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Rationale for the design of combination
therapies that are active in T-cell
lymphomas?

The lymphomas are the most
diverse group of diseases within
any single class of malignancy.

More than thirty different clinico-
pathologic diseases have been identi-
fied and classified. Such a variety of dis-
eases of the lymphoid system likely are
the result of the unique etiology of
each individual tumor type. On the
basis of function, T-cells and B-cells
have distinctly different functions, and
undoubtedly activate genes to drive the
different specialized pathways to
achieve these purposes. Factors that
clearly have a role in lymphomagenesis
include illegitimate gene recombina-
tion, infection by oncogenic viruses,
impaired host immunity, and persist-
ent proliferation driven by inflamma-
tion. Indeed, major subtypes of lym-
phomas have now been identified with
unique gene expression profiles. Each
of these factors, and other more spe-
cialize characteristics, directly and
uniquely affect the response of these
cancers to therapies. As more is known
of the etiology and underlying defects
of each disease, of the unique molecu-
lar signatures of genes expressed and
pathways that are involved, therapies
will be developed that are increasingly
more individualized toward such
tumor-specific characteristics.
Nevertheless, as inevitable as this out-

come is, the reality that we do not yet
have adequate knowledge about the
essential driving characteristics of this
family of diseases. Obtaining adequate
understanding to support and guide
the development of disease-specific
therapeutic strategies will require sub-
stantial efforts. Although these endeav-
ors are ongoing, we would do well to
take advantage of existing leads to
develop mechanism-based hypotheses
for the design of trials that will put our
postulates to the test in the clinic. In
this respect, this article will examine
the molecular actions of some estab-

lished therapeutic approaches to the
current treatment of lymphomas as
well as emerging strategies. The for-
mer will address classes of agents such
as alkylating agents, platinum deriva-
tives, and topoisomerase II inhibitors
that alter the structure of DNA or
frankly damage DNA to an extent that
induces excisionDNA repair processes.
The latter will be represented by the
nucleoside analogues gemcitabine,
nelarabine and clofarabine, which are
relatively new to the treatment of lym-
phoma. The goal of this discussion is
consider combinations of these agents
with regard to their mechanisms of
action, and the responses elicited from
the tumor with respect their suscepti-
bility to inhibition of DNA repair, with
a view toward the development of new
therapeutic strategies.

New Nucleoside Analogues
While fludarabine has substantial

activity in B-cell malignancies, includ-
ing in combinations with other agents
in lymphomas, it has not been effective
in T-cell diseases. However, early results
indicate that other nucleoside ana-
logues have activities as single agents
in T-cell malignancies. For instance, as
preclinical studies indicated that
nelarabine could be selectively toxic to
T-cells, these patients were preferential-
ly recruited for participation in early
trials. Results of a phase I trial demon-
strated impressive activity in both adult
and pediatric T-lymphoblastic lym-
phoma (Kurtzberg, 2005). Recently, a
phase II trial of pediatric patients with
T-cell diseases demonstrated activity in
T-cell lymphomas (Berg, 2005). The
results of nelarabine treatment of adult
patients with peripheral T-cell lym-
phoma indicated promising activity an
phase II trials (Goy, 2003; Thompson,
2005). Although gemcitabine has be
used mainly for treatment of solid
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tumors, two recent studies in of gemcitabine
patients with CTCL have generated promising
results (Marchi, 2005; Duvic, 2006). As with
nelarabine, clofarabine has recently been
approved for use against pediatric acute lympho-
cytic leukemias. Although reports of the evalua-
tion of clofarabine in T-cell malignancies are
presently lacking, it has an action mechanism
similar to nelarabine and gemcitabine, and the
active triphosphatemetabolites of all three nucle-
oside analogues are long lived in leukemia cells
(Plunkett, 1996; Gandhi, 2006).

