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AIDS,2 caused by infection with the T-cell-lymphotropic

retrovirus known as HIV, was recognized more than a decade
ago and has become a global pandemic since that time. Since
its recognition, the disease has had a close association with an
interesting spectrum of cancers. This association is not unex
pected and indeed was presaged by malignancies linked to other
severe immunodeficiency disorders such as ataxia-telangi-
ectasia, Wiskott-Aldrich syndrome, and the immunocompro-

mised state that results from organ transplantation (and the
iatrogenic immunosuppression used in transplantation). In the
setting of AIDS, there are multiple factors that can promote or
permit the emergence of cancer, namely, the chronic and pro
found defects in both cellular and humoral mechanisms of
immune surveillance, B-cell stimulation, and possibly the pres
ence of additional viruses that may act directly or indirectly as
cofactors to induce malignant transformation. Further, the
types of malignancies and their incidence rates are increasing
as the development of effective antiretroviral therapies and
prophylaxis against opportunistic infections leads to prolonged
survival in the immunodeficient state for AIDS patients.
Changing Demographics of Non-Hodgkin's Lymphoma

Even before AIDS, NHL have been a growing problem. The
incidence of non-Hodgkin's lymphoma in both men and women

in the United States and in other countries has been steadily
rising over the last 20 years and is still largely unexplained.
This increase in NHL has not been accompanied by an increased
incidence of Hodgkin's disease. In the United States, there has

been a roughly 50% increase in incidence and a 22% increase
in the death rate of NHL since the early 1970s (1). In fact,
there are approximately 38,000 cases of NHL per year in the
United States alone, so that this disease entity can no longer be
considered minor or rare.

In more recent years, a significant proportion of this increase
reflects the emergence of lymphomas associated with AIDS (2-
4). The Surveillance, Epidemiology, and End Results Program
of the National Cancer Institute has been able to track the
unexpected increase in incidence of specific types of NHL. The
connection between AIDS and NHL was first reported in 1982.
Beginning in 1983, a sharp rise in the numbers of NHL has
been detected exclusively for men ages 20-54 years (Fig. 1). In
an analysis of almost 100,000 unselected AIDS patients span
ning 1981-1989, approximately 3% had NHL, a 60-fold in
crease relative to that expected for the general population (5).
Further, in an autopsy series of 101 AIDS patients during
1981-1987, lymphomas were detected in 20, 5 of which were
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located in the brain and 8 of which (including 4 of the brain
tumors) were detected only at autopsy (6). These observations
may not be well known.

The increase in AIDS-related NHL is predominantly in high
grade B-cell types: large cell immunoblastic (Fig. 2) and small
noncleaved (Fig. 3) lymphomas comprising about 70% of
AIDS-related NHL; and the intermediate grade diffuse large
cell lymphomas making up the remaining 30% (2, 3, 7). Fre
quently AIDS-related lymphomas have the cytogenetic pattern
characteristic of Burkitt's lymphoma (2).

AIDS lymphomas resemble NHL occurring in other severely
immunocompromised settings by their frequent involvement of
extranodal sites (particularly gastrointestinal tract and brain)
and the high incidence of Stage IV disease, especially in the
Burkitt's type (where bone marrow infiltration is common) (2-

4). In particular, primary CNS lymphoma may occur with
striking frequency in either large cell immunoblastic or small
noncleaved cell types, usually as mass lesions (Fig. 4) but on
occasion as a more diffuse leptomeningeal process (8). Five of
8 AIDS-NHL patients at the National Cancer Institute recently
described by Pluda et al. (3) and 10 of 24 AIDS NHL patients
from a multicenter study described by Moore et al. (9) had
primary CNS involvement. The incidence of Burkitt's histology

has a uniquely high incidence in AIDS (5). Like other NHL
arising from a background of chronic immunosuppression and
unlike NHL that are unrelated to an immunosuppressed state,
AIDS lymphomas demonstrate a high frequency of multiclon-
ality. It is noteworthy that translocations involving the immu-
noglobulin gene and c-myc loci (reminiscent of Burkitt's lym

phoma) are common (2, 10).
The relationship between immunodeficiency and lymphomas,

first demonstrated more than 25 years ago for the genetically
determined immunocompromised states, is likely now being
mirrored in AIDS (10). For example, the Wiskott-Aldrich
syndrome is a sex-linked disorder that is associated with a
profound defect in both platelet function and T-cell-based cell
ular immunity. These immunocompromised boys are exquis
itely susceptible to opportunistic infections such as dissemi
nated herpesvirus infections. As blood product support along
with antimicrobial and antiviral treatments became available,
the survival of children with Wiskott-Aldrich syndrome length
ened. As a consequence, aggressive B-cell lymphomas emerged
in this setting, with a risk 100 times that of the general popu
lation (11). As in AIDS, the NHL are high grade B-cell tumors
with a remarkable incidence of primary brain involvement.
Similar lymphomas have been associated with other genetically
determined disorders, e.g., ataxia-telangiectasia (12) and ac
quired immunodeficiency states such as organ transplantation,
particularly cardiac and renal, with exogenous immunosuppres
sion (10, 13). The predilection for lymphomagenesis in ataxia-
telangiectasia may also relate to a heightened sensitivity to
DNA breaks and a possible defect in DNA repair, both of which
may be mediated through aberrant DNA recombinase activity
(10, 14). We will return to the issues of DNA damage and
repair as potential contributors to lymphomagenesis later in
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Fig. 1. The increasing incidence of non-Hodgkin's lymphoma in men ages 20-

54 years since 1983. The increase is particularly striking for men of this age group
in San Francisco.
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Fig. 2. Large cell immunoblastic lymphoma in an AIDS patient, obtained from
skin biopsy. Courtesy of Elaine S. Jaffe. M.D. H & E, x 330.

the article. In addition, the possible importance of the recom-

binase (an enzyme that orchestrates immunoglobulin gene re
arrangements in lymphocyte precursors) and its potential role
in causing or predisposing immature lymphocytes to malignant
transformation will be discussed below.

The same phenomenon would seem to be occurring in AIDS
where antiretroviral and other therapies are prolonging survival
in what otherwise would be a lethal immunocompromised state,
thereby allowing B-cell NHL to occur (3, 7). There are now a
number of possibilities for treating infection with the AIDS-
causing retrovirus, HIV (15, 16). While there is no cure for
HIV infection, there are a number of therapies, the dideoxy-
nucleoside AZT being the first of several antiretroviral agents
capable of suppressing viral replication and consequently pro
longing survival for AIDS patients. Antiretroviral therapies in
conjunction with prophylaxis against Pneumocystis carinii and
suppression of herpesvirus infections (including herpes simplex
and cytomegalovirus) are prolonging survival (10, 15, 16). Prior
to 1986 (before the wide availability of AZT), the median
survival of AIDS patients was less than 1 year (15-17). With
effective antiviral and antimicrobial suppressive therapy, the
duration of survival has more than doubled (15-19) and is likely
to lengthen dramatically in the near future. Moreover, Rosen
berg, Gail and colleagues found that starting between 1987 and
1988 (the first year after AZT was approved by the Food and
Drug Administration), there has been a sharp decrease in the
quarterly incidence of new AIDS cases (but not in HIV sero-
positivity) in white gay men, for whom the incidence has fallen

by nearly 30% (20). This decrease likely reflects the ability of
AZT and other medical interventions to delay progression of
HIV infection to AIDS. In early disease, AZT also delays the
loss of CD4-positive cells. However, it is the net prolongation
of survival in the face of impaired immunity that may drive the
increasing incidence of NHL in the AIDS patient population.
The risk for development of NHL is not uniform over time but,
rather, appears to increase at around 2 years following AZT
institution for full-blown AIDS (3, 19). Recent projections
estimate that about 4700 new cases of AIDS lymphomas (range,
2900-9800) will occur by 1992, and some projections suggest
that 10-20% of all new NHL cases may eventually be related
to AIDS in the United States (17).

