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Abstract: The inception of cancer treatment with chemotherapeutics began in the 1940s with nitrogen
mustards that were initially employed as weapons in World War II. Since then, treatment options
for different malignancies have evolved over the period of last seventy years. Until the late 1990s,
all the chemotherapeutic agents were small molecule chemicals with a highly nonspecific and
severe toxicity spectrum. With the landmark approval of rituximab in 1997, a new horizon has
opened up for numerous therapeutic antibodies in solid and hematological cancers. Although this
transition to large molecules improved the survival and quality of life of cancer patients, this has
also coincided with the change in adverse effect patterns. Typically, the anticancer agents are fraught
with multifarious adverse effects that negatively impact different organs of cancer patients, which
ultimately aggravate their sufferings. In contrast to the small molecules, anticancer antibodies are
more targeted toward cancer signaling pathways and exhibit fewer side effects than traditional small
molecule chemotherapy treatments. Nevertheless, the interference with the immune system triggers
serious inflammation- and infection-related adverse effects. The differences in drug disposition and
interaction with human basal pathways contribute to this paradigm shift in adverse effect profile.
It is critical that healthcare team members gain a thorough insight of the adverse effect differences
between the agents discovered during the last twenty-five years and before. In this review, we
summarized the general mechanisms and adverse effects of small and large molecule anticancer
drugs that would further our understanding on the toxicity patterns of chemotherapeutic regimens.

Keywords: adverse effects; antibody; cytochrome P450; large molecules; small molecules; toxicities

1. Introduction

The term “cancer” is usually associated with negative memories, hardships, and
challenges by the society despite the progress that has been made over the past decades
in treating different types of malignancies. According to the World Health Organization
(WHO), approximately 10 million deaths were reported in 2020 from this debilitating
disease [1]. The National Cancer Institute (NCI) defines cancer as a term for diseases in
which abnormal cells divide without control and can invade nearby tissues (www.cancer.
gov, accessed on 12 June 2021). The term “chemotherapy” is also commonly misunderstood.
Chemotherapy simply means using a chemical as a therapy, rather than total association
with cancer treatment. Oncological drugs are known for their potent adverse effects. It
is important to comprehend these toxicities/adverse effects and why they are caused to
prevent them from happening. Broadly, toxicity refers to the extent to which something
is detrimental. Most of these drugs have very narrow therapeutic windows, making it
difficult to render an effective therapeutic dose without experiencing toxic effects [2].

Earlier anticancer medications have more general mechanisms of actions, which
narrow the therapeutic windows even further. These drugs are usually small molecules
between 200 and 500 Daltons. The newer agents are entirely proteins and therefore are much
larger, being around 150 kilodaltons. They target their sites of actions more specifically,
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carry less side effects, and are mostly administered parenterally and have stark differences
in pharmacokinetics with small molecules. In terms of metabolism, small molecules
are usually metabolized by cytochrome P450 (CYP) enzymes or conjugated, while large
molecules are usually broken down catabolically into peptides or amino acids. When
observing drug–drug interactions, most of the small molecules and their interactions have
been identified and thoroughly studied. Large molecules, also known as biologics, are
relatively new and consequently less studied. The development of drugs that treat cancer
has been a long process in history veering toward larger molecules.

The newer and larger biologic agents represent a brand-new era for medicine and
particularly for oncology. With cancer medications relying largely on cytotoxicity for
benefit, it is encouraging to see that more targeted medications are becoming available.
These medications remain effective at killing the malignant cells but are devoid of the same
level of toxicity. Thee biologics can trigger a host immune system causing immunogenicity
issues [3] and is usually not a problem for the small molecules. The small molecule agents
seem to have much greater variation in their bioavailability due to environmental or genetic
factors. These factors affect the concentration of small molecules much more than large
molecules because small molecules depend primarily on CYP enzymes and other ADME
actions. However, there are new challenges, since almost all the newer agents have a
black box warning or a greater chance of causing an infusion reaction. This has led to
polypharmacy with the prophylactic treatment for infusion reactions with medications
including H1 and H2 receptor antagonists, corticosteroids, and antiemetics. There are also
newer delivery systems for older medications. Similar to many small oncological drug
molecules, paclitaxel has an issue with protein binding. This can lead to an enormous
variability of effect as well as change the effect of other medications. There is now an
albumin bound paclitaxel that lowers this variability, resulting in better outcome for the
patient [4]. However, the major issue with all these innovations is the cost.

Apart from surgery and radiation, chemotherapy is the most common approach in
the treatment of cancer. Although the complete cure with chemotherapy results roughly in
about 5% of cancer patients, it is commonly administered to a significant number of patients
with the appearance of myriad unwanted/adverse effects. These toxicities arise due to the
resistance of tumor cells to chemotherapy and because of the similarity between cancer cells
with normal cells in terms of structure and function [5]. The pattern of toxicities between
small and large molecules is of huge research interest. This review offers an overview of
diverse toxicities of these anticancer drug molecules, and a better understanding of these
toxicities may facilitate future treatment decision in cancer patients.

2. History of Cancer Chemotherapy Drugs

To compare the toxicities of the chemotherapeutics, it is important to recognize the
chronological progress in this field. In 1941, Charles Huggins began the process of hor-
monal therapy by removing testicles of men and administered estrogens to help reduce the
progression of prostate tumors [6]. A few years down the line in 1947, the first antimetabo-
lites were used to help children with acute leukemia to go into temporary remission. Two
years later, the first alkylating agent was used to treat cancer [7]. Next, in 1958, doctors used
a combination therapy of 6-mercaptopurine and methotrexate to achieve partial and com-
plete remissions in the treatment of both children and adults with acute leukemia. This was
evident that administering more than one agent with diverse mechanisms could be helpful
to overcome the resistance and extend remission. However, adverse events became more
prominent since the use of combination therapy. After a year in 1959, cyclophosphamide
exhibited promising results in lymphoid leukemia with less severe thrombocytopenia [8].
In 1962, vincristine was introduced, and it provided complete remissions of childhood
lymphoid leukemia that was resistant to other agents. However, akin to earlier agents,
these remissions were temporary, and a more advanced, drug-resistant leukemia often oc-
curred [9]. In 1978, tamoxifen, a medication originally used as birth control, was approved
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in treating breast cancer. Furthering the development of breast cancer treatment, the first
aromatase inhibitor, Anastrozole, was approved in 1996 [8].