DNA damaging agents
Alkylating agents, and platinum derivatives

have clinical activity against a wide variety of
hematopoietic neoplasms, some solid tumors,
and in the context of bone marrow transplanta-
tion. The cytotoxicity of these agents is thought
to be due to adducts formed on DNA that cause
difficulties for the cell to conduct DNA replica-
tion and transcription activities. Generally, the
interstrand cross-links, which are theminor com-
ponent of the adducts, are associated with ther-
apeutic activity (Chaney, 1996). Nevertheless, it
is likely that monoadducts may also be of thera-
peutic value. When adducts are formed onDNA,
cells respond by activating one or several DNA
repair processes that include a step that excises
the damaged nucleotides. These include base
excision repair, which generally replaces a single
damaged nucleotide, although as many as eight
adjacent nucleotides may be removed. Subse-
quently the gap is filled by DNA polymerase, and
sealed by DNA ligase. Generally this mechanism
is activated to repair relatively small alkyl groups
that result from the actions of triazine com-
pounds that are frequently used in lymphoma
therapy, dacarbazine and procarbazine.
Larger DNA adducts, such as those generated

by nitrogen mustards (mustargen) and chloro-
ethylnitrosoureas (cyclophosphamide, chloram-
bucil, BCNU, busulfan) and platinum derivatives
(cisplatin, carboplatin, oxaliplatin) are repaired
by the nucleotide excision repair mechanism.
Adducts caused by UV light are also removed by
this treatment. Following recognition and endo-
nucleolytic incision on either side of the lesion,
a single strand of 27 to 29 nucleotides is removed
intact. Thereafter, a replicative DNA polymerase
(delta or epsilon) re-synthesizes the DNA in the
gap, andDNA ligase completes the process. Gen-
erally speaking, this is a widely prevalent process,
particularly in lymphoid tissues, and is highly effi-
cient.

These same agents may be bi-functional, that is
they are capable of making adducts to two sepa-
rate nucleophiles. Practically, this means that
they are capable of forming crosslinks within or
betweenDNA strands, or betweenDNA and RNA
or protein. Interstrand crosslinks in DNA are
thought to be potentially lethal lesions, as they
block essential functions such as DNA replica-
tion and interfere with RNA transcription.
Although less well characterized then other dam-
age repair mechanisms, DNA interstrand cross-
links are thought to be repaired by a combina-
tion of nucleotide excision repair and recombi-
nation events.

Activation of cell death signaling pathways in
response to inhibition of DNA repair processes
Lymphoid tissues are known to be capable of

highly efficient repair of damaged DNA. Our
work investigated a mechanistic basis for com-
bining agents that damage DNA and thereby ini-
tiate excision DNA repair processes with a
nucleotide analog that could inhibit this action.
This strategy, using UVC (Sandoval, 1996), cis-
platin (Li, 1997, 2000), or cyclophosphamide (4-
hydroxycyclophosphamide) (Yamauchi, 2001,
2002) to induce excision DNA repair and sever-
al nucleotide analogs to block these processes,
was synergistically cytotoxic to cells in culture.
When translated into clinical trials as the fludara-
bine and cytoxan combination, this treatment
produced responses including complete remis-
sions in patients with advanced CLL who had
failed prior therapy with each agent (O’Brien,
2001). Further, this treatment extended event-
free survival by nearly 50% in previously untreat-
ed CLL (Wierda, 2005). These clinical results
supported the hypothesis that the combination
was acting by a mechanism that was different
from those activated by nucleosides or alkylating
agents administered alone.
Recent work has been directed at understand-

