms of the length of time they achieved a complete or partial remission
(MDR) or length of survival following implementation of therapy (MDS).
Progression-free interval/ PFI/PFS The amount of time elapsed without evidence of progressive tumor growth (PFI)
progression-free survival or survival without progressive growth of the tumor from treatment start
(PES).
Disease-free interval/disease-free DFI/DES The amount of time that elapses without disease recurrence (DFI) or survival
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FIGURE 11-2  Processes involved in the pharmacologic activity
and associated chemosensitivity of chemotherapeutic agents in
tumor cells. Associated processes include drug uptake, interaction
with drug target, impact on DNA and associated DNA repair, and the
cellular response to these effects.

and gemcitabine'® and the reduced folate carrier system involved
in methotrexate uptake."" The intracellular target(s) for specific
chemotherapeutic agents can play a role in determining sensitivity
based on their levels and the nature of the interaction. For example,
topoisomerase IIa: levels can play a role in the sensitivity of tumor
cells to doxorubicin'>"? as altered levels via decreased gene copy or
transcriptional downregulation leads to a decrease in sensitivity
(resistance). The opposite is true for thymidylate synthetase levels
and 5-fluorouracil (5-FU) toxicity where increased levels of enzyme
correlate to a decrease in sensitivity to 5-FU."* Although the nature
of the interaction with the target is different for doxorubicin and
5-FU, the fact that altered target levels can modulate response
shows how quantitative interactions with the target can alter drug
sensitivity.

The extent of cellular damage, potential repair of that damage,
and the cellular response occur in a tightly knit continuum that
determines cellular fate. The generation of cellular damage is a

(DES) of the patient following therapy.

consequence of interaction with a cellular target and can be either
a primary or secondary event. In general for DNA-damaging
agents, the resulting DNA lesions are caused by the interplay of
DNA binding and DNA repair. For example, DNA strand breaks
that result from O-6-methyl guanine lesions are due to aberrant
mismatch repair processes and subsequent replication.”” DNA
damage also triggers response pathways that can result in cell cycle
arrest to allow for repair and subsequent survival or the triggering
of apoptotic machinery that ultimately results in cell death. The
definition of cellular response, whether mitotic catastrophe, apop-
tosis, necrosis, autophagy, or cellular stasis, depends on an intricate
interplay of survival and death signaling and is often specific to the
agent, dose at the critical target, and the cell lineage.'® Alterations
in proapoptotic and antiapoptotic signaling clearly play a role in
tumorigenesis and response to therapy,”” and the impact of anti-
apoptotic signaling in lymphoma by the mediators, bcl-2 and sur-
vivin, seem the most clear in regards to both chemosensitivity'**
and response to therapy in humans and dogs.”' > However, a clear
understanding of the role of damage response and active cell death
pathways in chemotherapeutic sensitivity and response in solid
tumors is still lacking.

Tumor Cell Resistance

Acquired resistance, or selection of resistant cells, during the treat-
ment process is thought to be one of the major mechanisms of
therapeutic failure during cancer drug therapy. Resistance of tumor
cells to chemotherapeutic agents can depend on the drug and its
mechanism or be through a multidrug mechanism. In general, the
development of acquired resistance to a specific agent can come via
a variety of mechanisms associated with drug uptake, drug
metabolism/detoxification, target modification, damage repair, or
damage recognition and response. Changes in cellular drug levels
can come about due to either a decrease in drug uptake or through
increased efflux. Decreased expression of transporters known to
play a role in drug uptake have been observed in response to treat-
ment with melphalan in human breast cancer cells** and acquired
resistance to methotrexate in KB cells,”” with the resulting cells
showing drug resistance that correlated with the lower intracellular
drug levels. The induction of drug efflux pumps in response to drug
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treatment is a primary mechanism for multidrug resistance and will
be discussed later in this section.

Alterations in metabolic or detoxification pathways within
tumor cells are another mechanism by which acquired resistance
occurs. Due to the fact that many chemotherapeutic agents are
electrophilic based on their DNA-binding properties, enhancement
of conjugation reactions with nucleophiles such as glutathione is a
plausible mechanism of resistance.” Induction of glutathione
S-transferases has been shown to be a mechanism by which tumor
cells can acquire resistance to nitrogen mustards.””*® Although
tumor cells themselves generally have limited drug metabolism
capabilities, some metabolic pathways can play a role in the resis-
tance phenotype. For example, the sensitivity of tumor cells to 5-FU
is inversely correlated with the expression of dihydropyrimidine
dehydrogenase,””' the enzyme predominantly responsible for the
metabolism of 5-FU to the inactive 5-FUH, metabolite.” For pro-
drugs such as gemcitabine, which must be phosphorylated to the
di- and tri-phosphate forms prior to eliciting an inhibitory effect
on DNA synthesis,”** the enzyme responsible for this metabolic
activation, deoxycytidine kinase,””* has been shown to be decreased
in pancreatic tumor cells made resistant to this drug.”** This inter-
play between metabolic detoxification and activation, predomi-
nantly with drugs that are nucleotide analogs, leads to complex
scenarios involving the upregulation of catabolic processes and the
downregulation of anabolic processes regarding the cellular phar-
macology of these cytotoxic agents.

Modifications in the cellular target of a given drug usually
pertain to mutations in the target protein leading to a decrease in
affinity or absence of drug interaction. These modifications can
include a decrease in the levels of a specific target responsible for
the generation of a toxic product, increases in target levels to ame-
liorate the effect of target inhibition, or target mutations such that
the drug can no longer interact in a manner detrimental to the
tumor cell. Decreased topoisomerase II gene expression and activ-
ity has been observed in human lung and colon cells with acquired
resistance to the epipodophyllotoxins,” etoposide, and teniposide,
whose antitumor activity involves topoisomerase II-dependent
DNA strand break formation.***' Target amplification as a mecha-
nism of acquired resistance has been observed in methotrexate
resistance where gene amplification and increased dihydrofolate
reductase (DHFR) levels allow for cells to overcome DHFR inhibi-
tion by this agent.” Mutations in targets such as B-tubulin in the
case of paclitaxel” and topoisomerase 1 for camptothecin* affect
binding of drug and interaction with the target, thus generating
tumor cells resistant to the toxic mechanism of these agents. These
examples of altered target levels and structures show that drug
resistance can come about via either quantitative or qualitative
change in the nature of the interaction of drug and target and will
depend on the impact of these changes on tumor cell growth both
in the absence and presence of the selective agent.

Damage repair in cancer cells treated with chemotherapy com-
monly refers to DNA repair processes since a majority of chemo-
therapy agents work at the level of the DNA. Resistance conferred
through alteration in DNA repair include not only the induction of
specific processes to repair discrete lesions but also more global
DNA repair processes, such as postreplication and mismatch
repair.*® Multiple studies have shown that enhanced removal of
platinum adducts from tumor cell DNA correlate with acquired
resistance*®* to cisplatin, although the exact mechanism(s) and
protein(s) responsible for repair of these lesions are unknown. The
bulky DNA adducts generated by many cancer chemotherapeutic
agents can cause replicative gaps in DNA that require

postreplication surveillance and repair. The ability of cells to bypass
these bulky lesions and interstrand cross-links during DNA replica-
tion has been found to be an important process in tolerance to
agents causing these types of DNA damage (cisplatin, mitomycin
C, melphalan); multiple DNA repair pathways can account for this
release from DNA replication block.” The fact that DNA repair
pathways and processes are redundant and nondiscrete and that
both lesion specific and global processes seem to play a role in
determining drug resistance highlights the problems associated
with attributing specific proteins or pathways to specific resistance
phenotypes.

Some mechanisms of acquired resistance result in a phenotype
in which the tumor is resistant to multiple chemotherapeutic agents
or multidrug resistant (MDR). Some of the mechanisms discussed
previously, including DNA repair, enhanced metabolism, or detoxi-
fication, and resistance to apoptosis can result in resistance to mul-
tiple agents; however, the MDR phenotype generally refers to tumor
cells expressing individual or multiple members of the adenosine
triphosphate (ATP)-binding cassette (ABC) transporter family who
play a primary role in active efflux of drugs from cells. Forty-eight
ABC genes have been identified in the human genome,” and cur-
rently, fifteen members of the ABC transporter family have been
recognized that include a cancer chemotherapeutic as a substrate
for transport.”’ These include the well-studied and characterized
PGP/MDRI (ABCBI), MXR/BCRP (ABCG2), MRP1 (ABCCI),
and MRP2 (ABCC2). The basic function of the ABC transporters
is conserved across the family and involves the ATP-dependent
transport of xenobiotics and endogenous substrates from the inside
of the cell to the extracellular space. The role of ABC transporters
in multidrug resistance of canine and feline cancers is poorly
explored; however, ABCBI is expressed in canine lymphoma,”
canine mammary tumors,” and canine and feline primary pulmo-
nary carcinomas.>* ABCCI, ABCC2, ABCC5, ABCC10, and ABCG2
have all been shown to be expressed in canine mammary tumors
as well.”* The normal tissue distribution of the ABC transporters
is also beginning to be investigated in dogs, with initial studies
showing similar tissue distributions and presumed function,
although there appears to be some partial differences in relative
expression in various tissues.’®” A recent study has shown that
feline ABCG2 has specific amino acid changes that lead to trans-
porter dysfunction with regard to a number of substrates, suggest-
ing that cats may have altered pharmacokinetic disposition for
drugs that are ABCG2 substrates.”