A recent 2-year (1987-1989) prospective multicenter study
of over 1000 patients with advanced HIV who received AZT
detected an overall 2.3% prevalence of NHL, rising to 3.2% at
2 years of antiretroviral therapy (9). Median CD4 cell count at
the start of AZT therapy was 104/mm1 and, as in other recent

series of AIDS patients undergoing AZT treatment, the prob
ability of survival at 2 years was 50% (3, 15, 16). In this group,
risk factors for NHL development can be explained by immu-
nosuppression and infection with other viruses, namely the
presence of prior Kaposi's sarcoma, cytomegalovirus infection,

and oral hairy leukoplakia (an Epstein-Barr virus-related le
sion). The modest overall proportion of NHL cases in this
patient cohort may relate to 2 factors: (a) the median observa
tion period of 600 days with a maximum of 2 years, which is
when NHL occurrence in AZT-treated patients begins to esca
late in the studies of Pluda et al. (3, 7); and (b) the relative
preservation of CD4 count (>100/mm') at study entry. Recent

analyses by Pluda et al. (3) and Yarchoan et al. (19) suggest
that the greatest risk for NHL development and, indeed, death
from any cause occurs when there is a substantial impairment
of cellular immunity, represented by CD4 counts <50/mm\

NHL is likely to be a particular problem for patients with
CD4-positive lymphocyte counts <50/mm3 (19). In a recent

analysis by Pluda et al. (3), 8 of 55 (14.5%) AIDS patients
undergoing antiretroviral therapy at the National Cancer Insti
tute developed aggressive B-cell NHL (extranodal involvement,
especially CNS) a mean 2 years after beginning AZT therapy,
with the estimated actuarial probability of developing NHL
rising to about 30% after 3 years of antiretroviral therapy. The
median CD4 count at the onset of AZT therapy was 74/mnv1

and at the time of NHL development it was 6/mnr\ It is

A^*
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Fig. 3. Burkitt's lymphoma in an AIDS patient, obtained from tonsil. Courtesy

of Elaine S. Jaffe. M.D. H & E, x 300.
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Fig. 4. A, brain computerized tomographic scan (with i.v. contrast dye injection)
of an AIDS patient with primary central nervous system lymphoma, small
noncleaved cell morphology. Courtesy of Irwin Feuerstein, M.D. B, T-2 weighted
spin-echo magnetic resonance image of the same patient. Courtesy of Irwin
Feuerstein, M.D.

noteworthy that all 8 patients had serological evidence for
Epstein-Barr virus infection and that 2 patients developed pri
mary CNS lymphoma in the setting of prior toxoplasmosis; it
is reasonable to speculate that these infections led to polyclonal
B-cell activation, a prelude to malignant transformation (as will
be discussed later). In this closely followed cohort of patients,
where consistent and frequent observations were made over an
extended time period, virtually all who developed NHL did so
with CD4 counts <50/mm3 for at least 12 months (median, 18)

before NHL emerged. Thus, the depth of immunocompromise,
as specifically reflected by a CD4 cell count <50/mm3, appears
to be a critical factor in the emergence of these "opportunistic"

NHL in the setting of AIDS (3, 7, 19). Certainly, lymphomas
can and do occur with CD4 counts higher than 50/mm3; how

ever, the risk is significantly elevated below this threshhold.
Ultimately, prevention of NHL development may hinge on an
ability to restore immune function or at least maintain it at a
critical protective level.

A primate model in cynomolgus monkeys infected with sim
ian immunodeficiency virus may provide a close parallel to
human AIDS (21). In this model, high-grade B-cell NHL de
velops 5-15 months following simian immunodeficiency virus
inoculation, in conjunction with severe immunodeficiency. Me
dian CD4 counts at the time of NHL onset are 80/mm1, rather
similar to the AZT-treated patient cohort from the National
Cancer Institute series. As with humans, there is a dispropor
tionate incidence of Burkitt's-like lymphomas with wide dis

semination, and some tumors demonstrate integration of the
EBV genome in tumor cell DNA. The primate model validates
the association of retrovirus-induced profound immuno-
suppression and a propensity for NHL development and is
important for future studies of pathogenesis, treatment, and
prevention that may extrapolate to HIV-infected humans.

Gene Rearrangements: A Molecular Hallmark of Lymphoid
Development

Normal B- and T-lymphocyte differentiation is accomplished
through rearrangements of gene sequences that encode antigen
receptors, namely the immunoglobulin and the T-cell receptor
genes, respectively (22). The process of gene rearrangements in
these antigen receptor genes, accomplished through DNA
breakage and rejoining and mediated by recombinase enzymes,
confers diversity in the repertoire of specialized immune re
sponses to a variety of antigens.

Focusing specifically on B-lineage development, molecular
rearrangement of the 3 gene segments encoding the variable
regions of the immunoglobulin heavy chain, variable ( V), diver
sity (O), and joining (J), takes place in early precursors, namely
pre-B and immature B-cells (22, 23). The 3 gene segments,
located on discontinuous portions of the long arm of chromo
some 14 (14q32), are joined in a specific pattern (Vn-D-Ja).
The first step in recombination is the joining of D and JH
regions in pre-B-cells, followed by the addition of VH to create
a contiguous V,rD-JH exon. The sequence of recombination
events is orderly, but juxtaposition of specific molecular vari
ables is random, thus providing the first element of diversity in
the generation of an antibody response. The capacity for diver
sity is further increased by variation in nucleotide number and
type within the joining regions of the recombined gene seg
ments. In addition, all immunoglobulin gene regions (heavy
and light chains, both Kand X) have enhancer sequences that
activate transcription over the whole chromosome. This seems
logical from an evolutionary perspective, since these enhancer
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sequences effect an increased expression of individual genes
that complements the diversity of expression achieved through
gene rearrangements.

B-Cell Malignancy: The Role of Chromosomal Translocations

Lymphohematopoietic malignancies are characterized by the
clonal expansion of cells that have been arrested at a specific
developmental stage of maturation. The capacity for self-re
newal is preserved, but the capacity for terminal differentiation
is blocked. One pathogenic mechanism underlying the malig
nant transformation of lymphoid precursors in general and B
cells specifically is the translocation of a normal growth-pro
moting gene (or so-called "protooncogene") to the lineage-

specific antigen receptor genes (in the case of B-cells, the
immunoglobulin genes). The juxtaposition of the protoonco
gene segment with the immunoglobulin gene, in particular its
transcriptionally active enhancer sequences, results in deregu
lation of the translocated growth-promoting gene which (by
virtue of overexpression) now functions as a true oncogene.
This process does not require literal proximity. In addition,
aberrant recombinase function may contribute to the pathogen-
esis of lymphoid malignancies by catalyzing chromosomal
breaks and translocations that involve 14q32, especially those
occurring 5' of they// segment of the gene (23, 24).