Rituximab, the first large molecule for cancer therapy, was introduced in the 1990s.
At that time, it was indicated for non-Hodgkin lymphoma but later was used for a variety
of cancers [10]. Moving forward in 1998, trastuzumab was introduced in the market to
target the Human Epidermal Growth Factor Receptor (HER2) that is commonly expressed
on the surface of breast cancer cells [11]. In 2001, imatinib was developed to treat chronic
myelogenous leukemia [8]. A decade later in 2011, ipilimumab, a monoclonal antibody,
was approved for metastatic melanoma. This event was followed by the approval of
pembrolizumab in 2014, and this agent was also used for melanoma [12]. As observed, the
timeline of chemotherapeutic drug innovation has long been improving and continues to
today. The classification of oncologic drugs is idiosyncratic and should be analyzed for
toxicity independently. Table 1 highlights the timeline of key anticancer treatment.

Table 1. Timeline of key cancer treatment agents. Compiled from: [13–15].

Year Advancement

1903 Radiation first used to cure patients of basal carcinoma of the skin

1941 Charles Huggins used castration and estrogen therapy to treat prostate cancer

1947 Anti-metabolites were first used

1949 Alkylating agents were first used

1958 First combination therapy was used (6-mercaptopurine and methotrexate)

1978 Tamoxifen approved for birth control

1996 First aromatase inhibitor is approved

1997 First large molecule for cancer treatment rituximab was approved

1998 Trastuzumab was approved

2001 Imatinib is approved

2011 Ipilimumab is approved

2014 Pembrolizumab is approved

3. Highlights of Chemotherapeutic Drugs and Their Adverse Drug Effects

Practically, no anticancer agent is devoid of toxicity. Depending on their mechanism
of action, they are categorized into different classes and subclasses. This section of our
review discusses the adverse effects that are caused by the commonly used anticancer
drugs. Figure 1 illustrates the major anticancer drug classes along with the representative
agents in terms of their general mechanisms of action, and Table 2 displays the prototype
adverse effect(s) of these agents.

Table 2. Mechanistic class, drug, and prototype adverse effect(s) of representative chemotherapeutic
agents. Compiled from: [16–37].

Class Mechanistic Class Drug Main Adverse Effect

Alkylating Agents Nitrogen Mustards Cyclophosphamide Myelosuppression

Antimetabolites Pyrimidine Analogs Fluorouracil Leukopenia

Capecitabine Diarrhea

Antifolates Methotrexate Renal Failure (especially
with cisplatin)

Other Antibiotics Mitomycin Leukopenia

Topoisomerase Inhibitor Camptothecins Irinotecan Diarrhea
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Table 2. Cont.

Class Mechanistic Class Drug Main Adverse Effect

Antitumor Antibiotics Anthracyclines Doxorubicin Cardiac Toxicity

Dactinomycin Cardiac Toxicity

Antimitotic Agents Taxanes/Epothilones Paclitaxel Neutropenia

Vinca Alkaloids Vincristine Leukopenia

Hormonal Agents SERMs Tamoxifen Embolism

Raloxifene Embolism

Antiestrogens Fulvestrant Hot Flashes

Aromatase Inhibitors Anastrozole Hot Flashes

Antiandrogens Enzalutamide Fatigue

Abiraterone Adrenocortical Insufficiency

Apalutamide Fatigue

GnRH Antagonists Abarelix QT Prolongation

Degarelix QT Prolongation

Organoplatinum Complexes Cisplatin Renal Failure

EGFR Antagonists EGFR (ErbB1) Blockers Cetuximab Cardiopulmonary Arrest

HER2 (ErbB2) Blockers
Trastuzumab,

Ado-trastuzumab Emtansine
(Antibody Drug Conjugate)

Cardiomyopathy

Tyrosine Kinase Inhibitors Sunitinib Diarrhea

Afatinib Diarrhea

Gefitinib Diarrhea

Kinase and Signal
Transduction Antagonists CDK 4 and 6 Inhibitor Palbociclib Neutropenia

Anaplastic Lymphoma Kinase
(ALK) Inhibitor Ceritinib GI Toxicity

Janus-Associated Kinases
(JAKs) inhibitor Ruxolitinib Thrombocytopenia

Phosphatidylinositol
3-kinase Inhibitor Idelalisib Hepatic Toxicity

Immune Checkpoint
(CTLA-4/PD-1) Inhibitors Pembrolizumab Pneumonitis
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Figure 1. Classification of major anticancer drugs along with their subclasses. This is a representative
classification based on mechanism of action. The red letters indicate the major anticancer drug classes,
and the black bold letters represent the corresponding examples of drug subclasses.

3.1. Antimetabolites

Antimetabolites are one of the oldest drug classes in oncology, and all the agents
under this class are small molecules. Methotrexate is a prototype folic acid analog in this
class, and one of its major adverse reactions is acute renal failure that can be exacerbated
by a nephrotoxic agent, cisplatin. The concomitant use of methotrexate with other renal-
impairing agents may delay its excretion, which may result in severe myelosuppression [38].
Methotrexate gets precipitated into the renal tubules that result in nephrotoxicity [39].
Neurotoxicity is another potential side effect that develops mainly due to higher dosing
and when administered intravenously [40]. Hepatotoxicity that is commonly seen in renally
impaired patients occurs due to the inhibition of DNA and RNA synthesis in the liver [41].
5-fluorouracil (5-FU) is a prime example of the pyrimidine analog that exerts several
adverse effects including gastrointestinal (GI) issues, leukopenia, thrombocytopenia, and
hemorrhage. However, these toxicities depend on the route of administration and duration
of treatment [42].