Combination Therapies

The success of combination chemotherapy as compared to single-
agent treatment is attributed to the overcoming of both natural and
acquired resistance of tumor cells, as well as use of agents that differ
in dose-limiting side effects. A premise of cancer chemotherapy is
to kill the largest fraction of tumor cells possible with each dose,
with the dose and timing of each therapy based on the normal tissue
tolerance. Therefore a strategy that allows for more intensive cycles
of fractional cell killing without exacerbating the recovery of
normal tissue damage is preferred. Combination chemotherapy has
been shown to be curative in humans with acute lymphocytic leu-
kemia (ALL), Hodgkin’s disease, histiocytic lymphoma, and testicu-
lar carcinoma, whereas single-agent therapy was not.”” The success
of combination therapies as opposed to single-agent therapy is best
illustrated in veterinary oncology by treatment protocols for canine
lymphoma. Doxorubicin is the most active single-agent therapy
tested against canine lymphoma; other combination protocols that
generally consist of cyclophosphamide, vincristine, and prednisone
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1V-\:IEREEY Response of Canine Lymphoma to Single-Agent Doxorubicin, Combination Protocols,

and Combination Protocols Including Doxorubicin*

TREATMENT Doast REMISSION RATE (%) MEDIAN REMISSION (MO) MEDIAN SURVIVAL (MO)
Doxorubicin alonef 243 (5) 742 +9.5 53+ 1.1 73+1.3
Combination$ 324 (5) 76.6 + 8.0 47+1.0 8.0%1.1

Combination + doxorubicin|| 618 (9) 80.0+9.5 8.8+23 11.9+3.9

*Values represent the mean + standard deviation (SD) from the cited studies. The combination protocols used included cyclophosphamide, vincristine, and

prednisone, with methotrexate and actinomycin D included in some.

‘tNumber represents the total number of dogs, with the number of individual studies in parentheses.

iData for doxorubicin alone studies were from references 60-64.
§Data for combination studies were from references 61, 65-68.

|[Data for combination studies, including doxorubicin, were from references 68-76.

result in similar outcomes (Table 11-2). However, these same com-
bination protocols with doxorubicin included empirically seem to
increase both the median remission and median survival times over
either doxorubicin alone or a combination protocol that excludes
doxorubicin. It should be noted that the populations represented in
Table 11-2 may not be homogeneous, and this data does not repre-
sent a formal reanalysis of these data sets.

Toxicities Associated with
Drug Therapy of Cancer

Chemotherapy may fail to produce a positive clinical benefit for the
reasons described previously but may also fail due to unacceptable
toxicity. Anticipating and managing adverse events requires a thor-
ough understanding of drug activity profiles and clinical experience
modifying chemotherapeutic administration. The first step in the
process of successfully managing cancer in companion animals is
always a clear and frank discussion with the owner regarding the
potential for benefit, toxicity, cost, and time commitment. A
common understanding of the goals of therapy and committing to
a continuing dialog as needs may change throughout treatment
cannot be underestimated.

Dosing conventions have been developed from formal phase I
studies for an increasing number of agents investigated specifically
in companion animals. Nonetheless, suggested starting doses repre-
sent an estimate of the MTD from a small population of animals and
safe individual patient dosing may vary substantially. There are
numerous reasons for pharmacokinetic variability in cancer chemo-
therapy among a population of patients.”” Concurrent illness or
organ dysfunction, extreme tumor burden, specific breed sensitivi-
ties (e.g., Collie with ABCBI mut/mut) or idiosyncratic consider-
ations (anticipated drug-drug interactions or drug allergies) will
mandate modification of the protocol and dosing. Concurrent
illness and organ dysfunction can also have profound effects on
selection of anticancer agents and dosing. In general, predictable
dose adjustments for pets with renal or hepatic disease have not
been developed and treatment should be approached conserva-
tively. Interestingly, in cats, the glomerular filtration rate (GFR) can
be used to define an individual dose for carboplatin that will permit
some patients with renal disease to be safely dosed that would not
have been safe if dosed by conventional methods.”® Dose adjust-
ments of 30% to 40% have been recommended for drugs that
are ABCBI substrates in Collie-type breeds in which an ABCBI
(mut/mut) phenotype is confirmed, and even in dogs with an ABCBI
(wt/mut) phenotype, dose adjustments may need to be made.”
Chemotherapeutic dosing in obese patients often raises questions

about drug partitioning in lipid storage sites around the body. Dis-
tribution of many pharmaceutical agents may be affected in obese
patients; however, there is no accepted scale for empiric dose adjust-
ments in humans. Individual factors such as the specific drug,
degree of obesity, and other comorbidities may convince a clinician
to dose reduce or cap the dose of a chemotherapeutic agent.*” Some
reviews suggest that dose reductions based on body mass may ulti-
mately be detrimental to outcomes in obese patients.®’ It is the initial
chemotherapeutic intervention that is expected to result in the
greatest opportunity to benefit the patient; therefore taking the time
to assess the patient’s specific medical limitations and then proceed-
ing with thoughtfully designing, administering, and completing a
therapeutically robust protocol are highly desirable.

As individual patient tolerance and response to each compound
in a multiagent protocol is observed, future modifications may be
anticipated more accurately. The greatest benefit achievable with
anticancer cytotoxic therapy requires a commitment to dose inten-
sity. Optimal dose intensity demands therapeutic monitoring in
order to either reduce or increase the dose based on the patient’s
capacity to maintain a high quality lifestyle during effective therapy.
The decision to increase the dose of an agent is conceptually chal-
lenging but important. In order to make a recommendation to
increase dosing of a cytotoxic compound, owner understanding
and monitoring of the patient’s white blood cell values and clinical
events during the first treatment cycle are critical. A dose of a
cytotoxic agent that does not result in any change in the target
normal tissue (e.g., blood neutrophil count) is likely ineffective and
could be increased 10% at the next infusion with continued
follow-up to determine adequacy of dose adjustments (Figure
11-3). Dose reductions are deleterious to the optimum delivery of
chemotherapy but are to be anticipated. Specific guidelines for dose
adjustments of antineoplastic agents are not standardized. In
general, a 20% to 25% reduction is recommended for the subse-
quent dose for patients experiencing a moderate or severe dose-
limiting toxicity, such as neutropenia or emesis. Close monitoring
and preemptive handling of signs may permit successful manage-
ment of some potential future clinical signs, and clinical decisions
are based on the extent and severity of the resulting signs as
described in Table 11-3.

The toxicity profile for anticancer agents may be categorized into
immediately evident toxicities (at the time or within 24 to 48 hours
after treatment), acute delayed effects (2 to 14 days), or cumulative/
chronic toxicity (weeks, months, or years). Immediate toxicity may
include infusion hypersensitivities due to histamine release associ-
ated with allergic reactions (L-asparaginase) or vehicle-induced
mast cell degranulation (e.g., paclitaxel, etoposide). Routine
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* * * management of these events with antihistamines and steroids may
significantly reduce or eliminate this problem. Acute nausea and
vomiting may occur with specific agents (e.g., cisplatin) or when
the infusion is too rapid (e.g., doxorubicin). Preemptive antiemetic
management is able to manage these situations well. Chemothera-
peutics with vesicant properties can cause moderate-severe tissue

Too low

§ ,""Dose inc. necrosis if not administered safely through a suitable catheter.
= 4 4 ’ Vinca alkaloid and doxorubicin extravasations can be a very severe
@ situation that should be avoided even if sedation is required or
< Just right rescheduling must be recommended for safe catheter placement.
% 5 | Owners may need to be informed about this possibility prior to
2 Too high treatment and a management plan for this situation should be

developed. Management recommendations for extravasations are

o included in the individual drug descriptions later.

Delayed acute effects from chemotherapy often include bone
marrow suppression and nausea, vomiting, and diarrhea. In the
majority of instances, these effects are self limiting and the inci-
dence of hospitalization for such problems is low. Table 11-3 reviews
the general therapeutic strategies for management of the most
common types of adverse events experienced in companion animals
following chemotherapy.®

Examples of potential cumulative and/or chronic toxicity
include hepatic dysfunction after multiple doses of
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FIGURE 11-3  Blood neutrophil patterns following chemother-
apy treatments (arrows). The appropriate dose (circles) results in
noticeable nadirs with return to normal prior to the next dose. Doses
that are too high or too low should prompt dose adjustments, includ-
ing potential dose increases (dashed line).

VRN Guidelines for Common Chemotherapy-Induced Toxicity

GRADE 3/MODERATE

PROPHYLAXIS GRADE 2/MiLp ToxiciTy ToxicITy GRADE 4/SEVERE TOXICITY

Neutropenia 1000/uL 500-999/uL <500/uL, with or without fever
Broad-spectrum aerobic Not recommended No Oral. Oral.

antibiotics* Repeat CBC in 2-3 days. IV if fever.

Do not hospitalize. CBC in 24 hours.

Broad-spectrum anaerobic  No No No Not routine unless refractory

antibioticst to aerobic antibiotics.
Parenteral fluids (SQ or IV) No No Not routine unless Hospitalize if febrile.

and supportive care febrile.
Nausea/vomiting <3 vomiting episodes  3-5 episodes/day for 2-4 >5 episodes/24 hrs or >4 days.

days.
Antiemeticst Oral, if prior Oral or IV as indicated. IV v
experience warrants.

H, blocker,$ proton pump  Oral, if prior Oral or IV as indicated. IV v

inhibitor]| experience warrants.
Parenteral fluids (SQ or IV) No As indicated. Yes Yes, hospitalize.

and supportive care

Diarrhea 2 stools/day over 3-6 stools/day over >6 stools/day.
baseline. baseline.

Diet adjustment Yes Yes Yes Yes

Antidiarrheals{ Yes Yes Yes Yes

Parenteral fluids (SQ or IV) No No Yes Yes, hospitalize.

and supportive care

SQ, Subcutaneous; IV, intravenous; CBC, complete blood count.