Several protooncogenes that influence B-cell proliferation are
translocated to 14q32 in B-lymphoid malignancies, with con
sequent transcriptional activation, deregulation, and/or over-
expression (22, 25, 26). Translocations involving the K and A
light chain immunoglobulin genes, located on chromosomes
2pl2 and 22ql 1, respectively, occur less commonly. A classical
example of oncogene activation resulting from this type of
chromosomal rearrangement occurs in Burkitt's lymphoma,

where the c-myc gene, located on the long arm of chromosome
8 (8q24) (27), is translocated to the immunoglobulin gene heavy
chain locus on 14q32. Other examples involving translocation
to 14q32 include the bcl-1 gene on chromosome 1Iql3, which
may be identical to the PRADl gene encoding a novel cyclin
(28), and the bcl-2 gene on chromosome 18q21, encoding an
inner mitochondria! membrane protein that blocks B-cell apop-
tosis and enhances B-cell longevity (29). The specific translo
cated oncogene and its overexpressed gene product can corre
late with the histopathology and clinical aggressiveness of the
B-cell malignancy (25, 26). For example, high-grade acute B-
lymphoblastic leukemias and multiple myelomas (30) and small
noncleaved (Burkitt's), diffuse large cell (immunoblastic) (31),

and mucosa-associated (including gastric large cell) lymphomas
(32) are associated with t(8;14) and c-myc activation; prolym-
phocytic leukemias, lymphocytic lymphomas of intermediate
differentiation, some forms of multiple myeloma with t( 11:14)
and bcl-1 overexpression (25, 33), and relatively low grade
foilÂ¡cularlymphomas with t(14;18) and bcl-2 deregulation (25,

26, 29, 34, 35).
In follicular lymphoma, the fusion protein produced by the

translocation between the bcl-2 oncogene and 14q32 exagger
ates the Ac7-2-encoded block of programmed cell death (apop-
tosis) of B-cells and perpetuates B-cell survival. Further, the
t(14;18)(q32;q21) permits clonal progression to a more aggres
sive variant to occur through additional genetic changes such
as c-myc rearrangements or mutations. This "multistep" evo

lution from an indolent lymphoproliferative condition to a high-
grade diffuse large cell (or lymphoblastic) lymphoma has been
related to acquisition of c-myc gene rearrangements in both a
transgenic mouse model (where mice have undergone germ-line

transfections with the human hybrid genes that typify follicular
lymphoma in humans) (34) and in human lymphomagenesis
(35). It seems plausible that the increased B-cell life span
induced by t(14;18) in some way predisposes to genetic insta
bility with a greater chance for acquiring chromosomal breaks
and recombinations, particularly since B-cells already have the
enzymatic machinery to accomplish gene rearrangements as
part of their normal differentiative process.

Mechanisms of c-myc Overexpression in B-Lymphoid Malignan
cies Relate to Breakpoint Sites on Both Chromosomes

The deregulation of c-myc and its DNA-binding phosphopro-
tein as a consequence of the t(8;14)(q24;q32) has been the
subject of intense study. There are a number of mechanisms by
which myc activation can ensue, all of which may operate to
some degree in t(8;14) (31, 36, 37). Transcriptional activation
of c-myc can occur from juxtaposition to immunoglobulin gene
enhancer sequences or from the action of long-range enhancers
on chromosome 14. Inactivation of the 5'-regulatory sequences

of the c-myc gene locus can occur through point mutations or
truncation of the 5' region or by separation of the regulatory

region from the rest of the gene. The translocated portion of c-
myc can be rearranged, for example, by inverting itself upon
insertion into the breakpoint on 14q32. Any of these mecha
nisms will permit myc overexpression. Finally, altered kinetics
of c-myc mRNA and/or protein metabolism could provide
prolonged exposure to the growth-promoting effects of the c-
myc DNA-binding protein, with the net result paralleling a
transcriptionally determined overexpression of the oncogene.

The translocation and recombination of 8q24 and 14q32
typify Burkitt's lymphoma, in both its endemic (African) and

sporadic (American) forms. However, the c-myc gene may
perhaps behave differently in the 2 variants (24, 36, 37). In the
endemic form, the breakpoint on chromosome 8q24 is outside
the myc region and the c-myc gene is translocated intact (un-
rearranged), albeit frequently with point mutations, to a break
in the V,rD-JÂ¡,recombination, most commonly in the /// seg
ment (23, 36). This translocation occurs in a nonsecretory pre-
B-cell (an early stage of B-cell differentiation) and is thought
to occur in conjunction with aberrant function of the recombi
nase enzyme in the process of completing normal immunoglob
ulin gene rearrangement (24, 38). In the sporadic form, the c-
myc gene is disrupted within its 5' portion and separated from
its regulatory (or so-called "repressor") region. The first myc

exon is translocated in some instances to a break in the switch
region of the heavy chain gene (5â€ž),and is inverted (rearranged)
upon translocation (31, 36-39). The breakpoint on 14q32 re
sults from an error in the action of isotype switching enzymes
in a more mature B-cell, capable of immunoglobulin secretion.

Thus, in addition to c-myc variation, the locations of the
breakpoints on 14q32 may relate to the differentiative state of
the transformed B-cell precursor at the time that the translo
cation occurs (23, 24, 36, 38, 39). Furthermore, the breakpoint
on 14q32 determines which regions will be juxtaposed with c-
myc, e.g., the enhancer sequences. Nonetheless, the net result
of c-myc translocation to the immunoglobulin gene locus for
either the endemic or sporadic type is the abrogation of the
effects of negative regulatory elements on c-myc transcription.
More than transcriptional activation or amplification of myc
per se, these gene rearrangements result in constitutive myc
expression and a failure of the normal control mechanisms,
which in turn leads to a net overexpression of the c-myc mRNA
and DNA-binding phosphoprotein (23, 27). Such constitutive
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expression without down-regulation may maintain the cell in
an active cycle, thereby preventing entry into G0-Gi that would
allow the cell to undergo terminal differentiation (30, 38).

Role of EBV in c-myc Activation and B-Cell Lymphomagenesis

The association between the presence of EBV and the devel
opment of B-lymphoproliferative diseases has been well recog
nized for 3 decades. EBV has been strongly implicated as a
causative factor in endemic (African) Burkitt's lymphoma,

where the EBV genome can be detected in tumor cells from
essentially all cases. EBV has also been postulated to have a
pathogenic role in many of the B-cell malignancies that arise
in the setting of chronic immunosuppression from genetic,
therapeutic, or infectious causes (13,40-43). In these instances,
the resultant B-lymphoproliferative malignancies may be Burk-
itt's-like but more often have a large cell immunoblastic phe-
notype with plasmai-} toid features, suggesting that the trans
forming event has occurred in a relatively mature B-cell precur
sor capable of immunoglobulin secretion.

As noted above, recent molecular studies of the
t(8;14)(q24;q32) in endemic and sporadic Burkitt's lymphoma

can discriminate distinctive breakpoints in the c-myc gene locus
that imply distinct mechanisms for the deregulation of c-myc.
In the case of EBV-associated endemic Burkitt's lymphomas,
c-myc breakpoints occur outside the 5' regulatory region and

the c-myc gene is altered mainly through mutations within its
first exon (most commonly at Pvu site II) rather than through
truncation or rearrangement upon translocation (37). In the
absence of EBV DNA, c-myc breakpoints occur within the 5'

region of the gene in the sporadic form and commonly result
in truncation of the gene when it is translocated. Translocation
to the non-switch region of 14q32 results in transcription
activation by immunoglobulin gene enhancer sequences; alter
natively, translocation of the disrupted c-myc gene to the switch
region of 14q32 is accompanied by c-myc gene inversion and/
or true rearrangement, which results in direct oncogene over-
expression. Nonetheless, for EBV-related Burkitt's lymphomas,

c-myc deregulation must involve other mechanisms. In this

regard, EBV latent genes encode viral nuclear antigens that act
as transcriptional activators (see below), may interact with the
c-myc regulatory region to effect gene overexpression, and may
further augment the effects of any point mutations occurring
within the 5'-regulatory region.

EBV may also promote malignant transformation and B-
lymphomagenesis through polyclonal B-cell expansion. Such
expansion applies to Burkitt's and non-Burkitt's B-cell tumors

alike (38). One mechanism by which B-cell growth dysregula-
tion may be accomplished is through the activation of EBV
latent genes leading to expression of at least 6 transcript ionally-
active EBNAs and 2 or more signal-transducing latent mem
brane proteins. These proteins enhance the survival and self-
renewal capacity of both EBV-infected host cells and viral
genome (44). Their actions with respect to B cells, i.e., blocking
apoptosis and extending B-cell longevity, mimic that of the bcl-
2 oncogene, particularly when it is translocated to 14q32.