3.2. Alkylating Agents

This anticancer drug class also encompasses the small molecules. Cyclophosphamide
is a nitrogen mustard-type alkylating agent that is associated with myelosuppression
as well as neutropenia, anemia, and thrombocytopenia. The reported mechanism of
myelosuppression from cyclophosphamide is related to Nrf2 deficiency that resulted in
diminished antioxidant capacity and drug detoxification [43]. This is important to note that
based on the duration of treatment, cyclophosphamide can cause infertility because of the
inability of the cells to differentiate and replicate [44]. Cisplatin is a prominent platinum-
based agent that carries black box warnings on myelosuppression and nephrotoxicity.
The nephrotoxicity is caused by the accumulation of the drug through organic cation
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transporter 2 and the activation of several pathways such as MAP kinase, p53, and DNase
1 pathways. Moreover, cisplatin may trigger permanent ototoxicity [45]. The cause of this
severe toxicity is not well understood, but the dose-based relationship is evident. Cisplatin
also has a black box warning for nausea and vomiting that may be prevented with the
use of anti-emetic regimens [46,47]. Carboplatin, another platinum-based agent, usually
produces myelosuppression that is characterized by thrombocytopenia, granulocytopenia,
and anemia [48]. Oxaliplatin results in peripheral neuropathy and mild to moderate
vascular pain at the site of injection. The exact reason of vascular pain is not clear; however,
peripheral neuropathy occurs due to the destruction of sensory neurons through the binding
of the drug to the sensory neuron DNA [49].

3.3. Antitumor Antibiotics
3.3.1. Anthracyclines: Doxorubicin

Antitumor antibiotics represent a very important class of old and small molecule
chemotherapeutics, and doxorubicin is a prototypical example of anthracycline subclass.
A trademark toxicity of doxorubicin is cardiomyopathy that is caused by the oxygen free
radicals and lipid peroxidation within the myocardium [50]. Another unique adverse effect
of doxorubicin is DNA damage-induced secondary leukemia, which is also a black box
warning [51]. Moreover, doxorubicin can also produce myelosuppression and blood vessel
damage through extravasation [52].

3.3.2. Topoisomerase I Inhibitor: Camptothecins

Camptothecin, a small molecule topoisomerase I inhibitor, causes DNA damage by
generating torsional strain on DNA. One of the commonly used camptothecins is irinotecan
that has hallmark black box warnings of diarrhea and myelosuppression [53]. Irinotecan
is a prodrug that is cleaved by carboxylesterase to release the active lipophilic metabo-
lite, 7-ethyl-10-hydroxycamptothecin (SN-38). Mechanistically, bacterial ß-glucuronidase
deconjugates SN38-glucuronide (SN38G) to the active form SN38, leading to diarrhea [54].

3.3.3. Anthracenedione: Mitoxantrone

Mitoxantrone, the most common small molecule anthracenedione, causes less car-
diomyopathy by virtue of not forming quinone-type free radicals. The black box warnings
of mitoxantrone include extravasation, neutropenia, and secondary leukemia. Other side
effects include GI and menstrual disorders and the blue discoloration of the urine, which
are dose-related and reversible [55].

3.4. Antimitotic Agents
3.4.1. Vinca Alkaloids

Currently, four major vinca alkaloids are used in practice, and all these are small
molecules: vincristine, vinblastine, vindesine, and vinorelbine. Among these, vincristine
needs to be used intravenously, and some of its major adverse reactions comprise of
leukopenia, thrombocytopenia, and anemia due to the inability of the cells to replicate.
Neurological adverse effects such as peripheral neuropathy are more commonly seen with
this drug than other cancer drugs. Vincristine deregulates axonal transport and damages
nerve axons after binding to microtubules, thereby inducing neuronal death [56]. Since
vinca alkaloids are heavily metabolized by the CYP3A isoforms in the liver, concomitant
CYP3A inducers and inhibitors should be closely monitored or avoided; otherwise, they
can result in either increased toxicity or decreased efficacy of the drugs [57].

3.4.2. Taxanes

The taxanes class consists of small molecules, and paclitaxel is the most common taxane
that carries a black box warning for anaphylaxis because of the infusion, and therefore,
patients should be pretreated with histamines, corticosteroids, and H2 antagonists. Other
adverse effects include neutropenia and peripheral neuropathy [58]. Two other commonly
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used taxanes are docetaxel and cabazitaxel. While docetaxel-treated patients frequently
exhibit febrile neutropenia, infusion reactions, and fluid retention, cabazitaxel treatment is
associated mostly with hematological adverse effects such as neutropenia, leukopenia, and
anemia [59,60]. Cabazitaxel has black box warnings for neutropenia and hypersensitivity
reactions [60]. Paclitaxel and docetaxel are solubilized in cremophor and polysorbate
80 solvents, respectively, and these solvents can generate anaphylatoxins C3a and C5a that
are associated with anaphylaxis [61].

3.5. Hormonal Agents
3.5.1. Androgen Receptor Antagonists

The newest class of medications used exclusively for prostate cancer is the andro-
gen receptor antagonists that inhibit the binding of testosterone and dihydrotestosterone
(DHT) with androgen receptors [62]. An example of this class is a small molecule enzalu-
tamide that produces some common adverse reactions such as fatigue, muscular pain, and
headache [63]. The fatigue and muscle pain could be due to the medication not being as
specific to the prostate as was previously thought. Other side effects include decreased
appetite and hot flushes, which are common among hormonal therapies [62].

3.5.2. CYP17A Inhibitors

CYP17 inhibitors are another widely used drug class in the treatment of prostate
cancer. The small molecule abiraterone is the most common drug in this category, and
hypertension and hypokalemia are hallmark side effects of this agent. Other side effects
include increased triglycerides and liver enzymes [64]. Hypertension arises because of
a decrease in androgen synthesis and an elevated mineral corticoid production, both of
which are linked to CYP17A1 inhibition [65].

3.5.3. Selective Estrogen Receptor Modulators (SERMS)

SERMS that target female hormones are used as breast cancer medications, and the
agents in this drug class are small molecules. Tamoxifen is a common SERM that comes
with a black box warning for uterine malignancies, stroke, and pulmonary embolism. This
is because it mimics estrogen in certain tissues that increases the risk of blood clots and
endometrial cancer. Possible side effects due to the hormonal changes comprise of hot
flushes, vaginal discharge, changes in the lining of the endometrium, and blood clots [66].

3.5.4. Selective Estrogen-Receptor Down Regulators (SERDS)

SERDS are another class of breast cancer drugs. Fulvestrant is the most well-known
small molecule in this class, and its most clinically significant adverse reactions are due
to loss of estrogenic effects, leading to bone pain, hot flushes, nausea, headache, and
anorexia [66].