*Fluoroquinolone (enrofloxacin 5-10 mg/kg once daily).
‘+Ampicillin 20 mg/kg oral (PO) or IV three times/day (TID) + cephalosporin 20 mg/kg oral or IV TID.
+Maropitant 2 mg/kg PO or SQ once daily x 3-5 days—dogs; 1 mg/kg PO or SQ once daily x 3-5 days—cats (not labeled for cats).
§Famotidine 0.5-1.0 mg/kg PO, SQ, or IV.

|[Pantoprazole 1 mg/kg IV or SQ as needed.
JLoperamide 0.08 mg/kg PO TID; tylosin 10 mg/kg PO TID; metronidazole 15-25 mg/kg PO BID.




cyclohexylchloroethylnitrosourea (CCNU), cardiac abnormalities
after exceeding a safe cumulative dose of doxorubicin, and renal
disease after cisplatin use in dogs or doxorubicin use in cats.
Screening recommendations and strategies to reduce the risks of
such chronic effects have been developed and are incorporated into
standard protocol procedures. It is critical to the success of treat-
ment that owners be thoroughly informed about monitoring guide-
lines for the general signs and symptoms of chemotherapy-induced
toxicity. Online educational resources for owners are readily avail-
able at www.csuanimalcancercenter.org. It is advisable to instruct
the owner regarding monitoring and early responses when their pet
experiences nausea and vomiting, diarrhea, or hematuria and it is
important to inform the owner about how to obtain an accurate
body temperature. These “at home” aids will allow the clinician to
assess the management options should a concern arise.

Safety Concerns of Cancer Drug Therapy
In general, safety concerns for cancer therapy are only applied to
the patient with regard to the impact of drug treatment. An issue
with cytotoxic chemotherapy, however, is the preparation and dis-
tribution of the drugs, as well as active drug eliminated in the urine
and feces of the patient and the potential exposure of health profes-
sionals, caregivers, and others in the home. The preparation of these
drugs should be done under strict regulations and involves the use
of protective clothing, gloves, masks, and chemical hoods. Studies
have characterized the potential impact of secondary exposure to
these agents on oncology health workers in human medicine with
regard to cancer prevalence, reproductive risks, and acute toxicities,
and the results show little risk.** However, these results are a reflec-
tion of exposure in trained cohorts of individuals working in
human medicine where fecal and urinary exposures are more
limited. Clients with animals undergoing cancer therapy need to be
informed of potential risks and safety precautions that need to be
adhered to when dealing with oral medications and pet excrement.
Simple precautions such as wearing gloves when handling oral
medications and not opening capsules or splitting tablets are essen-
tial. Oral suspensions of these agents should be avoided. Urinary
levels of some active drugs may remain high for days after treat-
ment* and fecal excretion may also be expected. Therefore careful
avoidance, collection, and disposal of urine and feces must be rec-
ommended, as well as having pregnant women, small children, and
immunosuppressed individuals in particular avoid any contact with
pet wastes for a defined time period following treatments. Prepara-
tion of guidelines for minimizing exposure to individuals and the
environment should be prepared and distributed to clients for
general, as well as drug-specific, instructions.

Pharmacologic Principles
in Cancer Therapy

Pharmacokinetics

Pharmacokinetic (PK) considerations in cancer drug therapy
are important due to the relationship between drug exposure and
pharmacodynamic (PD) response, whether efficacy or toxicity,
that is more exact than the relationship between drug dose and
PD response.”” PK considerations are also important with regard
to interactions with other drugs,” herbal products,”* and genetic
differences among breeds and individuals® that can cause changes
in drug exposure at a given dose. Cytotoxic chemotherapy is usually
dosed on an MTD-based schedule reflecting only acceptable
toxicity and thus limits any informative role of drug half-life and
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FIGURE 11-4 lllustration of pharmacokinetic parameters C.
and AUC in a theoretical drug plasma concentration versus time plot.

effective therapeutic concentrations from initial dosing consider-
ations. The most important PK parameters are those that have a
relationship with either a response to therapy (efficacy) or toxicity,
which is most often either the area under the plasma/serum con-
centration versus time curve (AUC) or the maximum drug concen-
tration (C,,,,) achieved, illustrated in Figure 11-4. The relationships
of AUC and C,,,, in the clinical pharmacology of doxorubicin illus-
trate the complex associations with PK considerations. The C,,,,
during doxorubicin infusion in humans is related to the incidence
of cardiotoxicity both in adult” and pediatric’ patients but is also
associated with longer remissions in leukemia patients.”> A relation-
ship between AUC values and decreased white blood cells has also
been established with doxorubicin.”” However, no clear relation-
ships between AUC and efficacy exist.” These data have allowed for
adjustments in doxorubicin dosing protocols so that intermediate
infusion times (10 to 30 minutes) are utilized to decrease the C,,,
and thus cardiotoxicity while still maintaining peak levels associ-
ated with effective therapy.

PK studies that relate drug exposure to responses are an impor-
tant first step in establishing relationships that may be exploited
for dose modification based on patient characteristics or therapeu-
tic drug monitoring. These data are generally lacking for drugs
used to treat cancer in companion animals with a few exceptions.
Studies on the PK and myelotoxicity of carboplatin in cats have
shown a clear relationship between drug exposure and the neutro-
phil nadir as well as drug clearance and GFR (Figure 11-5). The
fact that PK parameters can be correlated both with a toxic end-
point and a physiologic function allows for the calculation of a
dosing metric relating the GFR of an individual cat to a dose that
produces a drug exposure (AUC) that results in acceptable toxic-
ity.”® It remains to be determined whether such individualized
dosing results in improved outcome in a heterogeneous popula-
tion. Current drug-dosing convention for cancer chemotherapeutic
agents is the use of body surface area (BSA) for dose normalization
(mg/m?). Exceptions to this paradigm are the use of body weight
(mg/kg) for dogs that weigh less than 15 kg and for cats with doxo-
rubicin dosing based on empiric evidence showing a better toxicity
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FIGURE 11-5  Relationship between (A) neutrophil nadir and
carboplatin exposure and (B) platinum clearance and glomerular fil-
tration rate (GFR) in cats being treated for cancer. (From Bailey DB,
Rassnick KM, Erb HN, et al: Effect of glomerular filtration rate on clear-
ance and myelotoxicity of carboplatin in cats with tumors, Am ] Vet Res
65:1502, 2004.)

profile for smaller dogs when mg/kg dosing is used.” The approxi-
mate calculation for BSA in dogs and cats based on weight is as
follows:

)2/3

m = A x(weight in grams
10,000

where A is equal to 10.1 for dogs and 10.0 for cats. The implementa-
tion of this equation relating body weight in kilograms to BSA in
meters squared is shown for dogs and cats in Table 11-4.

Pharmacodynamics

PD considerations for cytotoxic chemotherapy are generally related
to standard measures of response (i.e., complete remission [CR],
partial remission [PR], stable disease [SD]) and toxicity.” A major-
ity of the literature in veterinary oncology relates PD responses to
specific drugs or combinations, doses, or schedules. Figure 11-6
shows the relationships between vinblastine doses and the inci-
dence of grade III or IV neutropenia observed in a phase I cohort
of dogs.” These results relate a dose to a PD response with the
absence of exposure PK data. PD endpoints can also be used as
indicators of efficacy and potentially as targets of therapy. The pro-
portion of dogs in remission following treatment for lymphoma is
increased in the subgroup experiencing grade III or IV neutropenia
compared to the group that did not show that level of observed
toxicity (Figure 11-7).” In this example, the therapeutic response
was related to overall drug effects on normal tissues as indicated by

V0N B8 Relationship of Body Surface Area (BSA)
to Weight in Dogs and Cats

WEIGHT TO BODY SURFACE AREA—DOGS

kg m? kg m? kg m?
3.0 0.210 20.0 0.744 48.0 1.334
4.0 0.255 21.0 0.769 50.0 1.371
5.0 0.295 22.0 0.785 52.0 1.412
6.0 0.333 23.0 0.817 54.0 1.448
7.0 0.370 24.0 0.840 56.0 1.484
8.0 0.404 25.0 0.864 58.0 1.519
9.0 0.437 26.0 0.886 60.0 1.554
10.0 0.469 28.0 0.931 62.0 1.588
11.0 0.500 30.0 0.975 64.0 1.622
12.0 0.529 32.0 1.018 66.0 1.656
13.0 0.553 34.0 1.060 68.0 1.689
14.0 0.581 36.0 1.101 70.0 1.722
15.0 0.608 38.0 1.142 72.0 1.755
16.0 0.641 40.0 1.181 74.0 1.787
17.0 0.668 42.0 1.220 76.0 1.819
18.0 0.694 44.0 1.259 78.0 1.851
19.0 0.719 46.0 1.297 80.0 1.882
WEIGHT TO BODY SURFACE AREA—CATS
kg m? kg m’ kg m’
1.0 0.100 4.8 0.285 8.6 0.420
1.2 0.113 5.0 0.292 8.8 0.426
1.4 0.125 52 0.300 9.0 0.433
1.6 0.137 5.4 0.307 9.2 0.439
1.8 0.148 5.6 0.315 9.4 0.445
2.0 0.159 5.8 0.323 9.6 0.452
2.2 0.169 6.0 0.330 9.8 0.458
2.4 0.179 6.2 0.337 10.0 0.464
2.6 0.189 6.4 0.345 10.2 0.472
2.8 0.199 6.6 0.352 10.4 0.478
3.0 0.208 6.8 0.360 10.6 0.484
3.2 0.217 7.0 0.366 10.8 0.490
3.4 0.226 7.2 0.373 11.0 0.496
3.6 0.235 7.4 0.380 11.2 0.502
3.8 0.244 7.6 0.387 11.4 0.508
4.0 0.252 7.8 0.393 11.6 0.514
4.2 0.260 8.0 0.400 11.8 0.520
44 0.269 8.2 0.407 12.0 0.526
4.6 0.277 8.4 0.413 12.2 0.532

the degree of neutropenia (PD response), whereas DI did not show
a significant difference. Again, these data did not include exposure
PK assessment and in this case only relate the therapeutic outcome
to an observed drug response. A lack of complete PK/PD data
relationships in veterinary medicine reduces the opportunities for
therapeutic drug monitoring and the potential for optimizing
efficacy.