Yet another mechanism of EBV-induced B-cell stimulation
may operate through BCRF-1, an EBV-encoded protein that
shares remarkable structural and functional homology with IL
IO (45, 46). BCRF-1 causes a decrease in T-cell (and possibly
natural killer cell) synthesis of -y-Interferon and perhaps IL-2
as well, the net result of which is functional suppression of T-
cell antiviral activity. Consequently, viral survival is enhanced
as the by-product of BCRF-1-related immunomodulation. In

turn, B-cell activation and polyclonal B-cell expansion are

promoted as a result of ongoing EBV propagation.
EBV may influence the expression of lymphocyte cell surface

characteristics, in particular LFA and intercellular adhesion
molecules that play significant roles in immune responses re
quiring cell-cell contact (47-49). For example, LFA-1 and LFA-
3 mediate the recognition and interaction of EBV-positive B-
cells and cytotoxic T-lymphocytes. The expression of these
specific surface determinants is down-regulated in EBV-in
fected Burkitt's lymphoma cells (38), which in turn permits the
"nonadhesive" cells to escape recognition by targeted cytotoxic

T-cells and thus escape a critical mechanism of immune sur
veillance (48). Modulation of surface adhesion molecule expres
sion in Burkitt's lymphoma, however, is not unique to EBV

and may relate more to the state of c-myc activation than to an
independent viral effect (47). Upon transfection with c-myc,
EBV-infected lymphoblastoid cells acquire the phenotype of
Burkitt's lymphoma cells that signifies loss of LFAs (49),

suggesting that c-myc gene expression (rather than EBV in this
instance) inhibits the expression of differentiation-associated
genes that encode LFA-1 and LFA-3.

EBV has also been implicated in the etiology of non-Burkitt's
B-cell lymphomas, most commonly those that occur in the
setting of chronic, profound immunosuppression. In contrast
to Burkitt's, these lymphoproliferative malignancies are often

characterized by the presence of multiple neoplastic clones and
by an immunoblastic large cell morphology with plasmacytoid
features (42, 43, 50). In this situation, EBV may provoke
polyclonal B-cell activation which, in the absence of normal T-
cell controls, permits unopposed B-cell expansion with in
creased numbers of cells susceptible to destabilizing genetic
events such as chromosomal breaks and recombinations. The
etiological effects of EBV have been demonstrated by inducing
lymphomas in mice with SCID who have been reconstituted
with EBV-negative human peripheral or nodal lymphocytes
(SCID/hu chimeric mice) and subsequently infected with EBV
(51). Of note is the absence of c-myc and bcl-2 translocations
or rearrangements. This animal model parallels the large cell
immunoblastic B-lymphomas that occur in humans with severe
immunodeficiency (e.g., post-organ transplantation) (13, 42,
43) and in primary CNS lymphomas (now recognized as an
AIDS-associated lesion) (8, 41, 50). In the human tumors, as
in the SCID/hu mouse model, EBV genome is present in tumor
cells and the tumors (often with multiclonal origin) develop
from a background polyclonal activation that is likely a conse
quence of EBV infection.

Roles of c-myc and EBV in Development of AIDS-related
Non-Hodgkin's Lymphomas

The mechanisms by which EBV may induce B-cell malignant
transformation in the setting of AIDS are reminiscent of the
mechanisms that operate in other states of chronic immuno
suppression. Some generalizations are in order; however, ex
ceptions and variants to the current generalizations are to be
expected in a field where new knowledge is occurring rapidly.
The central factor, impaired immune surveillance from HIV
infection and CD4 destruction, is thought to confer a permissive
effect on the expansion of EBV-immortalized B-cells (40, 52).
In addition to T-cell suppression, HIV induces the production
of B-stimulatory lymphokines from virus-infected monocytes,
most notably IL-6, which further promulgate B-cell prolifera
tion (53). Finally, there may be a synergy between HIV and
EBV with regard to EBV gene activation and expression of
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multiple fra/is-activating EBNA and latent membrane protein
products which enhance both EBV and B-cell survival. The net
result is expansion of B-cell cohorts that are susceptible to
genetic alterations, most frequently involving c-myc and per

haps other oncogenes as well (54).
Despite the similarities of AIDS-related B-lineage NHL to

EBV-induced B-lymphomas arising in other immunocompro-
mised hosts, the direct etiological role of EBV in AIDS-related
lymphomas remains a focus of investigation and is certainly
not proven. It is likely that EBV is but one of many possible
inducers of malignant transformation, albeit a prevalent culprit
known to promote B-cell transformation in analogous situa
tions of immunocompromise (40, 41, 52). As discussed below,
other DNA viruses such as CMV and HHV-6 may enhance B-
cell activation and promote B-cell clonal expansion. Nonethe
less, cells from approximately 50% of AIDS-related NHLs
contain EBV DNA sequences (41, 55), and recent studies
examining EBV genomic termini as clonal markers of infection
(56) have demonstrated that EBV precedes and probably causes
clonal expansions in AIDS-NHL as well as in endemic and
some cases of sporadic Burkitt's lymphomas (57). In addition,
when EBV DNA and EBNAs are detected in nodes from HIV-

positive patients with generalized lymphadenopathy, their pres
ence signifies the future emergence of NHL (with persistence
of the EBV genome in the malignant clones); in contrast, cells
from patients with EBV-negative lymphadenopathy do not
appear to undergo malignant transformation (58), supporting
the notion that EBV has a direct etiological role in NHL
development in at least some AIDS patients.

In most instances where NHL cells from AIDS patients
contain the EBV genome or its protein products, there is
concomitant alteration and deregulation of the c-myc gene.
Indeed, Gauwerky and Croce (39) have noted that AIDS-related
Burkitt's lymphomas share important clinical and molecular
features with endemic EBV-induced Burkitt's lymphomas. The

molecular similarities may, in some cases, be particularly strik
ing, including the 8q24 breakpoint occurring outside the 5'

region of the c-myc gene, the lack of c-myc rearrangement upon
translocation, and the rearrangement of the JH locus on 14q32,
consistent with a recombinase-mediated error. For the multiple
reasons noted above, EBV-perturbed cells may be ripe targets
for c-myc gene disruptions and translocations.

However, there is not an inextricable linkage between EBV
and c-myc perturbations in AIDS-NHLs (59-61). In a few cases
of phenotypically unusual B-lineage AIDS-related NHL, EBV
DNA sequences, gene products, and virus-induced surface an
tigens (e.g., Ki-24) are detectable without associated c-myc
alterations (60). More commonly, when there is dissociation of
EBV and c-myc, c-myc mutations and/or rearrangements (pres
ent in about 70% of all large cell AIDS-NHL) occur in the
absence of detectable EBV DNA or EBNAs (59, 61). The
majority of these non-EBV, non-Burkitt's NHLs have c-myc

rearrangements and 14q32 switch region breaks that mimic the
"sporadic Burkitt's" type, but endemic-type breakpoints in both

c-myc and 14q32 occur in approximately 25% of the non-EBV
AIDS NHLs and are accompanied by similar point-mutations
in the first myc exon (31). These findings suggest that c-myc

translocation, deregulation, and overexpression may be the
focal points of malignant transformation and monoclonal ex
pansion in a substantial proportion of AIDS-related B-cell
NHL. This supposition does not exclude the possibility that
EBV or some other stimulus promotes or facilitates destabiliz
ing events within the c-myc gene locus (40, 52, 54). Nor does

this supposition preclude other oncogenic viruses, including
agents not yet discovered.