3.5.5. Aromatase Inhibitors

Aromatase inhibitors are the small molecule hormonal agents that block the aromatase
enzyme, which is responsible for converting androstenedione and testosterone into es-
trone and estradiol, respectively. Anastrozole, a non-steroidal aromatase inhibitor, is not
associated with any black box warning; however, it can still demonstrate a few adverse
reactions such as arthritis, arthralgia, and back pain [67]. These reactions are due to a lack
of estrogen production and hormonal imbalance. When compared with other hormonal
agents, anastrozole is associated with a higher incident of musculoskeletal disorders and
fractures [68].
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3.6. Kinase and Signal Transduction Antagonists
3.6.1. EGFR Antagonists
EGFR (ErbB1) Blocker- Cetuximab

The kinase and signal transduction antagonists that modulate the signaling proteins
and block their action are newer and larger molecules. EGFR (epidermal growth factor
receptor) antagonists are a subclass in this category. Cetuximab is a common biologic
that has the typical black box warnings of infusion reaction and cardiopulmonary arrest.
Dermatologic reaction associated with acne is another common toxicity associated with
cetuximab [69]. This drug promotes an increased expression of cytokines that mediate the
dermal toxicity [70].

HER2 Blocker: Trastuzumab

HER2 is a protein that is overexpressed in breast cancer [71]. Trastuzumab, a biological
large molecule, is an HER2 blocker that carries the black box warning of cardiomyopa-
thy, especially in patients who are concomitantly on anthracycline-containing chemo-
regimens [72]. This causes a decrease in the left ventricular ejection fraction. Similar to most
infused drugs, there is a black box warning for infusion reaction, although trastuzumab’s
infusion correlated with pulmonary toxicity [73]. Trastuzumab elicits cardiotoxicity by
deregulating HER signaling and activating autophagy-inhibitory Erk/mTOR/Ulk 1 signal-
ing cascade. This results in the inability of cardiomyocyte to recycle toxic cellular substrates,
leading to cardiotoxicity [72].

Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors are small molecule medications and therefore can get inside
the cell to inhibit tyrosine kinase. Gefitinib is an important drug in this class that furnishes
mostly mild adverse reactions including a high frequency (>40%) of both diarrhea and rash,
while also displaying a lower frequency of nausea, vomiting, dry skin, and acne [74].

3.6.2. BCR-ABL Inhibitors

The small molecule drugs in this class such as imatinib works by inhibiting the
BCR-ABL tyrosine kinase that is created by the Philadelphia chromosome fusion gene
mutation [75]. When taking this medication, patients can experience edema, rash, mus-
culoskeletal pain, hepatotoxicity, nausea, and vomiting. While hepatotoxicity is related
to the dose and is affected by CYP mediated reactions, the other adverse reactions are
associated with discontinuation of the drug. Imatinib promotes reactive oxygen species
(ROS) formation, damages mitochondria, and reduces glutathione pool in the liver and me-
diates hepatotoxicity [76]. Other agents in this class are dasatinib, nilotinib, and bosutinib.
The warnings associated with these agents include bleeding events, QT prolongation, and
congestive heart failure [77].

3.6.3. RAS/MAP Kinase Pathway

Another class of drugs interfering with the kinase pathway include RAF inhibitors.
Sorafenib, a representative small molecule drug in this class, demonstrates a few adverse
reactions that include bleeding, dermatologic events, diarrhea, and hypertension [78].

3.6.4. CDK4/6 Inhibitor

The next class comprises of the CDK4/6 inhibitors that include palbociclib, ribociclib,
and abemaciclib, all of which are small molecules. Their common adverse reactions are
neutropenia, leukopenia, and infections. Neutropenia is the primary area of concern that
is seen in most patients and should be monitored throughout the treatment. These effects
are a direct cause of not being able to produce white blood cells due to the reduction in
DNA replication [79]. Stomatitis is another side effect seen commonly in patients taking
palbociclib and should be monitored for tolerance [80].
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3.7. Angiogenesis Inhibitors
3.7.1. VEGF Receptor Antibody

VEGF is a proangiogenic factor, and blocking its binding to its receptor inhibits
proliferation, migration, survival, and angiogenesis [81]. Bevacizumab is a biologic or large
molecule that acts against VEGF-A. Black box warnings issued under this drug are GI
perforation and wound-healing complications. Other common side effects include bleeding,
hypertension, and congestive heart failure [82].

3.7.2. VEGF Inhibitors

While VEGF receptor antibodies actively bind to VEGF before it can bind to a VEGF
receptor, other medications can work as decoy receptors. Aflibercept is an example of
this class, and its common side effects include hypertension, dysphonia, proteinuria,
hemorrhage, and increased liver function tests [83]. This medication also had a high
incidence of palmer-plantar erythrodysesthesia, but this could be because it is commonly
used with 5-fluorouracil, which has this side effect [84].

3.8. Proteasome Inhibitors

This class comprises of small molecules that function by inhibiting the chymotrypsin-
like activity of the 26S proteasome in mammals [85]. Bortezomib is a small molecule
proteasome inhibitor with associated adverse reactions such as myelosuppression, pe-
ripheral neuropathy, hematological toxicities, and diarrhea [86]. Peripheral neuropathy is
proposed to occur through mitochondrial dysfunction that generates ROS [87].

3.9. Immunotherapy

Immunotherapy is one of the most interesting types of chemotherapy, which includes
both large and small molecule agents.

3.9.1. Immunomodulatory Small Molecules

While most immunomodulatory drugs currently in use are large molecules, there are
still few older small molecule drugs such as thalidomide, lenalidomide, and pomalidomide.
The most common agent, thalidomide, has a black box warning for extreme embryo–fetal
toxicity [88]. Disruption in angiogenesis is by far the most important mechanism behind this
fetotoxicity [89]. Another black box warning is venous thromboembolic events, and hence,
patients who are at risk are advised to take this drug with anticoagulation therapy [90].