Pharmaceutics

Pharmaceutics is the science associated with dosage form design
with regard to formulation and optimizing drug delivery via a
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FIGURE 11-6  Relationship of prevalence of grade I11/IV neutro-
penia with vinblastine dose in dogs being treated for cancer. (Data
from Bailey DB, Rassnick KM, Kristal O, et al: Phase | dose escalation of
single-agent vinblastine in dogs, | Vet Intern Med 22:1397, 2008.)
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FIGURE 11-7  Proportion of dogs in remission following chemo-
therapy treatment for lymphoma. The dashed line represents those
animals experiencing grade I11/1V neutropenia, whereas the solid line
represents those animals that did not show that level of toxicity.
(From Ghan A, Johnson JL, Williams LE: Impact of chemotherapeutic dose
intensity and hematologic toxicity on first remission duration in dogs
with lymphoma treated with a chemoradiotherapy protocol, ] Vet Intern
Med 21:1332, 2007.)

specific route. For example, improved formulations of clinical
agents such as paclitaxel have made these compounds available for
use in veterinary patients. The excipient (drug carrier) used in the
original clinical formulation of paclitaxel (Taxol) was Cremophor
EL, which causes histamine release and unacceptable toxicity when
used in dogs and cats.””'” A new water-soluble formulation of
paclitaxel (Paccal Vet) has been tested and shown to be effective
without associated hypersensitivity reactions in dogs with mast cell
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tumors. The ability of new formulations and delivery methods to
alter the efficacy and toxicity profile of agents is a rapidly expanding
field. It is expected that new technologies in drug formulation and
targeting will be incorporated into veterinary medicine to alter
drug delivery and distribution in a more favorable manner.

Specific Chemotherapeutic Agents
Alkylating Agents

The alkylating agents are comprised of antitumor drugs whose
mechanism of action involves the covalent binding of alkyl groups
to cellular macromolecules. The cellular target of these agents is
DNA in which they form monofunctional or bifunctional adducts
that generate interstrand or intrastrand cross-links.

Nitrogen Mustards
Mechlorethamine

Basic Pharmacology Mechlorethamine is frequently
referred to as “nitrogen mustard” and was the first cytotoxic
agent to show antineoplastic activity.'”"'” Mechlorethamine
undergoes  spontaneous hydrolysis to  2-hydroxyethyl-2-
chloroethylmethylamine and bis-2-hydroxyethylmethylamine,
yielding nucleophilic reactive centers capable of forming DNA
cross-links."”

Clinical Pharmacology Mechlorethamine rapidly disap-
pears from the plasma following intravenous (IV) administration
primarily through spontaneous degradation, although some per-
centage of the drug is enzymatically metabolized.'"” Mechloretha-
mine uptake into cells seems to be carrier mediated with decreased
uptake as a mechanism for resistance.'”

Clinical Use Mechlorethamine is used predominantly in
multiagent protocols for lymphoma in dogs.'””'” Experience with
mechlorethamine as a single agent is not reported, although gastro-
intestinal (GI) and bone marrow toxicity are dose-limiting toxici-
ties of conventional mustargen, vincristine, prednisone, and
procarbazine (MOPP) protocols. Dosing of mechlorethamine in
these protocols is reported as 3 mg/m® IV on days 0 and 7 of a
21-day cycle.

Melphalan

Basic Pharmacology Melphalan (1-phenylalanine mustard)
is a nitrogen mustard containing DNA cross-linking agent with a
similar structure and pharmacology to chlorambucil. The major
difference is that melphalan is actively transported into tumor cells
by amino acid transporters’ and its uptake can be blocked by the
amino acid leucine. Melphalan has direct alkylating activity and
does not require metabolic activation.

Clinical Pharmacology Melphalan can be given orally with
an oral bioavailability of approximately 30%. A relatively high per-
centage of melphalan (20% to 35%) is excreted unchanged in the
urine with a majority of the remainder of the dose undergoing
spontaneous chemical decomposition to inert products.'’ The
primary toxicity is myelosuppression.

Clinical Use The primary indication for melphalan in com-
panion animals is for management of myeloma. The initial dose
of 0.1 mg/kg PO daily for 10 to 14 days should be reduced to
0.05 mg/kg PO daily based on control of the paraproteinemia and
hematologic screening for both dogs and cats. Alternate dosing
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regimens have also been used for dogs: 7 mg/m?* PO daily for 5 days
every 3 weeks or 2 mg/m’® PO daily for 10 days with a 10-days-off
cycle and repeated as needed.

Cyclophosphamide

Basic Pharmacology Cyclophosphamide (CP) is a nitrogen
mustard-containing prodrug that is inactive in the absence of meta-
bolic activation that occurs via microsomal mixed function oxidases
predominantly in the liver.""! The activation of CP involves ring
oxidation to 4-hydroxycyclophosphamide (4-OHCP), spontaneous
and reversible ring opening to the amino aldehyde aldophospha-
mide, and the subsequent irreversible breakdown of aldophospha-
mide to phosphoramide mustard and acrolein. Phosphoramide
mustard is considered the most active CP metabolite and is capable
of bifunctional alkylation and cross-link production.'"

Clinical Pharmacology Recent studies have characterized
the PK of CP and the 4-OHCP metabolite following both IV and
oral dosing in dogs.'” The results of this study show that although
exposure to CP is decreased following oral dosing, the overall expo-
sure of 4-OHCP is similar when CP is dosed either intravenously
or orally. The major dose-limiting side effects of CP are neutropenia
and thrombocytopenia. GI toxicity (nausea and vomiting) is not
common in dogs but has been observed in cats.""* Other common
toxicities include alopecia in dog breeds with continually growing
hair and hemorrhagic cystitis. Although hemorrhagic cystitis is
uncommon at conventional doses, furosemide is often adminis-
tered (1 mg/kg subcutaneous [SQ] or IV) prior to IV injection and
precautions are taken at home to encourage vigorous hydration and
frequent urination. CP should be discontinued permanently if
hemorrhagic cystitis occurs and chlorambucil may be substituted
in a multiagent protocol. Urine culture, antiinflammatory drugs,
and antispasmodics should be initiated at the onset of clinical signs
of cystitis. Aggressive intravesical therapy or even surgery may be
necessary in severe instances.

Clinical Use CP is commonly included in multiagent proto-
cols for lymphoma in both dogs and cats. It is effectively adminis-
tered as a bolus dose (250 mg/m?) by either an oral (PO) or IV route
in the dog.'”® A fractionated dosing schedule is also used in some
protocols (50 mg/m”* for 3 to 4 consecutive days after doxorubi-
cin)."”® Metronomic therapy, the use of very low dosing for pro-
longed periods, has also been developed for CP. The rationale
and application of metronomic therapy is covered extensively in
Chapter 14, Section C, of this text. CP is administered IV (200 to
250 mg/m’) in many multiagent protocols for lymphoma in cats. The
efficacy of oral dosing of CP has not been as carefully investigated in
cats compared to dogs although it may be safely administered at
doses of 300 mg/m’* PO every 3 weeks in multiagent protocols.''

Ifosfamide

Basic Pharmacology Ifosfamide (IP) is a nitrogen mustard-
containing prodrug that like CP requires metabolic activation by
microsomal mixed function oxidases prior to generating the isofos-
foramide mustard metabolite capable of bifunctional alkylation."”

Clinical Pharmacology The major difference between the
clinical use of IP and CP is due to differences in the relative metabo-
lism of the parent drugs, with dechloroethylation accounting for
up to 25% of the metabolism of IP'"® whereas this number is
much smaller for CP. This difference in metabolism accounts
for an increase in the formation of the neurotoxic metabolite

chloroacetaldehyde following IP dosing and potentially for the less
favorable metabolism profile observed with IP following oral
dosing."” The primary toxicity associated with IP treatment is a
dose-related myelosuppression, but nephrotoxicity and damage to
the bladder epithelium are not uncommon. Vigorous hydration is
required with IP administration; in addition, mesna, a urinary epi-
thelial protectant, must be administered to avoid severe cystitis.

Clinical Use Tfosfamide has been evaluated in dogs and cats
with cancer and is primarily recommended for management of
sarcomas. The recommended dose for dogs is 300 to 350 mg/m* IV
slow infusion with diuresis every 3 weeks, and for cats, the recom-
mended dose is 900 mg/m* IV slow infusion with diuresis every 3
weeks.?"?! The basis for such discrepancies in the MTD between
species is not understood but reflects profound and interesting dif-
ferences in metabolism pathways and most likely reduced genera-
tion of bioactive metabolites. A phase II study in feline vaccine
sarcomas reported moderate objective response rates.'”

Chlorambucil

Basic Pharmacology Chlorambucil (p-bis[chloro-2-ethyl]
amino-phenyl-4-butanoic acid) is a nitrogen mustard derivative
that enters cells via passive diffusion'” and has direct bifunctional
alkylating ability'** that is responsible for the cytotoxic activity.

Clinical Pharmacology Chlorambucil is orally bioavailable
with rapid absorption. Hepatic metabolism is extensive with the
pharmacologically active phenylacetic acid being the primary
metabolite and is presumably responsible for much of the clinical
activity.'”'** The major dose-limiting toxicity is myelosuppression,
including neutropenia and thrombocytopenia.

Clinical Use Chlorambucil is used primarily for control of
chronic lymphocytic leukemia (CLL) in dogs and for low-grade GI
lymphoma in cats. Chronic oral dosing in dogs should begin with
3 to 6 mg/m* PO every day for 1 to 2 weeks with a decrease to 3 to
6 mg/m’ PO every other day as determined by routine hematologic
screening and control of the cancer. A convenient oral bolus dose
of 20 mg/m* PO every 2 weeks has been reported with excellent
response in feline GI lymphoma.'”

Nitrosoureas
Lomustine (Cyclohexylchloroethylnitrosourea)

Basic Pharmacology Lomustine (CCNU, CeeNU) is a
nitrosourea-based agent that is highly lipid soluble and enters cells
by passive diffusion.”” Under aqueous conditions and at physio-
logic pH, lomustine will spontaneously decompose to a reactive
center capable of DNA alkylation'**'*” and DNA-DNA and DNA-
protein cross-links."!