ing how cells sense and respond to inhibition of
DNA repair (Rao, 2003). Investigations in mod-
el systems using quiescent human lymphocytes
demonstrated that non-toxic UVC irradiation (2
J/m2 UVC) initiated nucleotide excision repair.
Incubation with fludarabine nucleoside was also
not toxic, but when the two agents were com-
bined, there was greater than additive apoptosis
after 24 hr. Blocking the incorporation of flu-
darabine nucleotide into repairing DNA using
with aphidicolin lowered the apoptotic response
to the low level observed with aphidicolin and
UV. Phosphorylation of p53 and p53 protein
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accumulation were detected 2 hr after combina-
tion treatment. Importantly, Fas and Fas ligand
mRNA expression and protein levels increased
significantly after repair inhibition. Neutralizing
antibodies against Fas or Fas ligand significantly
reduced apoptosis. Caspase-8 was activated by the
combination. These results suggest that inhibi-
tion of excision DNA repair by a nucleoside ana-
logue is critical for cytotoxicity, and that induc-
tion of apoptosis may be conducted by a p53-
mediated signaling mechanism to the Fas death
pathway.
These investigations have been extended to pri-

mary CLL lymphocytes, which respond to DNA
alkylation by excision repair, with the extent of
repair increasing as the cells acquire resistance to
alkylating agents. Because incorporation of
nucleotide analogues into the repair patches elic-
its death signals in quiescent cells, the increased
capacity for excision repair in alkylator-resistant
cells could facilitate incorporation of nucleotide
analogues. It was hypothesized that the mecha-
nism-based interaction of nucleoside analogues
with alkylating agents could elicit greater than
additive killing of CLL cells (Yamauchi, 2001).
Lymphocytes from patients with CLL that were
not refractory to alkylators were treated in vitro
with cyclophosphamide pro-drug 4-hydroperox-
ycyclophosphamide (4-HC) with or without pri-
or incubation with fludarabine nucleoside or clo-
farabine. CLL lymphocytes promptly initiated
and completed excision repair in response to 4-
HC. A pre-incubation with either nucleoside ana-
logue inhibited the repair initiated by 4-HC.
Combining 4-HC with either nucleoside pro-
duced more than additive apoptotic cell death
than the sum of each alone. The increase in cyto-
toxicity was proportional to the initial magnitude
of the DNA incision and to the extent of repair
inhibition by the nucleoside analogues, suggest-
ing close correlation between the repair inhibi-
tion and induction of cell death. These results
indicate that DNA repair, which is active in CLL
lymphocytes, may be a biologic target for facilitat-
ing the incorporation of nucleoside analogues
and increasing their cytotoxicity. Thus, the
increased repair capacity associated with resist-
ant disease may be manipulated to therapeutic
advantage in T-cell malignancies as well.
Oxaliplatin and nucleoside analogues have dif-

ferent but potentially complementary mecha-
nisms of action. We hypothesized that potentia-
tion of oxaliplatin toxicity by nucleoside ana-
logues maybe due to the inhibition of the DNA
excision repair pathways activated by oxaliplatin
adducts. To test this, the cytotoxic interactions

between the oxaliplatin and fludarabine, clofara-
bine and cytarabine were investigated in normal
and CLL lymphocytes (Moufarij, 2006). In each
population, the combination resulted in greater
than additive killing. Analysis of oxaliplatin dam-
age revealed thatnucleosides enhanced accumu-
lation of interstrand crosslinks in specific regions
of the genome in both populations, but to a less-
er extent in normal lymphocytes. The action of
nucleosides on the removal of oxaliplatin
crosslinks was explored to investigate the mech-
anism by which oxaliplatin toxicity was increased.
Lymphocytes from CLL patients have a greater
capacity for crosslink unhooking compared to
normal lymphocytes. In the presence of the
nucleosides, the extent of repair was significant-
ly reduced in both populations, more so in CLL.
These findings support a role of nucleoside ana-
logue-mediatedDNA repair inhibition as amech-
anism critical for the cytotoxic synergy of the two
drugs.
In conclusion, clinical results of single agent

studies with newer nucleoside analogues indicate
promising activities in T-cell malignancies. The
challenge now is to combine these agents with
other drugs to which these diseases respond.
Themechanism-based interactions of nucleoside
analogs with DNA damaging agents that initiate
excision DNA repair processes would generate a
new mechanism of action, one that perhaps pri-
or treatment has not generated resistance. The
agents are at hand to test this rationale for the
rationale design of combination therapies in T-
cell malignancies.
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