3.9.2. Immune Checkpoint Inhibitors

There are several subclasses of immune checkpoint inhibitors, and they are mainly
biologics or large molecules. The first subclass is the CTLA-4 inhibitor that suppresses
T cells in the beginning of their activation to prevent autoimmunity [91]. Ipilimumab is
a CTLA-4 inhibitor that has a black box warning for severe and fatal immune-mediated
adverse reactions and can happen in any system in the body. These reactions include but
are not limited to enterocolitis, hepatitis, dermatitis, and neuropathy. This follows from its
mechanism of action to unleash a plethora of T cells on the body [92]. Another subclass
includes PD-1 and PD-L1 inhibitors, and pembrolizumab, a popular drug in this class, can
demonstrate the same variety of immune-mediated toxicities as Ipilimumab but does not
have any black box warning [93].

3.9.3. Cluster of Differentiation (CD)-Targeted Monoclonal Antibodies

The drugs in this class are biologics, and rituximab is the most common monoclonal
antibody in this class that targets the CD20 antigen on the surface of B cells, which are
overexpressed in certain cancers [94]. The black box warnings of rituximab encompass fatal
infusion reactions, tumor lysis syndrome, severe mucocutaneous reactions, and multifocal
leukoencephalopathy [95]. It is also worth mentioning that it can cause HBV reactivation,
and prior history of hepatitis virus infection should be considered before therapy [96].
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The next one is alemtuzumab that binds to CD-52 protein on lymphocytes and mediates
their destruction [97]. The drug has the standard infusion black box warning as well as
for pancytopenia. Although the exact mechanism of cytopenia is unknown, it may be
due to the binding of bone marrow cells. Infection with herpes virus is also common
with this agent [98]. The third monoclonal antibody is daratumumab, which binds to
CD-38 overexpressing cells [99]. Although this agent is devoid of any black box warning,
it displayed incidences of infusion reaction, neutropenia, and thrombocytopenia [100].
Elotuzumab is the last drug of this class that binds to natural killer cells through signaling
lymphocytic activation molecule family member 7 (SLAMF7) and binds to CD 16 on the
natural killer cell to help it find and attack the SLAMF7 that are expressed on malignant
cells [101]. There is no black box warning for elotuzumab; however, the common adverse
reactions are infusion reactions, opportunistic infection, and hematological toxicity [102].

3.9.4. Bispecific Monoclonal Antibody

Blinatumomab is a unique monoclonal antibody that binds to CD19 on the surface of
tumor cells and CD3 on the surface of T-cells; thereby, it allows the T-cell to lyse the tumor
cells [103]. This is a biologic that carries black box warnings for fatal infusion reactions and
neurological toxicities Other adverse effects are tumor lysis syndrome, neutropenia, and
liver damage [104].

3.9.5. Antibody–Drug Conjugates

Antibody–drug conjugates are also biologics that are used in both hematological
and solid tumors. The first conjugate is ibritumomab tiuxetan, which binds to the same
CD 20 antigen that rituximab binds to, except it has tiuxetan, which is a chelator for
yttrium 90 (Y-90). Then, Y-90 emits free radicals, which damage the malignant B-cells [105].
This medication has the black box warnings for fatal infusion reactions, prolonged and
severe cytopenia, and severe cutaneous and mucocutaneous reactions [106]. There are
also black box warnings to not exceed 1184 MBq and to not administer to patients with
altered biodistribution [107]. This is understandable considering the radioactive nature
of the medication. The second conjugate is brentuximab vedotin, which by binding to
CD30 allows monomethyl auristatin E (MMAE) to be transported into the tumor cells,
where it acts as a microtubular disruptor that causes the cells to undergo apoptosis [108].
Its black box warning includes progressive multifocal leukoencephalopathy due to a
weakened immune system being attacked by the John Cunningham virus [109]. Other
adverse reactions include infusion reactions, hematological toxicities such as neutropenia,
peripheral neuropathy, infusion-related reactions, and diarrhea [110].

3.9.6. Cytotoxin–Protein Conjugate

Cytotoxin–protein conjugates can be useful when the target of the drug is interleukin
instead of an antigen. Denileukin diftitox is indicated in the treatment of cutaneous T-cell
lymphoma. It has black box warnings for fatal infusion reactions, capillary leak syndrome,
and loss of visual acuity [111].

4. Comparison between Toxicities from the Old (Small Molecules) Drugs and New
(Biologics) Drugs

The oncologic drugs encompass a wide range of toxicities, and each of them has their
own advantages and limitations. A pivotal distinguishing feature between small molecule
drugs and biologics is based on the way they interact with their targets and produce
the outcome after administration. Small molecules can interact with both malignant and
normal cells and hence can produce frequent adverse effects. Basically, these drugs can
obstruct basal physiological functions and initiate lethal complications. Compared to small
molecule drugs, the biologics or large molecules are usually more target-specific, which
leads to more specific binding/interaction with their targets on cell surfaces or intracellular
components. Thus, they result in relatively less nonspecific adverse effects; however, the



Life 2022, 12, 48 11 of 23

adverse effects can still be life threatening. Figure 2 shows the general mechanisms of
action and adverse effects of both types of agents.

Figure 2. General mechanism of action and adverse effects of nonspecific vs. targeted anticancer drugs.

It is important to recognize the common points between small and large molecules and
to distinguish different toxicities such as dermatologic, cardiotoxicities, myelosuppression,
peripheral neuropathy, pulmonary toxicity, and hepatotoxicity. Figure 3 summarizes organ-
based toxicities of the commonly used anticancer agents.

Figure 3. Organ-based adverse effects of anticancer drugs with representative examples.

4.1. Dermatologic Toxicities

When discussing dermatologic adverse reactions, it should be noted that this is not a
major characteristic of oncology drugs in general. However, it is present among certain
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classes. When comparing the relevance of dermatologic adverse effects in newer versus
older drugs, it is more commonly seen in the newer and large molecule drugs such as
panitumumab and cetuximab [112]. However, one class of smaller molecules exhibits
dermatologic reactions as well such as gefitinib, erlotinib, sorafenib, and afatinib [113].
When analyzing the degree of toxicity, the larger molecules panitumumab and cetuximab
had much higher dermatologic toxicities. Panitumumab in its first clinical trial had skin
toxicities in around 89% of patients, and cetuximab also showed rash in 27.85% of patients
in its second clinical trial, erbitux in first-line treatment of recurrent or metastatic head and
neck cancer (EXTREME) [114]. Mechanistically, an elevated expression of cytokines such as
tumor necrosis factor-alpha, interleukin-1 alpha, and interferon-gamma are reported to be
the contributing factors for dermal toxicity [115].