Clinical Pharmacology The highly lipophilic properties of
lomustine allows for rapid crossing of biologic membranes, includ-
ing the blood-brain barrier. Lomustine undergoes extensive hepatic
metabolism,"”* predominantly by hydroxylation of the cyclohexyl
ring, to metabolites with at least equivalent alkylating activity'* that
presumably play an important role in the cytotoxic activity. This
extensive hepatic metabolism is presumably responsible for the lack
of oral bioavailability of the parent compound but rapid appearance
of metabolites following oral dosing."** The major dose-limiting
toxicity is myelosuppression with acute neutropenia followed by a
thrombocytopenia.'”” Chronic administration may result in hepatic
dysfunction requiring discontinuation of the drug temporarily or



permanently.”® A recent report investigating coadministration of
Denamarin, a product that increases glutathione levels and pro-
vides antioxidant properties, with CCNU reported reduced fre-
quency of grade 4 hepatic toxicity."” Further evaluation of whether
this strategy should be routinely employed to reduce chronic
hepatic toxicity is needed.

Clinical Use CCNU (70 to 80 mg/m? PO every 3 weeks) is
most often used alone or in multiagent protocols for canine multi-
centric lymphoma, epitheliotropic lymphoma, mast cell tumors,
and histiocytic sarcoma. In cats, CCNU (50 to 60 mg/m* PO every
4 to 6 weeks) is used primarily for mast cell tumors and lympho-
proliferative disorders.

Streptozotocin

Basic Pharmacology Streptozotocin is a naturally occur-
ring nitrosourea capable of DNA alkylation and inhibition of DNA
synthesis in both bacteria and mammalian cells."”*"** Cellular
uptake of streptozotocin depends on the glucose transporter 2
(GLUT?) transporter and expression of this transporter determines
sensitivity of both insulinoma'* and pancreatic beta cells."*’

Clinical Pharmacology Streptozotocin is rapidly cleared
from the blood following IV administration with reported half-life
of 15 to 40 minutes in humans.'** Streptozotocin has unique activi-
ties for nitrosoureas, including inducing diabetes in animals"*'*
and a lack of any significant bone marrow toxicity."*>"*

Clinical Use Streptozotocin is used to manage malignant
insulinoma. Limited reports of efficacy have appeared in the litera-
ture, although transient normoglycemia occurred in the experience
of these authors."” The drug is dosed at 500 mg/m” as an IV infu-
sion with diuresis to avoid renal toxicity, similar to the protocol for
cisplatin.

Other Alkylating Agents
Dacarbazine

Basic Pharmacology Dacarbazine, or DTIC, is a prodrug
that requires metabolic activation by the hepatic cytochrome P450
system'**'* to the resulting 5-aminoimidazole carboxamide and
the active methylating intermediate methyldiazonium ion.'”
Resulting DNA methylation products are 3-methyl adenine,
7-methyl guanine, and O-6-methyl guanine,”" which are presum-
ably responsible for the cytotoxic activity.

Clinical Pharmacology Dacarbazine has poor oral bio-
availability and is administered intravenously. Use in cats is not
recommended due to a lack of information regarding their ability
to convert the parent drug to the active form. Dacarbazine is exten-
sively metabolized in the liver and excreted in the urine. The major
dose-limiting toxicity is GI toxicity, although occasional severe
myelosuppression can be observed.

Clinical Use In dogs, dacarbazine is used as a component of
protocols for lymphoproliferative diseases in a relapse setting and
historically for melanoma. As a single agent, an IV infusion dose of
800 to 1000 mg/m” every 3 weeks has been used.'* When combined
with other cytotoxics, the dose 0of 600 mg/m*IV hasbeen reported.””

Procarbazine
Basic Pharmacology Procarbazine (PCB), like dacarbazine,
is a prodrug requiring chemical or metabolic alteration for the
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generation of active, toxic metabolites.”*' The mechanism of
action of PCB could involve multiple interactions, including inhibi-
tion of DNA and RNA synthesis, but a predominant role for DNA
methylation to form O-6-methyl guanine seems likely.'*®

Clinical Pharmacology PCB is rapidly and completely
absorbed after oral administration followed by rapid disappearance
of the parent compound and subsequent appearance of metabo-
lites."” PCB and/or metabolites equilibrate rapidly between the
blood and cerebrospinal fluid."” IV delivery has been tested in
humans with the appearance of neurotoxicity not seen with oral
delivery, suggesting that first-pass metabolism associated with oral
dosing significantly alters the spectrum of exposure to parent drug
versus metabolites.'”

Clinical Use PCB is used in multiagent protocols for
lymphoma.'”'” It is dosed at 50 mg/m* PO for 14 days of a 28-day
cycle. Every-other-day dosing is required for some dogs due to the
limitations of available tablet sizes, and reformulation of the avail-
able product is required for small dogs.

Antitumor Antibiotics

The antitumor antibiotics consist of natural products from micro-
bial fermentation including the anthracyclines, mitomycins, and
actinomycins that have yielded clinically useful compounds with
diverse mechanisms of action. Included in the discussion here are
the anthracycline doxorubicin and a synthetic analog of the anthra-
cenediones (mitoxantrone) and actinomycin D.

Doxorubicin

Basic Pharmacology The cellular pharmacology of doxorubi-
cin (DOX) is dominated by its ability to react with a number of
cellular components and a multimodal mechanism of cellular
toxicity. Its activities include DNA intercalation and inhibition of
RNA and DNA polymerases'® and topoisomerase I1,'*" alkylation
of DNA,'® reactive oxygen generation, ' perturbation of cellular
Ca’" homeostasis,'®>'*® inhibition of thioredoxin reductase,'”’ and
interaction with plasma membrane components.'* These processes
are involved in both the antitumor and dose-limiting side effects of
DOX, with their relative contributions still open to some debate.

Clinical Pharmacology Following intravenous dosing, DOX is
extensively distributed to tissues, with binding to cellular DNA'®
and anionic lipids”*”" determining the magnitude of tissue
uptake.'”? The elimination of DOX occurs through renal and biliary
elimination of parent drug, as well as metabolism to doxorubicinol
and the 7-hydroxy aglycone. Metabolism to doxorubicinol is via
side chain reduction mediated by aldo-keto reductases'” and
7-hydroxy aglycone by reductive cleavage of the sugar moiety both
by the liver and extrahepatic tissues.'”* The dose-limiting toxicities
associated with DOX treatment are infusion-rate-dependent
hypersensitivity, myelosuppression, GI toxicity, and a well-
established cumulative dose-related cardiotoxicity."”” In addition,
cats may develop renal tubular damage following repeated dosing.”

Clinical Use DOX is the most active single agent available for a
wide variety of cancers in companion animals. The drug may be used
alone or in combination protocols for lymphoma, osteosarcoma
(OSA), and most mesenchymal and epithelial neoplasms. Conven-
tional dosing regimens are 30 mg/m” slow IV bolus or infusion (10
to 30 minutes) every 3 weeks in dogs larger than 15 kg, 1 mg/kg for
dogs smaller than 15 kg, and for all cats. This nonuniform dosing
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formula reflects the cumulative experience of specialists realizing
that small dogs and cats are often overdosed with DOX using the
BSA prescription base. Unfortunately, a uniform prescription model
has not been developed, and thus dose adjustments should be antici-
pated following the initial DOX administration. The drug is diluted
in saline and administered as a slow bolus or infusion over 10 to 30
minutes. Vigilant observation during the infusion is required to
ensure proper IV delivery. Any concern about catheter placement
should result in replacement using an alternate vein before begin-
ning the infusion. Sedation may be required. If it is suspected that the
drug has been delivered external to the vein, stop the infusion, aspi-
rate remaining product out of the catheter, and remove it. Dexrazox-
ane (Zinecard) is used to reduce cardiac toxicity in humans, and
infusion within a 3-hour period at 10 times the prescribed DOX dose
may be useful for DOX extravasation.””” Additional infusions at 24
and 48 hours may be useful as well. If DOX is being administered, a
source for dexrazoxane should be identified through a local hospital
pharmacy because it is expensive and sometimes difficult to obtain
rapidly. Despite active management, DOX extravasations may pro-
gress to extensive tissue necrosis requiring surgical intervention,
including potential amputation.

Cardiac performance should be carefully evaluated prior to each
DOX infusion to detect any new murmurs, arrhythmias, or pulse
deficits. Routine electrocardiography or echocardiography is not
necessary due to limited sensitivity and specificity of these monitor-
ing procedures for DOX cardiotoxicity in dogs and cats. However,
any abnormalities that develop during treatment should be pursued
with full diagnostic evaluation. Most protocols ostensibly limit the
DOX cumulative dose to 120 to 150 mg/m® (4 to 5 doses) in order
to limit potential toxicity in the general population and particularly
in certain at-risk breeds, such as the Boxer and Doberman Pinscher.
The cumulative dose of DOX may be increased as dictated by the
need for additional treatment, such as in relapsed lymphoma fol-
lowing a formal cardiac evaluation. A complete blood count (CBC)
is recommended prior to each DOX infusion, and in cats, a serum
creatinine and urine specific gravity are recommended to identify
any changes in renal function."”®

Mitoxantrone

Basic Pharmacology Mitoxantrone is a synthetic DOX analog
and maintains similar activity as DOX in terms of DNA intercala-
tion and the inhibition of RNA and DNA polymerases and topoi-
somerase I1.7%179 However, mitoxantrone does not cause oxidative
damage to cells'™ and has a reduced potential to undergo one-
electron reduction and generate reactive oxygen species.'®'

Clinical Pharmacology Following IV administration, mito-
xantrone is extensively distributed to tissues with residual levels
being long lasting. Mitoxantrone is not extensively metabolized and
a fraction of the drug (<30%) is excreted unchanged in the urine
and feces."**"** Dose-limiting toxicities include GI disturbances and
myelosuppression. Cardiotoxicity has not been reported in dogs
and only rarely in humans.