Potential Role of Other Herpesviruses in AIDS Lymphomagenesis

In addition to EBV, other DNA viruses of the herpesvirus
family, most notably CMV and HHV-6, interact with HIV in
ways that may enhance transcriptional activation and HIV
replication (41, 62, 63). Herpesviruses, like HIV, up-regulate
the expression of several cytokines by virus-infected lympho
cytes and monocytes. These cytokines can induce host cell
proliferation and viral replication through a positive feedback
mechanism and, in this way, may provide a chronic stimulus
for B-cell proliferation and activation (see below). It is logical
to speculate that viruses such as CMV and HHV-6 predispose
to the development of AIDS-related cancers through any of the
above pathways, but direct evidence for causation of specific
malignancies by CMV and HHV-6 is lacking at present. None
theless, there is evidence for the transforming effects of other
viruses at other organ sites, and those effects are likely enhanced
in the setting of concomitant HIV infection. Hepatitis B virus,
human papillomaviruses, and possibly the retrovirus HTLV-1
may interact synergistically with HIV through their encoded
/rans-activational proteins to effect an increase in the virally
induced malignancies, e.g., hepatitis B virus-related hepatocel-
lular carcinoma or human papillomavirus-induced cervical and
anogenital squamous carcinomas (41). In addition to stimula
tory interactions with both HIV and host cell transcriptional
factors, tumorigenic strains of HPV produce "oncoproteins"

(specifically, E6 and E7) that bind to and inactivate the tumor
suppressor proteins RB and p53, respectively (see below) (64,
65). It is intriguing to speculate that abrogation of tumor
suppression may be a common mechanism by which any or all
herpesviruses (including EBV) could operate in the pathogen-
esis of AIDS lymphomas. We will discuss this possibility below.

Aberrant Tumor Suppression: A Potential Contributor to the
Pathogenesis of AIDS Lymphomas

The loss of normal tumor suppressor gene and gene product
function is thought to be a critical step in the pathogenesis and
progression of diverse epithelial and lymphohematopoietic can
cers (66). Recent investigations have uncovered losses or mu
tations in specific tumor suppressor genes, particularly the
retinoblastoma (RB) gene on chromosome 13ql4 and the p53
gene on chromosome 17pl3, in myeloid (67) and lymphoid
leukemias (68-70) and lymphomas (71). p53 is classified as a
suppressor (recessive) gene, but certain mutations can confer a
transdominant status on p53, making it paradoxically resemble
an oncogene (72). The presence of RB and p53 abnormalities
is associated with clonal evolution and increasing aggressive
ness of these malignancies (67,69,71), and there is a suggestion
that the altered tumor suppressor genes may act in concert with
activated oncogenes to effect the full transformation process.
As with colon, breast, and lung cancers, there appears to be an
interplay between activation of oncogenes that cause unre
strained proliferation (c-myc, for instance) and a loss of tumor
suppressor-related inhibition of tumor formation (73).

The interaction between viral proteins and tumor suppressor
proteins has been documented for several oncogenic DNA
viruses and RB and p53, the nuclear phosphoprotein products
of the RB and p53 genes (74, 75). In fact, the roles that tumor
suppressors play in cell cycle regulation, in particular, their
inhibition of movement from d into S phase, have been defined
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by the binding of viral proteins such as SV40 large T-antigen
(for both RB and p53) and adenovirus EIA (for RB) or El B
(for p53) to suppressor proteins and inactivation of their anti-
proliferative effects (74, 76). Similarly, HPV E6 and E7 "on-
coproteins" bind to and degrade or inactivate p53 and RB,

respectively, and the production of those viral proteins by
specific HPV strains relates to the transforming ability of those
strains (64, 65). Recent studies of the herpesvirus herpes sim
plex virus 1 suggest that the virus may induce relocation of Rb
and p53 from their usual nuclear compartments to the sites of
viral DNA replication, thereby facilitating both host cell and
virus replication (75).

In addition to "binding inactivation," the abrogation of tumor

suppression can be accomplished through phosphorylation of
RB and p53 proteins ("phosphorylation Â¡nactivation") (76).

The process of phosphorylation is linked to the activity of
cyclins complexed to the serine/threonine protein kinase known
as cdc-2 kinase. Cyclins are regulatory proteins that modulate
the subcellular localization and the conformation of the cdc-2
kinase and thus target the specific substrate to be phosphory-
lated by the kinase. There are several classes of cyclins that
complex with and activate the cdc-2 kinase at different points
in the cell cycle. The cyclin A-cdc-2 kinase complex appears to
operate from the d-S transition throughout S phase, while the
B cyclins (consisting of 2 types, Bl and B2) accumulate during
G2, and M and regulate movement through M (77). A novel
cyclin called PRAD1, encoded by the PRAD1 gene located on
chromosome Ilql3 that is very likely identical to the bcl-1
oncogene (28), also binds to and activates cdc-2 kinase. Al
though its precise role in driving the cell through replication is
not yet fully discerned, it is intriguing to speculate about the
potential relationship between Ac/-/-encoded cyclin overexpres-
sion, distortion of orderly traverse through the cell cycle, and
the pathogenesis of lymphoid malignancy.

Most of the work regarding these aspects of cell cycle regu
lation has focused on the complex formed when cyclin B2 binds
to cdc-2 kinase; this complex is called MPF (78). However,
current studies have uncovered similar patterns of cdc-2 kinase
activation during S. MPF is a universal control mechanism for
M phase and the G2-M transition and has been called the
"motor of mitosis," a name that is quite apt. We will return to

a discussion of MPF shortly. Cyclin A, when complexed with
cdc-2 kinase, could theoretically perform a control mechanism
for S phase that resembles MPF. Cyclin A is found in a variety
of proliferating cells, particularly activated and leukemic T-
lymphocytes, and may be a focus for virally induced malignant
transformation. The cyclin A gene is located at the site of
hepatitis B virus integration in human hepatocellular carcinoma
and has been shown to associate with adenovirus EIA oncogene
products capable of binding to and inactivating both tumor
suppressor proteins (77).

The temporal and biochemical relationships between cdc-2
kinase activation (likely a consequence of complexing with
cyclin A) at the GrS transition, RB protein phosphorylation
and inactivation, and cell cycle progression via entry of cells
into S phase have been demonstrated in a number of human
cells, most notably T-cell precursors (79). In lectin-stimulated
T-cells, the induction of cdc-2 gene expression and cdc-2 kinase
production coincides with the transition from G, to S phase
and requires the prior expression of both c-myc and c-myb
genes in a sequential fashion (80). The c-myb oncogene, located
on chromosome 6q22-24, normally promotes proliferation and
differentiation in hematopoietic precursors and is often aber

rantly expressed in lymphohematopoietic malignancies (81,
82). This finding suggests that the growth-stimulating genes c-
myc and c-myb may influence the activity of the RB gene
posttranscriptionally through the expression of the cdc-2 gene.
This postulated sequence of events supports a multistep model
for lymphoid neoplasia that resembles malignant transforma
tion in other tissues, notably colon and lung.

The sequential acquisition of aberrant oncogene and tumor
suppressor gene/gene product function may be especially rele
vant to the process of viral tumorigenesis. In such cases, viruses
might enhance the process of transformation and growth dys-
regulation through any one of several mechanisms: chromo
somal breakage and translocation leading to c-myc or other
oncogene activation; or production of viral proteins that bind
to and alter the function of cyclins or tumor suppressors that
normally control transition through the cell cycle. These inter
actions may contribute to the pathogenesis of AIDS lympho-
mas, either through a direct effect of HIV or through other
viruses such as EBV, CMV, or HHV-6.

The aberrant function of the c-mos gene and its encoded
protein kinase could also theoretically contribute to malignant
transformation (78). The c-mos gene encodes an interesting
protein kinase known as "cytostatic factor," which is thought

to maintain MPF in the active state. The c-wos-encoded protein
kinase pp39""" associates with and phosphorylates tubulin (the

backbone of several cell structural components) and may direct
the formation and stabilization of the mitotic spindle by po
lymerizing with tubulin to form microtubules. The mitotic
spindle serves as a major organizational force for the alignment
and movement of duplicated chromosomes during metaphase
in a way that permits orderly chromosome segregation into
equal daughter cells at the end of mitosis. The pp39m"5 also
phosphorylates cyclin B2 in a pattern similar to that of the cdc-
2 kinase and is thought perhaps to maintain cyclin B (and thus
MPF) in active conformation by preventing its degradation.
Thus, c-mos is essential to orderly cell division, but if the c-mos
product is expressed at the wrong time, e.g., during GÃ¬,some
of the M phase events are also expressed, thus providing a
possible explanation for the "transformed phenotype" (78). In

those settings, c-mos is an oncogene. On the other hand, in
certain settings the dysregulated expression of c-mos could be
lethal for a cell. In this latter regard, one activity of the c-mos
gene is functionally exaggerated by the unique cytotoxic drug
taxol. We will discuss the potential interest of taxol in antilym-
phoma therapy later.