4.2. Cardiotoxicities

Alkylating agents and anthracenediones are known to cause cardiotoxicities [116].
When observing their indications, the only commonality between the older agents is in the
treatment of leukemia [117]. For example, cyclophosphamide, a common nitrogen mustard
alkylating agent, has many cardiotoxicities including myocarditis, myopericarditis, pericar-
dial effusion, arrythmias, and congestive heart failure [118]. Interestingly, mitoxantrone
has a notable cardiotoxicity, and its severity is much worse with a black box warning for
congestive heart failure. Doxorubicin is also reported to cause severe cardiotoxicity. All
these drugs lead to cardiotoxicity through ROS production [119]. Arsenic trioxide is another
agent that produces cardiac complications. Its black box warnings include differentiation
syndrome and cardiac arrhythmia that is caused by prolonged QT interval. The mechanism
of this prolonged QT interval is due to an extended duration of action potential, which
implies that arsenic trioxide has a direct impact on cardiac repolarization [120]. When
turning to newer agents such as the BCR-ABL inhibitors, imatinib also carries precautions
for congestive heart failure [121]. This drug can result in cardiotoxicity through the inhi-
bition of mitochondrial protection pathways. The medications to treat both breast and
prostate cancers carry cardiotoxicity warnings [122]. This is because hormonal regulation
affects cardiovascular health with their ability to produce free radicals that can damage
the myocardium. All the SERMs have a contraindication for patients who have had a
venous thromboembolism [66]. Patients taking an anticoagulant should not take SERMs.
Abiraterone has been shown to cause cardiac failure, grade 3 or 4 in 1.9% of patients in
phase 3 trials and should be used with caution [123]. Hence, cardiotoxicity is predominantly
observed in small molecules where ROS generation plays a critical role.

4.3. Bone Marrow Suppression, Myelosuppression

Bone marrow suppression and myelosuppression are very common in many classes,
both older and newer drugs; however, they differ in severity [124]. Fulvestrant, an SERD
used in the treatment of breast cancer, is reported to cause bone pain. This drug has
100 times more binding affinity than tamoxifen [125]. When comparing it to the similar
class of SERMS, tamoxifen is basically an agonist in bone and is not associated with this
toxicity [126]. In very old drugs such as alkylating agents, both cyclophosphamide and cis-
platin are known to cause myelosuppression [43]. However, cisplatin causes a more severe
toxicity and carries a black box warning [47]. In case of antitumor antibiotics, drugs in both
anthracycline and camptothecin subclasses demonstrate myelosuppression [127]. However,
the myelosuppression in irinotecan is more severe than that in doxorubicin. Although both
are classified as antitumor antibiotics, they differ in their mechanisms of action, and this
could be the reason for the range of effect on the cells. Regarding antimetabolite agents,
methotrexate carries a black box warning for bone marrow suppression because of its effect
on cells in proliferating tissues [128]. When shifting toward newer medications, subclasses
affecting the tyrosine pathway are associated with myelosuppression. These medications
are used to treat leukemia, and therefore, myelosuppression would be a predictable adverse
effect [129]. These subclasses include the BCR-ABL inhibitors such as imatinib and the RAF
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inhibitors including sorafenib. When compared to cytarabine, an older medication used to
treat leukemia, imatinib showed significantly less neutropenia and thrombocytopenia [121].
In fact, older agents carry a higher degree of severity, as they work less specifically.

4.4. Peripheral Neuropathy

A wide variety of oncologic drugs, both newer and older agents, are known to cause pe-
ripheral neuropathy. For example, old agents such as paclitaxel, cisplatin, and doxorubicin
and newer agents such as trastuzumab and bortezomib cause peripheral neuropathy [56].
Paclitaxel causes this adverse reaction by inducing mitotic changes in the cell process [130].
A newer agent, trastuzumab has exhibited peripheral neuritis and neuropathy in over
5% of patients. However, when combined with paclitaxel, the incidence increases by
over 10 times [131]. Peripheral neurotoxicity has also been reported with doxorubicin;
however, it is not due to its mechanism, rather its route of administration when given
intra-arterially [132]. It is important to understand that although different classes may carry
similar toxicities, they all work differently and can be affected by route, mechanism, dose,
and many other factors. Overall, mitochondrial dysfunction as well as mitotoxicity and
oxidative stress contribute to this peripheral neuropathy [56].

4.5. Pulmonary Toxicities

With older agents such as tamoxifen, there is a black box warning for pulmonary
embolism because of its ability to mimic estrogen in certain tissues, causing an increased
risk of blood clots [133]. Bleomycin and methotrexate produce interstitial infiltrates and
cyclophosphamide generates alveolar damage [134]. In newer drugs, the most known class
for causing pulmonary toxicities includes the EGFR antagonists. Cetuximab is reported to
cause cardiopulmonary arrest, particularly when given with cisplatin, which is a much older
agent [135]. This reaction is caused by an electrolyte imbalance. Trastuzumab also carries
the risk of pulmonary toxicities resulting from infusion [16,72,131]. All these agents cause
either alveolar damage, pulmonary hemorrhage, or hypersensitivity pneumonitis [134].