Clinical Use Mitoxantrone (5 to 6 mg/m* IV slow bolus every 3
weeks) is used as a cardiac-sparing anthracycline in dogs that have
reached the cumulative level of DOX or with evidence of cardio-
myopathy and is at risk of further damage with doxorubicin admin-
istration. The clinical indications for mitoxantrone include
lymphoproliferative disorders and, most recently, transitional cell
carcinoma (TCC) of the bladder and urethra.'®

Actinomycin D (Dactinomycin)

Basic Pharmacology Actinomycin D, or dactinomycin
(DACT), consists of two symmetric polypeptide chains attached to
a central phenoxazone ring. DACT has been shown to interact with
double-stranded DNA in multiple ways in a sequence-dependent
manner,"* ¥ and also bind to single-stranded DNA.'® The result-
ing interactions of DACT with both double- and single-stranded
DNA results in a potent inhibition of transcription, thus inhibiting
RNA and protein synthesis.”*"”' DACT is taken up into cells by
passive diffusion,”” and the sensitivity of cells may depend on
uptake and retention'”” with ABCBI playing a role in DACT
efflux.*

Clinical Pharmacology Following IV administration, DACT is
rapidly distributed to tissues and then slowly eliminated from tissues.
Metabolism is minimal with 20% of DACT excreted unchanged in
the urine and 14% in the feces."”” The major dose-limiting toxicities
of DACT are myelosuppression and GI toxicity.'”

Clinical Use Actinomycin D is used in multi-agent protocols for
dogs with lymphoproliferative diseases in the relapse setting or as
a doxorubicin substitute in dogs with cardiac abnormalities. It is
administered IV at 0.5 to 0.75 mg/m® every 3 weeks. There is risk
of perivascular damage following extravasation.

Antimetabolites

The antimetabolites are comprised of agents that inhibit the use of
cellular metabolites in the course of cell growth and division. There-
fore these agents are generally analogs of compounds used in the
normal course of metabolism and in the case of cancer chemothera-
peutics, specifically anabolic processes associated with DNA
replication.

Cytosine Arabinoside (Cytarabine)

Basic Pharmacology Cytosine arabinoside (Ara-C), or cytara-
bine, acts as an analog to deoxycytidine and is phosphorylated in
cells to generate arabinosylcytosine triphosphate (ara-CTP), which
acts as a competitive inhibitor of DNA polymerase ¢.'* Ara-CTP
is also incorporated into DNA, which correlates with cytotoxicity'”’
and thus presumably is the primary mechanism of action. Once
incorporated into DNA, it cannot be excised"”® and inhibits both
the function of the DNA template and subsequent synthesis.'”
Ara-C has also been reported to have a differentiating function in
leukemic cells through decreased c-myc expression.”” Ara-C is
actively transported into tumor cells via nucleoside transporters™'
and is phosphorylated sequentially by deoxycytidine kinase, deoxy-
cytidine monophosphate (dCMP) kinase, and nucleoside diphos-
phate kinase.”

Clinical Pharmacology Ara-C is water-soluble and dosed by
IV infusion or SQ bolus injection. It distributes rapidly in total body
water and crosses into the central nervous system (CNS), reaching
levels 20% to 40% of those observed in the plasma.*”” The primary
mode of metabolism is deamination by the liver and extrahepatic
tissues. Observed dose-limiting toxicities are myelosuppression and
occasionally GI disturbances.

Clinical Use Ara-C is an infrequent component of combination
protocols for leukemias and lymphomas in dogs and cats. It is more
often incorporated into treatment protocols for patients with a
potential for CNS involvement. Ara-C is ideally administered as a



constant rate infusion over a 4 to 5 day period. However, a more
convenient method of administration in dogs and cats is SQ injec-
tion twice daily for 2 consecutive days at 150 mg/m” (total dose =
600 mg/m?). Low-dose SQ Ara-C (50 mg/m” twice daily for 2 days
or 100 mg/m* as a constant rate infusion for 1 day) has been
reported to improve clinical signs in dogs with meningoencephali-
tis of undetermined origin when combined with prednisone.****"
The collective reported data regarding efficacy of Ara-C for this
condition are not sufficient to make a treatment recommendation
at this time to use Ara-C in addition to prednisone. Results of a
recent small study suggest improved responses in dogs with naive
stage V multicentric lymphoma when Ara-C (150 mg/m®/day as a
continuous rate infusion) was infused over 5 days following the first
and second cycle of a conventional cyclophosphamide, hydroxy-
daunorubicin (DOX), vincristine (Oncovin), prednisone (CHOP)-
based protocol compared to the CHOP protocol alone.”” Bone
marrow support with human granulocyte colony-stimulating factor
(G-CSF) and erythropoietin were co-administered with Ara-C, and
patients in this treatment group did not experience increased
adverse events. Further investigation of this protocol is certainly of
interest.

Methotrexate

Basic Pharmacology Methotrexate (MTX) is a folate analog
that inhibits the enzyme dihydrofolate reductase, thus depleting
reduced folate pools required for purine and thymidylate biosyn-
thesis.”” MTX is also converted to polyglutamates that act as direct
inhibitors of folate-dependent enzymes that play a role in de novo
purine and thymidylate synthesis.””**” MTX enters cells via active
transport through the reduced folate carrier."

Clinical Pharmacology The oral bioavailability of MTX is high
at lower doses but becomes variable as doses increase”’; thus it is
usually dosed orally at lower doses and intravenously at higher
doses. The PK of MTX is well understood across species”' and is
dominated by enterohepatic recycling that accounts for the observed
GI side effects at doses that do not cause hematopoietic toxicities.
At higher doses, both GI toxicity and myelosuppression are
observed. MTX does not undergo substantial hepatic metabolism
except when administered at high doses and is primarily excreted
unchanged in the urine.*"

Clinical Use MTX was used in original multiagent protocols for
treatment of lymphoproliferative disorders in dogs and cats. With
the development of other less toxic and more potent agents, MTX
has been eliminated from conventional treatment regimens and is
rarely used in veterinary oncology.

Gemcitabine

Basic Pharmacology Gemcitabine, or 2,2-difluorodeoxy-
cytidine (dFdC), is actively transported into cells by nucleoside
transporters’” and metabolized by phosphorylation to dFdC
monophosphorylated  (dFACMP), dFdC  diphosphorylated
(dFdCDP), and dFdC triphosphorylated (dFdCTP) species.””* The
effect of dFAC treatment on cells is the inhibition of DNA synthesis
through dFdCTP inhibition of DNA polymerase,”* dFdCDP inhi-
bition of ribonucleotide reductase and subsequent depletion of
deoxyribonucleotide pools,”” and dFdCTP incorporation into DNA
leading to strand termination.® The dFdCTP incorporated into
newly synthesized DNA appears resistant to normal DNA repair,”*

and its presence is critical for triggering apoptosis by this agent.”®
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Recent studies suggest that the primary deamination metabolite
of dFdC, difluorodeoxyuridine (dFdU), may also play a role in
cytotoxicity.*'*

Clinical Pharmacology Gemcitabine is dosed intravenously
because oral dosing leads to low systemic exposure®"” presumably
due to extensive first-pass metabolism in the liver through deami-
nation to the dFdU metabolite.”'® The length of the infusion also
seems to be a potentially important variable as longer, constant rate
infusions have been shown to lead to increased intracellular
dFdCTP levels and enhanced response as opposed to shorter infu-
sions.””® The dose-limiting toxicity of dFdC is hematologic in both
humans and dogs.**>**

Clinical Use Gemcitabine use has been reported infrequently in
clinical studies in dogs and cats. Recent reports have used gem-
citabine as a single agent or in combination with other antineoplas-
tic agents or combined with radiation therapy. Dosing regimens
employed in dogs involve either high dose (800 mg/m* IV over
20 to 30 minutes every week for 4 weeks) or low dose (25 to
50 mg/m’ IV once or twice a week per protocol) options, depending
on the use of other cytotoxics in the protocol. Cats have been
treated with low-dose regimens (20 to 25 mg/m” or 2 mg/kg weekly
to biweekly) in combination with full-dose carboplatin or radiation
therapy.”*"*** All reports indicate that bone marrow and GI toxicity
is moderate to significant with high-dose gemcitabine but manage-
able with routine prophylaxis. Results to date with current admin-
istration schedules support only limited, if any, gemcitabine-specific
antitumor activity.?***"**?”

s-Fluorouracil

Basic Pharmacology 5-Fluororacil (5-FU) is a halogenated
analog of uracil that enters cells using a facilitated-transport system
shared by adenine, uracil, and hypoxanthine.””® 5-FU is converted
to active nucleotide forms intracellularly by a series of phosphory-
lase and kinase reactions to yield monophosphate, diphosphate,
and triphosphate forms of both fluorouridine and fluorodeoxyuri-
dine,””**" which are incorporated into RNA and DNA interfering”"
with synthesis and function.”**** The 5-FU metabolite, FAUMBP, is
an inhibitor of thymidylate synthetase leading to depletion of thy-
midine 5" monophosphate and thymidine 5" triphosphate.”* The
alterations in thymidine and deoxyuridine phosphate pools caused
by thymidylate synthetase inhibition, effects on DNA synthesis and
integrity, as well as effects on RNA synthesis and processing, are all
thought to play a role in cytotoxicity induced by 5-FU.

Clinical Pharmacology 5-FU is dosed intravenously and is
extensively metabolized in many tissues by dihydropyrimidine
dehydrogenase to dihydrofluorouracil, which is further catabolized
to a-fluoro-B-alanine, ammonia, and carbon dioxide (CO,).”***’
Approximately 90% of an administered dose is metabolized,
and both 5-FU and its catabolites undergo biliary excretion with
less than 5% of the parent drug renally excreted. 5-FU causes a
dose-dependent myelosuppression, GI toxicity, and neurotoxicity
in dogs. Inadvertent ingestion of a topical 5-FU cream is toxic
and/or fatal.”' 5-FU is contraindicated in cats due to severe CNS
toxicity.