In addition to constituting the mitotic spindle, microtubules
are key components of other cytoskeletal elements that deter
mine cell shape, motility, and membrane functions including
transport and signal transduction. Since one function of c-mos
is to perpetuate the polymerized form of tubulin as microtu
bules, it is understandable that inappropriate expression of c-
mos might contribute to some of the aberrations of cell structure
and function that characterize the malignant cell (78). This
could be accomplished by driving the continuous activity of
MPF, which would perpetuate the M-phase phenotype, e.g., by
stabilizing the myosin contractile ring of the cell, thus keeping
the cell in a rounded conformation and preventing contact
inhibition. Such a defect may produce the same net effects as
EBV- and/or c-/wj>c-induced loss of surface adhesion molecules
which, in turn, inhibits cytotoxic T-cell recognition and lysis of
the "nonadhesive" malignant cell.

Inappropriate expression of c-mos or other oncogenes func
tionally related to c-mos in interphase may also lead to genetic
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instability by inducing premature chromatin condensation, gen
erating free ends in DNA, and increasing the risk for the
occurrence of chromosomal abnormalities, including overt
translocations (78). Gene amplification due to extra DNA
replication could result from loss of regulatory events that
control transition from one cell cycle phase to the next and
could further contribute to genetic instability.

It is also intriguing to speculate that the activity of the cyclin
A-cdc-2 kinase complex could be exaggerated by aberrant
expression of c-mos or a c-wos-like gene during the early phases
of cell cycle activity. The activated complex might exert trans
forming effects by driving the phosphorylation and consequent
inactivation of the RB and/or p53 tumor suppressor proteins,
thus promoting movement into S and abrogating tumor sup
pressor activity.

The Potential Role of Interleukins in AIDS Lymphomagenesis

The proliferation and differentiation of lymphohemato-
poietic elements from pluripotent stem cells into mature end
stage cells is directed by a "family" of interactive glycoproteins,

the so-called biomodulators or cytokines. To date, more than
20 cytokines (interleukins, colony-stimulating factors, interfer
ons, and other growth factors) have been identified and char
acterized with respect to molecular and mechanistic features.
Heightened cytokine production in response to HIV infection
(and perhaps to other viruses as well) may contribute to the
development of lymphomas in AIDS. The major cellular
sources of production are T-cells, monocytes, and bone marrow
stromal cells, all of which can be infected by HIV and all of
which respond to HIV or other virus infection by increasing
cytokine production (83). Of the many lymphohematopoietic
growth factors liberated under normal and virus-perturbed con
ditions, IL-6 may be especially relevant to both "premalignant"

polyclonal B cell expansion and eventual malignant transfor
mation in AIDS-NHL.

Initially isolated from HTLV-1-infected T-cell-conditioned
medium, IL-6 is produced by a variety of cells, particularly
monocytes and also B-cells, fibroblasts, endothelial cells, astro-
cytes, and microglial cells (84). The IL-6 gene and its glycopro-
tein product share considerable homology in terms of organi
zation and transcriptional regulation with other "differentia-
tive" genes and gene products, in particular c-fos and
granulocyte CSF activity. IL-6 gene expression is up-regulated
by numerous other cytokines, notably IL-1, tumor necrosis
factor, platelet-derived growth factor, and /3-interferon, and IL-
6 in turn promotes their production through a positive feedback
loop. An autocrine loop also operates when HIV infects mono
cytes and induces IL-6 gene transcription and translation that
leads to autostimulatory expansion of virus-laden cells (53).
Similar autocrine growth may theoretically exist in other tissues
such as brain. The production of IL-6 by brain tissue, particu
larly virus-infected tissue, is intriguing in light of the proclivity
of AIDS NHL to involve the central nervous system.

IL-6 promotes the growth and differentiation of B-cells, in
particular the induction of immunoglobulin gene expression
and the final differentiation from immature B-cell precursors
to plasma cells (84). It is a crucial factor in the induction of
acute phase reactions and may perpetuate chronic inflammatory
responses, as seen in autoimmune disorders. IL-6 also plays a
role in the recruitment of resting T-cells to the proliferative
state and their differentiation along the cytotoxic T-lymphocyte
pathway. IL-6 has a fundamental role in the "priming" or

recruitment of pluripotent hematopoietic stem cells into active

cycle, synergizes with other hematopoietic stimulators (in par
ticular IL-3, IL-4, and granulocyte-CSF) to enhance the growth
of mult Â¡lineageand committed precursors, and, like the related
c-fos gene product, induces monocyte differentiation (85).

Thus, IL-6 has major effects on the proliferation, differentia
tion, and net expression of multiple arms of the immune
response. Further, IL-6 may augment HIV replication (and
thus disease progression) in an autocrine loop through its
enhancement of T-cell and monocyte growth (53). Additionally,
the production of IL-6 from HIV-infected monocytes promotes
the proliferation of activated B-cells (e.g., by EBV), thereby
driving immunoglobulin synthesis and causing the nonspecific
hyperimmunoglobulinemia commonly seen in early HIV infec
tion (52, 53).

Based on its proliferative targets, IL-6 is a logical candidate
for the promotion of malignant transformation in B-cell pre
cursors. IL-6 is perhaps implicated in the pathogenesis of
multiple myeloma through its activity as an autocrine growth
factor for malignant plasma cells (86, 87). In the case of
myeloma, the constitutive expression of IL-6 by dysregulated
B-cells may promote polyclonal expansion that in turn facili
tates malignant transformation by c-myc deregulation, for ex
ample. The IL-6-driven increase in B-cell precursor self-renewal
and clonal expansion is reminiscent of the effects of the tran-
scriptionally active EBV proteins and the deregulated bcl-2
oncogene in promoting B-cell growth dysregulation and ulti
mate lymphomagenesis.

Interleukin 4 (IL-4), another B-lymphokine produced by
CD4-positive T-cells and mast cells, also stimulates the prolif

eration and maturation of multiple hematopoietic lineages. The
IL-4 gene is located on chromosome 5q23.3-31.2, linked to the
gene encoding IL-5 (a promoter of eosinophil development)
and clustered with the genes encoding IL-3 and granulocyte-
macrophage-CSF (88). As an immunoregulatory lymphokine,
the key function of IL-4 is the up-regulation of MHC II antigen
expression by monocytes, T-cells, and a variety of tumor cell
types (89). MHC II expression provokes generation of CD8-
positive cytotoxic T-lymphocytes which, in turn, mediate the
antitumor effects of IL-4 directed against diverse malignancies,
including multiple myeloma (88, 89). Along these lines, IL-4
has been shown to up-regulate LFA-1 and LFA-3 in an EBV-
negative Burkitt's lymphoma cell line (47). The net result of

LFA up-regulation, like MHC II, is the enhancement of cyto
toxic T-lymphocyte-based tumoricidal activity and provides an
additional mechanism by which IL-4 exerts its antitumor
actions.