4.6. Hepatotoxicity

Hepatotoxicity is a very important adverse reaction because the liver is primarily
responsible for the metabolism and drug interactions. Without a functionable liver, a
patient’s treatment options get decreased, and as such, it is imperative to monitor the drugs
causing hepatotoxicity [136]. Methotrexate, the most common antimetabolite, has been
reported to cause hepatotoxicity by activating the inflammatory pathways and cytokines
and ROS production. Doxorubicin-induced membrane lipid peroxidation and disrupted
mitochondrial energy metabolism can also result in liver damage [41]. In contrast to this old
generation drug, newer monoclonal antibodies also have warnings for hepatotoxicity. For
example, in clinical studies involving elotuzumab, there were elevated LFT’s within three
times the upper normal limits in 7.6% of patients. However, unlike the fatal relationship
shown in methotrexate, six out of eight patients on elotuzumab were able to resolve the
liver toxicity and continue with treatment, and only one patient had LFTs over three times
the upper normal limit [82]. Falling under the same general class, the bispecific monoclonal
antibody blinatumomab is also associated with liver toxicities. Elevation in liver enzymes
occurred in around 6% of patients, and only 1% of patients had to discontinue treatment be-
cause of this reaction [137]. Another class that is known for causing liver problems includes
BCR-ABL inhibitors. Imatinib showed fatal hepatotoxicity as well as severe reactions [138].
Broadly, ROS production, lipid peroxidation, expression of pro-inflammatory genes, and
immune cell hyperactivation are linked to drug-induced hepatotoxicity.

4.7. Nephrotoxicity

Nephrotoxicity is another vital adverse reaction, since a significant number of patients
receiving chemotherapy demonstrate compromised renal function. Furthermore, many of
these patients already have underlying renal abnormalities that may worsen and complicate
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treatment outcome. Hence, it is critical to make dose adjustments and carefully monitor
the renally compromised patients. Small molecules such as methotrexate results in acute
renal failure due to the precipitation of the agent as well as 7-hydroxymethotrexate into
the renal tubules. The concomitant use of methotrexate with other nephrotoxic agents
such as cisplatin may disrupt their excretion, leading to the development of severe myelo-
suppression [38]. Cisplatin itself is a strong nephrotoxic that elicits damage to the loop of
Henle, s3 segment of proximal tubule, and distal tubules. The activation of MAP kinase,
p53, and DNase 1 pathways along with an increase in tumor necrosis factor α (TNFα)
facilitates cisplatin-induced nephrotoxicity [39]. Cyclophosphamide produces hemorrhagic
cystitis that is closely linked to hyponatremia. Biologics such as bevacizumab and cetux-
imab were also reported to cause nephrotoxicity. Bevacizumab can produce proteinuria
through immune complex-mediated focal glomerulonephritis, and cetuximab can result in
hypomagnesemia by deactivating the TRPM6 magnesium channel. Essentially, both small
molecules and biologics affect the vasculature and glomerular perfusion of the nephron
that impairs renal excretion and thereby results in nephrotoxicity [139].

5. CYP/Transporter in Chemotherapy Toxicities

There is a significant difference between the way the small and large molecules are
processed by patients. Transporter proteins are involved in moving the small molecule
anticancer drugs across the membrane, but large molecule antibodies are independent
of transports as they are intravenously administered. Since transporters are strategically
located in the key locations of major ADME organs intestine, renal, and hepatic epithelial,
and in other anticancer drug targets such as brain and lung, these protein influence both the
pharmacokinetics and pharmacodynamics of small molecular anticancer drugs [140]. The
efflux (e.g., P-gp) and uptake (e.g., OCT) transporters have an opposing role in influencing
toxicity from anticancer drugs [141]. Co-administered drugs with anticancer drugs such
as azole antifungals, ritonavir, and cyclosporine can inhibitor P-gp and increase plasma
concentration [142]. Several anticancer drugs are substrate of efflux transports; examples
include vincristine, doxorubicin, and taxanes [143]. These transporters can cause resistance
due to their ability to remove the drug from the cancerous cells or tumor. Inducers of P-gp
such as rifampin and St. John’s wort have the ability to increase the efflux capability of the
anticancer drugs, leading to suboptimal drug levels in the tumors or cancer cells [142]. In
general, even without the presence of any inducers, P-gp protein levels are overexpressed in
cancerous conditions, especially in the resistance or metastasis stage [143]. However, inhi-
bition of the efflux transporters opens up the opportunity to increase plasma concentration
above minimum toxic concentrations.

Similarly, the metabolism of small molecules involves both phase 1 and phase 2
metabolism processes, whereas large molecules are usually metabolized into smaller pep-
tides and amino acids by non-CYP processes [144]. CYP enzymes are a superfamily of
enzymes involved in the phase I metabolism of small molecule anticancer drugs [145]. CYP
inhibitors and inducers can cause substantial changes in the concentrations of these small
molecules, which in turn can raise a therapeutic dose into the toxic range or push a thera-
peutic dose into a subtherapeutic range. A common antifungal class used for prophylaxis in
many chemotherapeutic regimens is azole antifungals. These antifungal agents are potent
CYP inhibitors that inhibit CYP2C9 and CYP3A4 [146]. As shown in Table 3, many of the
small molecules are metabolized by CYP3A4. Thus, many of these medications can reach
toxic doses when co-administered with an azole antifungal [147]. On the contrary, CYP
inducers can accelerate the excretion of small molecules and thus cause sub-therapeutic
plasma and/or cellular concentration of anticancer drugs [148]. In several instances, the
anticancer drug dose needs to be recalculated if the patient is taking an azole antifungal;
however, the amount of inhibition can vary from person to person depending on the diet,
age, and health status.



Life 2022, 12, 48 15 of 23

Table 3. Representative small molecule chemotherapeutic agents as the substrates of cytochrome
P450 enzymes and transporters. Compiled from: [142,145,146,149–151].