Clinical Use 5-FU is infrequently used for management of epi-
thelial tumors (e.g., hepatic, pancreatic, renal, mammary). The
reported dose is 150 mg/m’ IV weekly. It also may be administered
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topically and intralesionally to dogs, although convincing reports
of efficacy are not available.

Antimicrotubule Agents

The antimicrotubule agents currently used in veterinary medicine
are structurally complex agents belonging to the taxane or vinca
alkaloid classes of compounds. These agents have a mechanism of
action involving interference with the polymerization or depoly-
merization of the microtubules that play critical roles in cell func-
tion and division.

Taxanes (Paclitaxel and Docetaxel)

Basic Pharmacology The clinically used taxanes (paclitaxel and
docetaxel) both act by stabilizing microtubules against depolymer-
ization and thus inhibit reorganization dynamics required for car-
rying out cellular functions.”** This alteration in microtubule
function causes an abnormal organization of spindle microtubules
involved in chromosome segregation during mitosis, leading to
mitotic arrest.”*' Paclitaxel and docetaxel share identical mecha-
nisms of action, with the increased potency of docetaxel*** attribut-
able to an approximately twofold higher affinity for tubulin binding
as compared to paclitaxel.”

Clinical Pharmacology The clinical use of the taxanes is com-
plicated by their poor solubility and the use of excipients, including
Cremophor EL (paclitaxel) and polysorbate 80 (docetaxel) to allow
for IV administration. Both paclitaxel and docetaxel are rapidly
distributed throughout the body and eliminated slowly primarily
by hepatic metabolism and biliary excretion. Renal elimination is
10% or less for both compounds. Toxicities associated with taxanes
include hypersensitivity reactions that are attributable to the Cre-
mophor EL and polysorbate 80 utilized in formulation. Diarrhea
and neutropenia are the major dose-limiting, taxane-specific toxici-
ties observed.

Clinical Use The use of paclitaxel has not been frequently
described in either dogs or cats. This is likely due to the requirement
for significant pretreatment with antihistamines and steroids fol-
lowed by a prolonged infusion with continued monitoring for acute
hypersensitivity. One report documented several responses in dogs
treated with paclitaxel at a dose of 165 mg/m* slow IV infusion
every 3 weeks.'” Hypersensitivity was frequent despite pretreat-
ment, and significant bone marrow toxicity was observed, leading
to the conclusion that the recommended dose for further evalua-
tion is 132 mg/m” as a slow IV infusion every 3 weeks in dogs.
Paclitaxel in cats has been anecdotally used at 80 mg/m* slow IV
infusion every 3 weeks in anecdotal reports with similar need for
pretreatment. As discussed earlier in the section on pharmaceutics,
a water-soluble formulation of paclitaxel (Paccal Vet) is currently
under development for veterinary use, with dose regimens and
safety profiles still to be determined.

Docetaxel has been investigated in dogs and cats. In order to
overcome hypersensitivity reactions, a strategy was developed to
administer oral docetaxel with cyclosporine as an absorption aid.
Docetaxel and cyclosporine compete with ABCBI-mediated excre-
tion mechanisms on the enterocytes, and both are substrates for
CYP3A—the phase I enzymes found in enterocytes and the liver.
This was initially studied in normal beagle dogs, confirming accept-
able docetaxel bioavailability.”* This strategy was subsequently
investigated in phase I studies in dogs and cats with cancer in which
the MTD of docetaxel is 1.63 mg/kg and 1.75 mg/kg PO (by gavage)
every 2 to 3 weeks, respectively, when combined with cyclosporine

(5 mg/kg PO).**>** Although no hypersensitivities were reported,
diarrhea was the dose-limiting adverse event. A recent report of IV
docetaxel in cats indicates that hypersensitivity in cats is less diffi-
cult to manage compared to hypersensitivity in dogs.*” The MTD
for docetaxel in cats is 2.25 mg/kg IV infused over 1 hour with
routine pretreatment (antihistamine, steroids, famotidine). Tumor
response data following oral or IV docetaxel have not been reported
to date.

Vinca Alkaloids (Vinblastine and Vincristine)

The vinca alkaloids as a class of antitumor agents consist of the
naturally occurring vincristine (VCR) and vinblastine (VBL), as
well as a semisynthetic derivative and metabolite of VBL, vindesine
(VDS), and the semisynthetic derivative of VBL, vinorelbine (VRL).
These agents all share a similar mechanism of action; however,
focus will be on VCR and VBL in this section due to their use in
veterinary medicine.

Basic Pharmacology The vinca alkaloids bind to a distinct site
on tubulin*® and inhibit microtubule assembly.”* This inhibition
of microtubule function leads to a disruption in the mitotic spindle
apparatus resulting in metaphase arrest and cytotoxicity.”***' The
vinca alkaloids enter cells by a simple diffusion process. Exposure
time and concentration seem to be important variables in deter-
mining cytotoxicity.

Clinical Pharmacology The vinca alkaloids are administered
by IV infusion, rapidly distribute to tissues, and are slowly elimi-
nated primarily by hepatic metabolism and biliary excretion of
parent drug and metabolites. Urinary excretion of parent drug and
metabolites is relatively low: 10% to 20%. One of the metabolites of
VBL is desacetylvinblastine (vindesine), which is active and has
been identified in dogs.”> VBL and VCR differ in their respective
toxicities with VCR being less myelosuppressive than VBL but
causing more peripheral neurotoxic and GI effects, including sig-
nificant ileus.

Clinical Use Vincristine is used predominantly as a component
in multiagent protocols for dogs and cats with lymphoma. It is also
used as a single agent for dogs with transmissible venereal tumor.
The dose for vincristine is 0.5 to 0.75 mg/m* IV bolus weekly in
both dogs and cats or as defined in the protocol. All vinca alkaloids
are tissue vesicants if delivered extravascularly, although not as
serious as doxorubicin. Extreme care should be taken with the
injection.

Vinblastine is most often used to manage canine mast cell
tumors, either as a single agent or in combination with other agents.
Several dose-schedule variations have been developed in the last 5
years. Vinblastine as a single agent or when appropriately combined
with other cytotoxic agents may be administered at 2.5 mg/m’ IV
every 1 to 2 weeks™ or 3.0 to 3.5 mg/m* IV every 2 to 3 weeks.”

Vinorelbine is a synthetic vinca alkaloid and has been used in
dogs with a variety of tumors at a starting dose of 15 mg/m’ IV over
5 minutes once weekly. There are insufficient numbers of dogs
evaluated to accurately quantify tumor response at this time.”****

Topoisomerase Inhibitors

The topoisomerase inhibitors represent classes of drugs that inhibit
either the type I or type II topoisomerase enzymes that are involved
in the unlinking and unwinding of the DNA strand for replication
and transcription. The major classes of topoisomerase II inhibitors
used in veterinary oncology are the anthracyclines, which have



already been discussed, and the epipodophyllotoxins, of which eto-
poside and teniposide are the clinically relevant members. The
major class of topoisomerase I inhibitors used in human oncology
are the camptothecins, which have found little use so far in veteri-
nary medicine and will not be discussed here.

Epipodophyllotoxins (Etoposide and Teniposide)
Basic Pharmacology Etoposide (VP-16) and teniposide
(VM-26) both inhibit the catalytic activity of topoisomerase IT** by
stabilizing a protein-DNA cleavage complex® that ultimately
results in the generation of single- and double-strand DNA
breaks.”® These compounds enter tumor cells by simple diffusion
across the cell membrane, and increased levels of topoisomerase IT
in proliferating tumor cells increases selectivity.”’

Clinical Pharmacology Etoposide has been evaluated in dogs
both intravenously and orally. Etoposide administered IV is associ-
ated with severe histamine release in dogs associated with the poly-
sorbate 80 vehicle as described previously with the use of IV
docetaxel. Oral dosing has shown low and highly variable bioavail-
ability in dogs, making this route of delivery difficult to use.”®
Etoposide is eliminated following dosing by hepatic metabolism
and renal elimination of both parent drugs (30% to 40% of the dose)
and glucuronide metabolites. The major dose-limiting toxicity of
IV etoposide in the dog is hypersensitivity.**'

Clinical Use Based on the hypersensitivity reactions experienced
in dogs following IV etoposide and the low bioavailability of orally
administered etoposide, it is not recommended for use. Strategies
to overcome the vehicle-induced hypersensitivity by reformulation
or to improve bioavailability are required to continue evaluating
etoposide. No studies have been reported in cats.

Steroids

Prednisone

Basic Pharmacology Prednisone, or prednisolone, is a cortico-
steroid that presumably induces killing of hematopoietic cancer
cells through interaction with the glucocorticoid receptor* and the
induction of apoptosis.*® Mechanisms of apoptosis induction by
corticosteroids in hematologic cancers is still not completely under-
stood, and multiple mechanisms exist whereby tumor cells of
hematopoietic origin resist steroid-induced killing.***

Clinical Pharmacology Prednisone is generally well tolerated
in dogs over short time periods (weeks) when administered on a
tapering schedule to a tolerable baseline dose dependent on the
response of the patient and the cancer. The adrenal-pituitary axis
can become suppressed, with signs of iatrogenic hyperadrenocorti-
cism occurring if prednisone is continued at immunosuppressive
doses.