In light of its linkage with eosinophil-promoting IL-5, it is
not surprising that IL-4 mediates allergic response by directing
B-cells to produce IgE and IgE receptors (88). In this respect,
IL-4 acts as a "switch factor" for immunoglobulin production,

perhaps by promoting chromatin opening that facilitates the
processes of gene translocation and recombination, as well as
transcription. The increased chances for transforming translo
cation events could implicate IL-4 as a permissive factor in B-
cell transformation. However, the effects of IL-4 on the active
cytotoxic T-lymphocyte pool, mediated through MHC II anti
gen expression by monocytes or tumor cells and lymphocyte
function-associated antigen up-regulation in B-cells, may the
oretically override any tumor-potentiating effects and preserve
a net antitumor effect of IL-4.

Like IL-6, IL-4 has a central role in the regulation of B-cell
development and promotes T-cell expansion and differentiation
along the cytotoxic T-lymphocyte pathway. IL-4 also synergizes
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with IL-3, acting as a "priming" agent (rather than as a direct

stimulator) to enhance the responsiveness of multiple early
lineage-committed hematopoietic precursors to specific growth
and maturation factors (85, 88, 90). In addition, both IL-4 and
IL-6 cause increases in monocyte-macrophage numbers and
both modulate cytokine production by monocytes and stromal
cells. In contrast to IL-6, however, IL-4 appears to suppress
gene transcription and cellular secretion of monocyte-derived
IL-6, IL-IÃŸ,and tumor necrosis factor a (91), perhaps through
induction of a unique inhibitor from stromal macrophages (88).
Inhibition of IL-6 in particular may theoretically contribute to
the antitumor effects of IL-4 that are directed against B-cell

malignancies.
In addition to mechanisms that directly stimulate B-cell

expansion, suppression of T-helper cell antiviral and/or cyto-
toxic surveillance activities can permit the establishment of
malignant clones. The recently described IL-10, so-called cy
tokine synthesis-inhibitory factor, is such a suppressor of T-cell
function (45, 46). As discussed previously, IL-10 shares signif
icant homology with the EBV protein BCRF-1 and likewise
impairs T-cell synthesis of 7-interferon and IL-2. Besides their
antiviral activities, 7-interferon and IL-2 up-regulate MHC II
surface antigen expression and support the clonal expansion of
immune-activated T-cells in autocrine fashion. Thus, excess IL
IO may permit viral replication (particularly EBV and possibly
also HIV) to go unchecked which, in turn, promotes the cascade
of events that culminate in the establishment of clonal B-cell
malignancy.

Contribution of DNA Damage and Repair to Lymphomagenesis

Immune cells undergo DNA breaks and rearrangements of
genes or gene segments as part of their normal development.
As such, they are particularly susceptible to factors that perturb
the orderly processes of DNA damage or repair. The presence
of viral genome and/or transcriptional proteins may induce or
exacerbate anomalies in either the damage or repair arms,
thereby contributing to the acquisition of genetic aberrations
that then lead to malignant transformation.

There are several lines of evidence to support the view that
alterations in the integrity of host DNA predispose to lym-
phomagenesis in AIDS. Ataxia-telangiectasia and Bloom's syn

drome, both hereditary conditions, are characterized by immu
nodeficiencies and strong predispositions to develop lymphoid
neoplasms. Both disorders exhibit heightened sensitivity to
DNA damage and defects in enzymes that orchestrate DNA
repair, e.g., aberrant recombinase in ataxia-telangiectasia (14).
In addition, the chromosomes from lymphocytes of patients
with ataxia-telangiectasia are uniquely unstable, especially in
the areas of both the immunoglobulin heavy chain genes
(14q32) and the various chains of the T-cell receptor (a, 14ql 1;
ÃŸ,7pl4-15; 7, 7q33-35) (10). Such instability may magnify the
usual recombination process that takes place during B- and T-
cell differentiation in a way that permits the emergence of
dysregulated lymphoid clones.

Mechanisms that induce DNA damage in host cells appear
to activate HIV gene expression (92-94). UV light (especially
the 254 nm wave length, UVC) damages host cell DNA through
the formation of pyrimidine dimers and other photoproducts,
some of which are then repaired by the nucleotide excision
pathway (93). The initial damage is accompanied by chromatin
decondensation (or "opening") in both host and integrated HIV

DNA segments, perhaps related to demethylation or other
conformational change. Whatever the mechanism, the net result

is exposure of the "opened" DNA regions to transcription

factors and an activation of gene expression. The same events
that enhance transcription may also enhance viral integration
(92).

DNA repair enzymes are activated in response to DNA
damage. Alterations in DNA repair enzyme function and thus
the rate and extent of DNA repair for the entire genome,
discrete genes, and specific gene segments could contribute to
malignant transformation. Studies examining the process of
DNA repair in adult T-cell leukemia have demonstrated that
transcription of the gene encoding the DNA-polymerizing en
zyme 0-polymerase, a repair enzyme, is inhibited by the HTLV-
1 frans-activator protein Tax (95). The resultant inhibition of
DNA repair may lead to unrepaired chromosomal damage. It
is intriguing to speculate that other retroviral /raws-activating
proteins, especially the HIV frans-activator Tat, may have a
similar capacity to impair host cell DNA repair.

Elegant studies of p53 metabolism in human leukemia cell
lines and in normal marrow stem cells point to a critical role
of p53 protein in the normal cellular responses to DNA damage,
specifically during G,.3 It appears that p53 is posttranscription-
ally up-regulated in response to damaging agents including 7-
irradiation, UV light, and actinomycin D. The up-regulation
results from an increased half-life and stabilization of the p53
protein, perhaps related to changes in phosphorylation (96).
Whatever the mechanism, up-regulated p53 appears to result
in GI arrest, which in effect allows the cell time to repair DNA
breaks before entering S phase and replicating. Cells with loss
or mutations of the p53 gene or protein fail to undergo a GÃ¬
arrest following DNA damage and consequently enter S phase
and replicate damaged DNA. This defect in the response to
DNA damage mimics the defect seen in ataxia-telangiectasia
which, as noted above, is associated with striking chromosomal
instability (10, 14). Thus, from our growing understanding of
the mechanisms that regulate cell cycle progression, it may be
possible to link several distinct factors that could contribute to
lymphomagenesis, e.g., abnormalities or changes in the activity
of c-myc and the cyclin A-cdc-2 kinase complex, the status of
p53 protein phosphorylation, and alterations in the capacity of
the cell to repair DNA damage, into a single unifying explana
tion. One topic for future research is to define whether patients
infected by HIV, especially those specific patients who develop
certain cancers, have mutations at a genomic or somatic level
in p53.

Recent studies in the BALB/c mouse plasmacytoma model
have uncovered a provocative finding with respect to preferen
tial DNA repair of the c-myc gene, in particular the 5' and

regulatory regions of the gene (97). Following UV light-induced
DNA damage in splenic B-lymphoblasts, the nucleotide exci
sion repair of the c-myc 5' and regulatory regions (but not the
repair of the 3' flank of c-myc or of dihydrofolate reducÃase

gene segments) proceeds at a markedly higher rate in cells from
mice resistant to plasmacytoma development than in plasma-
cytoma-susceptible mice. The 5' and regulatory regions of c-

myc are the major sites of chromosomal breaks and transloca
tions in sporadic Burkitt's and in many AIDS NHL with t(8; 14),

independent of morphological type and the presence of EBV
DNA sequences (31, 36, 37). The coupling of B-cell tumorigen-
esis and DNA repair efficiency in a critical segment of a gene
closely associated with malignant transforming events in B-
cells in this mouse model may parallel c-myc-associated B-
lymphomagenesis in humans. Further, the relationship estab-

3 M. B. Kastan, unpublished observations.
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lished for this mouse plasmacytoma system validates the notion
that alterations in DNA repair, especially the differential repair
of gene segments involved in recombination or transcriptional
regulation, may contribute to B-cell neoplasia.