Oncology Drug CYP Substrate Induction Inhibition Transporter

Cyclophosphamide CYP2B6, CYP3A4,
CYP2D6 CYP3A4 N/A

Cytarabine CYP3A4 CYP3A4

Doxorubicin CYP2D6, CYP3A4 N/A CYP2D6 P-gp, OCT6

Irinotecan CYP3A4 CYP3A4 P-gp, OCT3

Vincristine CYP3A4 CYP2D6 P-gp, OATP1B1

Vinblastine CYP3A4 CYP2D6 P-gp, OATP1B1

Paclitaxel CYP2C8, CYP3A4 CYP3A4 P-gp, OATP1B1

Docetaxel CYP3A4 P-gp, OATP1B3

Enzalutamide CYP2C8, CYP3A4 CYP2C19, CYP2C9,
CYP3A4

Abiraterone CYP3A4 CYP2C8, CYP2D6,
CYP3A4

Tamoxifen CYP2D6,
CYP3A4, CYP2C9 CYP3A4

Anastrozole CYP3A CYP1A2, CYP2C8,
CYP2C9, CYP3A4

Letrozole CYP2A6, CYP3A4 CYP2A6, CYP2C19

Gefitinib CYP3A4 CYP2C19, CYP2D6 P-gp, BCRP,
OATP1B3

Erlotinib CYP3A4, CYP1A2 P-gp, BCRP, OAT3

Imatinib mesylate CYP3A4 CYP2C9, CYP2D6,
CYP3A4 P-gp, BCRP, OCT1

Gefitinib CYP3A4 CYP2C19, CYP2D6

Nilotinib CYP3A4 CYP2C8, CYP2C9,
CYP2D6

Pazopanib CYP3A4 CYP3A4, CYP2D6 OATP1B1

Vemurafenib CYP3A4 CYP1A2

6. Role of Pharmacogenomics in Differential Toxic Effects

Genetic differences in ADME genes can significantly contribute toward the interindi-
vidual differences in toxic effects of anticancer drugs. Since ADME proteins (e.g., trans-
porters, CYPs, carbonyl reductases, UGTs) are more relevant to the disposition of small
molecule anticancer drugs, the genetic changes have pronounced effects on the transport
and metabolism of small molecule anticancer drugs [152]. Germline variants are respon-
sible for ADME-related pharmacogenomics of anticancer drugs. Since oncologic drugs
typically have narrow therapeutic windows, a slight genetic variation between patients
can mean life or death for these patients. For small molecules, most of the emphasis is
placed on CYP and UGT enzymes, transferases, and transport proteins [153]. CYP enzymes
and transferases metabolize medications and prepare them for excretion. Different CYP
enzymes that break down medications were highlighted in the last section. There are
many genetic polymorphisms that cause CYP enzymes to work either more effectively or
in most cases less effectively. The most common CYP enzyme that is involved in small
molecule metabolism is CYP3A4 [149]. It has been previously observed that genetic poly-
morphisms such as the single nucleotide polymorphism CYP3A4*22 account for up to
88% of individual variation of CYP3A4 metabolism [154]. If patients with one of these
polymorphisms on the CYP3A4 gene have a medication that is a substrate of CYP3A4, they
will not efficiently metabolize that medication. Drugs such as doxorubicin can be lethal if
the genetic polymorphism in carbonyl reductase is not detected. CYP3A4*1B occurs in 2–9%
of white males and in even higher numbers in African Americans. The *4 variation in the
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CYP2D6 allele also causes changes in breast cancer treatment through lowering tamoxifen
efficacy [155]. 5-Flurouracil is another drug that is highly susceptible by genetic variations.
Individuals with the *2 polymorphism on their dihydropyrimidine dehydrogenase gene
can experience elevated toxicity due to their inability to break down 5-Flurouracil [156].

Transporter proteins allow the medication to get in and out of tissues. In cancer, P-gp
is the primary transporter that has caused several therapeutic challenges. This protein is
also known as the Multi-Drug Resistance Protein or MRP1. It is because it pumps the drug
out of the tumor cells before the drug can work [157]. These proteins can be overexpressed
during oncological drug therapy and can cause tolerance and resistance to the drug therapy.
If patients are already predisposed because of their genetics to having a higher level of
P-gp, then it can cause a treatment to become ineffective. There are also influx transporters
that are involved in drug toxicities [158]. The organic cation transporter 2 (OCT2) causes
nephrotoxicity in patients that are treated with cisplatin. If this transporter is overexpressed
due to genetic factors, then it can cause excess toxicity. Wilson et al. (2017) established
several polymorphisms causing a change of expression for South African Tribes [159]. Some
polymorphisms led to small changes in OCT2 expression, but some led to large changes.
These changes, both increasing and decreasing the OCT2 expression, could be significant
for patients receiving cisplatin therapy and their resulting nephrotoxicity [46]. For large
molecules, there is a lot of new research determining which genetic predispositions can
affect patient treatment.

7. Summary

In recent times, the pharmaceutical and biomedical research community is focusing
more on the biologics considering the greater specificity of the molecules. The primary
targets of the biologics are secreted or cell surface proteins. Therefore, proteomics could
be helpful to identify novel targets for these molecules and concomitantly demonstrate
fewer adverse effects [160]. Lately, ligandomics has emerged as another unique strategy
that can discover malignancy-related novel ligands as therapeutic targets and ultimately
generate less toxic biologics [161]. The genomics techniques are already contributing to the
sequencing of the genome of interest to characterize the mutational landscapes of cancer
patients. Moreover, metabolomics is another fresh avenue that can detect and quantify novel
oncometabolites that may serve as important biomarkers in different types of cancers [162].
All these OMICS studies may pave a way to better understand the pathophysiology of
cancer and develop novel anticancer chemotherapeutics that are devoid of major life-
threatening toxicities.

This review is intended to compare the toxicities between large and small anticancer
drug molecules. A limitation of this review is that cost was not a factor of analysis in
determining whether the benefits outweigh the risks of toxicity associated with the med-
ications. From a toxicity standpoint, it seems that the newer agents produce less severe
toxicities and therefore should be given priority over the old agents. Another area of
difficulty is that newer medications have less post market trials than older agents, and less
long-term effects are known due to their recent arrival to the market. All in all, the small
molecules have a greater variability due to their pharmacokinetic properties. These medi-
cations, because of their narrow therapeutic window, are sensitive to minor fluctuations in
their concentrations.

A complete understanding of toxicity/adverse effects of anticancer drugs, whether
old or new, is crucial to design a more effective drug combination. This is also relevant to
construe the toxicological profile of new chemical entities. Usually, these drugs are assessed
at the maximum tolerated dose levels where the adverse effects of these compounds are a
frequent manifestation of their mechanisms of action as well as their impact on growing
non-cancerous cells such as stem cells, hair follicle cells, GI epithelial cells, etc. So far,
the evidence suggests that large molecules may not be as unpredictable in their active
drug concentration levels and therefore could be much safer in therapy. Even with all the
excitement about large molecules and new mechanisms of action, drugs are still being
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developed with old mechanisms of action. There are pros and cons to every large paradigm
shift in medication from vaccination to the first cancer treatments; however, this could be a
golden age for reducing adverse effects in cancer patients due to these large molecules.
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