Clinical Use Prednisone is widely used for management of lym-
phoid malignancies, mast cell tumors, and brain tumors in dogs
and cats. Dogs are often dosed at 2 mg/kg (or 40 mg/m?) PO daily
at the beginning of multiagent protocols for lymphoma and are
weaned off the drug over 3 to 4 weeks. Cats are tolerant of predni-
sone or prednisolone and are maintained at 5 mg PO every 24
hours or twice a day as needed. Prednisone is also used to manage
signs and side effects of chemotherapy-induced toxicity, such as
hypersensitivities or hemorrhagic cystitis. Antiinflammatory doses
are used in dogs (0.5 to 1.0 mg/kg PO once daily and reduced as
indicated by signs).
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Others

Platinum (Carboplatin and Cisplatin)

Basic Pharmacology The activity of platinum-containing anti-
tumor agents is through covalent binding to DNA through dis-
placement reactions resulting in bifunctional lesions and interstrand
or intrastrand cross-links.”” The formation of interstrand cross-
links has been shown to correlate to cytotoxicity,”* presumably by
blocking strand separation required for replication and transcrip-
tion. Reactions with water are an important component of the
pharmacology of cisplatin due to some of the aquatic species poten-
tially crossing cell membranes more rapidly.*”

Clinical Pharmacology Both cisplatin and carboplatin are
administered intravenously. Metabolism of both cisplatin and car-
boplatin occurs primarily through reactions with water and elimi-
nation by binding to plasma and tissue proteins. Urinary elimination
of unbound and bound forms accounts for nearly 50% of the cispla-
tin dose 5 days after administration. Carboplatin is predominantly
excreted in the urine with approximately 65% of the dose recovered
in the urine 24 hours after administration.*” Strong correlations
exist between carboplatin exposure and renal function such that
simple formulas have been derived in both humans*® and cats*”
for dosing calculations based on renal function. The most common
toxicities associated with platinum therapies are vomiting and
myelosuppression. Nephrotoxicity can occur with cisplatin therapy,
and vigorous diuresis is required to avoid or decrease renal
toxicity.

Clinical Use Cisplatin (50 to 70 mg/m*IV infusion administered
with diuresis and antiemetics every 3 weeks) is indicated primarily
for canine OSA. A variety of other tumor types have been reported
to be marginally sensitive to cisplatin. Cisplatin is contraindicated
in cats.

Carboplatin (300 mg/m* IV over 10 to 15 minutes every 3
weeks) is preferred to cisplatin because of the reduced incidence of
nausea/vomiting, the absence of nephrotoxicity, and ease of admin-
istration. Myelosuppression is the dose-limiting toxicity. It is used
for management of OSA in dogs, as well as a variety of sarcomas
and carcinomas. The traditional dose of carboplatin in cats is
240 mg/m’ IV over 10 minutes every 3 weeks.””” It has a reported
indication for sarcomas and carcinomas. As in humans, an indi-
vidualized dose of carboplatin may be calculated based on GFR.”®
This provides a uniform systemic dose exposure in cats that may
have impaired but subclinical renal disease, as well as makes treat-
ment potentially feasible in cats with overt renal disease. Measure-
ment of GFR requires some extra time and expense but increases
the dose intensity and may thus improve response, although no
response data using this dosing strategy have been reported to date.

Hydroxyurea

Basic Pharmacology Hydroxyurea enters cells via passive dif-
fusion””" and is an inhibitor of ribonucleotide reductase’”” resulting
in depletion of deoxyribonucleotide pools.””* This interaction with
ribonucleotide reductase can also lead to the allosteric inhibition
of other enzymes in the DNA precursor synthesis pathway that
make up the replitase complex.””* The magnitude of decrease in
cellular deoxyribonucleotide pools induced by hydroxyurea treat-
ment correlates with inhibition of DNA synthesis observed.*”

Clinical Pharmacology Hydroxyurea is dosed orally and dis-
tributes rapidly to all tissues. Elimination is through hepatic
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metabolism, as well as urinary elimination of the parent compound.
Toxicities associated with hydroxyurea treatment include GI effects,
myelosuppression, onycholysis, and pulmonary fibrosis; cats are
more susceptible to myelosuppressive effects and potentially
methemoglobinemia at higher doses.

Clinical Use Hydroxyurea is used primarily for management of
bone marrow disorders such as polycythemia vera and granulocytic
leukemias. Hydroxyurea is safe to use at 50 to 60 mg/kg orally once
daily initially for several weeks followed by a decreasing dose
adjustment as needed to maintain a low red blood cell count in the
case of polycythemia vera. It has been recently evaluated as an
alternative agent for advanced mast cell tumors in dogs.””

L-Asparaginase

Basic Pharmacology The enzymatic function of L-asparaginase
is the hydrolysis of L-asparagine to L-aspartic acid. This depletion
of circulating L-asparagine leads to inhibition of protein synthesis
in tumor cells lacking -asparagine synthetase, causing induction
of apoptosis.””

Clinical Pharmacology vr-Asparaginase can be dosed subcuta-
neously, intramuscularly, or intraperitoneally, and blood levels of
the protein remain for weeks. Hypersensitivity reactions can lead
to a shorter half-life through enhanced clearance. The toxicities
associated with L-asparaginase treatment are due to either hyper-
sensitivity reactions, which may be accentuated following repeated
exposures, or to decreased protein synthesis from depleted
L-asparagine pools.”® Hypersensitivity may be managed through
pretreatment with antihistamines and dexamethasone, although
owners should be advised to observe the dog for 1 to 4 hours after
treatment for signs of hypersensitivity.

Clinical Use v-Asparaginase (400 IU/kg IM or SQ or 10,000 IU/
m’* IM or SQ) is used exclusively for lymphoproliferative disorders.
In order to avoid development of resistance to L-asparaginase it is
often used only for patients with relapsed lymphoma.

Future Directions in Drug
Therapies for Cancer

Individualized Dosing

Population Pharmacokinetics

The convention for drug dosing is to normalize the dose to the
weight or surface area of the patient. This is done even though there
is often no data to support a relationship between a given drug’s
exposure in the patient and either of these parameters. These con-
ventions are based on the idea that body weight or BSA is related
to drug distribution and/or elimination in a manner that allows for
consistent drug exposure in treated individuals. Dosing in mg/kg
or mg/m’ is a crude attempt at individualized dosing, and for some
drugs, substantial variability is expected. Studies specifically aimed
at determining what demographic characteristics in the patient
population determine variability in drug exposure are termed popu-
lation pharmacokinetic studies.

Molecular Profiling

Tumor Sensitivity

Tumors have traditionally been classified by descriptive character-
istics, such as tissue or organ of origin, histology, aggressiveness,
and extent of spread. That empiric rubric is being challenged, as

molecular classifications made possible by microarrays and other
profiling technologies become increasingly common and persua-
sive.”*** The reductionist program would suggest that eventually
all differences among traditional tumor types will be reduced to
statements about molecules in the tumors and about the interac-
tions among those molecules. Hence it might then be possible to
study physiologic processes in one type of cancer and extrapolate
the results in a predictive manner to another type through com-
monalities in their molecular constitutions. But what if we want
to do the same thing at the pharmacologic level—to extrapolate
and predict drug sensitivity based on molecular characteristics of
the tumor? These types of decisions are already being used in
human medicine at a discrete level for the use of antiestrogens in
estrogen receptor—positive breast cancers,” and the use of select
molecularly targeted agents based on the mutation status of target
molecules.”®*** However, responses to traditional chemotherapy
agents, which still make up the backbone of available therapies
both in human and veterinary medicine, are more complex and
do not generally sort as responders and nonresponders based on
single, or even a few, molecular characteristics. Examples do exist
in which this is the case such as overexpression of ABCBI and the
multidrug resistance phenotype,”™ but generally, a multitude of
genes involved in drug activation, detoxification, DNA repair,
stress responses, and a myriad of other known and unknown path-
ways play a role in determining tumor cell chemosensitivity. There-
fore a mechanism that can evaluate multiple factors in a tumor
indiscriminately and determine whether it is sensitive or insensi-
tive to a given chemotherapeutic agent would be an invaluable
adjunct in determining which drugs to utilize for which individual
tumor.

Prognostic Evaluation

Current clinical practice in both human and veterinary oncology
bases the choice of cytotoxic chemotherapy on descriptive histo-
pathology characteristics. For example, a diagnosis of OSA in a
veterinary patient would lead to the use of adjuvant DOX and/or
a platinum-based drug (carboplatin or cisplatin) following surgical
resection of the tumor. Why are these drugs used? The easy answer
is that studies have shown that dogs receiving either of these
drugs following surgery live significantly longer than dogs receiv-
ing surgery alone.”® Studies in human patients have shown in a
variety of tumor types that in vitro chemosensitivity testing of
tumor biopsies and tailoring therapy can lead to increases in anti-
tumor response.”®*** Therefore basing therapy on an empiric
assessment of drug sensitivity rather than on tumor type alone is
a strategy that can lead to preferred outcomes. Issues with the use
of chemosensitivity assessment in clinical practice are the technical
difficulties associated with tissue procurement and culturing and
measures of drug response. Another approach to predicting the
chemosensitivity of tumors has evolved around gene expression
profiling and informatics.”***" Although much attention has been
focused on recent evidence of research impropriety and improper
validation of predictors used for clinical trials in human lung and
breast cancers®>*” and this has dampened some enthusiasm for
using genomic predictors in chemosensitivity profiling, it should
be noted that extensive review of these data by statisticians™*
and NCI review panels has found that the errors made were in
data handling and consistency in analysis. Thus these unfortunate
events should not be an indictment of “omics” approaches
in making clinical decisions but rather a stark reminder that
correct and careful research approaches and data analysis must be
adhered to.



Novel Combinations

The approval of the first targeted agent for veterinary applications
in the United States (Palladia) has provided access to a multitar-
geted tyrosine kinase inhibitor. Biologic agents, including species-
specific cytokines, peptides, monoclonal antibodies, chimeric
molecules, and targeted toxins will also invariably become more
prevalent as experimental therapies in veterinary medicine. The use
of these novel agents in combination with traditional cytotoxic
chemotherapy will likely follow the development pathway seen in
human oncology, which includes adding these agents to standard
protocols in a disease-specific manner. Thus changes to current
standards of practice and care should be expected as these newer
agents are incorporated and tested.
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