Therapy of AIDS Lymphomas: A Multilevel Challenge

Like other lymphomas arising in immunodeficient hosts,
AIDS-related NHL is a resilient, clinically aggressive therapeu
tic challenge. As discussed above, AIDS lymphomas are histo-
logically high grade tumors that usually present with multiorgan
involvement and a substantial tumor burden. CNS tumor is
especially common and, partly because it is protected as a
"sanctuary" site, a frequent site of relapse. HIV-related bone

marrow suppression (likely a consequence of direct progenitor
cell infection and/or stromal cell infection with attendant
suppression of hematopoietic growth factors) (83) and the
presence of multiple chronic opportunistic infections act in
concert to limit the host's ability to tolerate full cytotoxic

therapy. Moreover, the absence of any antitumor immunity
permits the expansion of tumor cells remaining after therapy
to proceed unchecked.

As a result, multidrug regimens effective in de novo NHL,
e.g., ProMACE-MOPP (prednisone, methotrexate, Adriamy-
cin, cytoxan, etoposide-mechlorethamine, vincristine, procar-
bazine, prednisone) or variants containing bleomycin (MA-
COP-B, m-BACOD) and/or 1-ÃŸ-D-arabinofuranosyl-cytosine
(ProMACE-CytaBOM), have met with variable results in AIDS
lymphomas. Such combinations of alternating non-cross-resist
ant agents that reproducibly achieve complete remission rates
of 70-90%, median disease-free survivals greater than 3-5
years, and median overall survivals exceeding 5-7 years in
patients with advanced stage, aggressive NHL (98) have yielded
remission rates of 20-50% with overall survivals far less than
1 year for AIDS-associated lymphomas (99). A potentially
significant factor in the poor responses for AIDS NHL is the
attenuation or complete omission of therapy cycles on the basis
of functionally impaired marrow reserve and/or uncontrollable
opportunistic infection. Low dose chemotherapy regimens com
bined with antiretroviral therapy and marrow-protective colony-
stimulating factors (100) are currently under investigation. One
extant National Cancer Institute protocol (Table 1) involves a
prospective trial of cyclical, lowdose, multiagent, systemic an-
tilymphoma chemotherapy given with marrow-protective gran-
ulocyte-macrophage-colony-stimulating factor plus AZT anti-
HIV therapy (15, 16) and aerosolized pentamidine for prophy
laxis against active P. carinii pneumonia.

New agents with novel mechanisms of cytotoxicity may be
useful for lymphomas in general, as well as AIDS lymphomas.
Taxol, a chemically complex natural product currently derived
from the bark of the Pacific yew tree, exemplifies a type of drug
that acts by manipulating the molecular regulation of the cell
cycle, in this instance perhaps in a very general way related to
the overall activity of c-mos and its kinase product. Like the
Vinca alkaloids, which are "prototype" lymphocytotoxic drugs,

taxol exerts its cytotoxicity in M phase. However, taxol is
probably unique thus far in that it induces tubulin polymeriza
tion, thereby promoting assembly and "freezing" of microtu-

bules in a way that paralyzes the ability of the mitotic spindle
apparatus to depolymerize and reorganize itself after the initial
stages of mitotic activity (101). By disrupting the dynamic
equilibrium between microtubules and their depolymerized tub
ulin dimers, taxol also prevents the transition from Go-G,
through S phase as well as causing lethal metaphase arrest.

Table 1 National Cancer institute protocol therapy for AIDS-related
non-Hodgkin 's lymphoma

I. Cyclical chemotherapy (cycles repeated every 21 days)
Day I Day S

Cyclophosphamide, 500 mg/m2 Vincristine, 1.4 mg/m2
Etoposide, 100 mg/m2 Methotrexate, 120 mg/m2
Adriamycin. 15 mg/m2 Leucovorin, 25 mg/m2

every 6 h for 4 doses (be
ginning 24 h after meth
otrexate)

All drugs are given i.v.
II. Prophylaxis and therapy for CNS lymphoma

Methotrexate, 12.5 mg i.t.,Â°and 1-fi-D-arabinofuranosylcytosine, 70 mg,

are given weekly for 6 doses.

For lymphomatous meningitis, i.t. therapy is given twice weekly until
clear, then weekly for 6 doses. In addition, whole brain radiation, 3600
cGy, is administered daily in 180-cGy fractions.

III. Marrow-protective therapy
Granulocyte-macrophage GM-CSF. 10 fig/kg/day, is administered s.c. on
days 2-7 and 9-14 of each cycle.

IV. Antiretroviral therapy
AZT, 500 mg p.o., is administered daily.

V. Anti-P. carinii pneumonia prophylaxis
Aerosolized pentamidine inhalation therapy is given monthly.

Â°i.t., intrathecal.

Thus, the action of taxol, specifically, the hyperstabilization of
microtubules in their polymerized form, in certain ways mimics
and exaggerates some of the action of the c-mos gene product.
Rowinsky et al. (102) have shown that taxol can induce persist
ent and irreversible microtubular bundling, a lethal lesion, in
some (but not all) lymphoblastic leukemia cells. Taxol may
thus have a therapeutic role for lymphoproliferative malignan
cies, inasmuch as it is now known to have a role in refractory
ovarian and breast cancers (101).

Other natural products with lymphocytotoxic potential in
clude derivatives of alkaloids known as camptothecins (103).
Camptothecins appear to inhibit topoisomerase I, perhaps in a
fashion analogous to the ways in which anthracyclines or epi-
podophyllins cause net inhibition of topoisomerase II through
stabilization of the bond between the topoisomerase enzyme
and DNA. It is intriguing to extrapolate from the known
antilymphoma activity of topoisomerase II-directed agents to
the possibility that topoisomerase I-directed drugs may have
similar activities in a non-cross-resistant fashion.

An intensive multimodality approach combines intensive cy
totoxic antilymphoma therapy, antiretroviral therapy, and al-
logeneic or syngeneic bone marrow transplantation aimed at
hematopoietic and immune reconstitution ( 104). The net effects
of allogeneic transplantation in particular on immunocompe-
tence are complex, but the ability to reinitiate some capacity
for immune responsiveness seems crucial to the achievement of
long-lasting antitumor effects. In this respect, transplantation
of pluripotent stem cells offers the potential for long-term
control of both HIV infection and AIDS NHL. Such ap
proaches would likely require antiretroviral coverage.

For AIDS NHL, it is likely that IL-6, alone or in concert
with other B-stimulatory and/or T-suppressing lymphokines,
chronically drives B-cell clonal expansion (16, 53). On this
basis, it is logical to search for therapeutic agents that could
inhibit net IL-6 activity, such as anti-IL-6 antibodies or other
molecular modifications that could block IL-6 binding and
signaling. The intriguing finding that IL-4 can induce a "shift"

in overall cellular cytokine synthesis (91) raises the possibility
that IL-4 could down-regulate IL-6 production in a therapeu-
tically advantageous fashion. IL-4 might also have salutary
effects on any existing cytotoxic T-lymphocytes, although the
majority of AIDS NHL arises very late in the course of HIV
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infection, when few functional T-cells remain (19).
The recent finding that the methylxanthine pentoxifylline

inhibits intracellular HIV replication by inhibiting tumor ne
crosis factor a synthesis in multiple cell types (including mono-
cytes and B cells) is provocative (105), particularly since IL-6
expression is linked to tumor necrosis factor production
through an autocrine loop. Thus, pentoxifylline might provide
both antiretroviral activity and antiproliferative effects directed
against B-cells and monocytes that could serve for both treat
ment and prevention of AIDS-related lymphomas.

The ability to target and modify the activity of specific
overexpressed genes with antisense oligodeoxynucleotides of
fers a novel approach to anti-HIV (106) and anticancer thera
pies (107, 108). Antisense oligodeoxynucleotides can be made
complementary to a specific aberrant mRNA transcribed from
the first intron of a translocated c-myc gene present in a
Burkitt's lymphoma cell line (107). The antisense molecules

specifically inhibit net tumor cell c-myc expression and prolif
eration without affecting cell lines that have normal c-myc

transcripts. The development of diffusible phosphodiester and
phosphorothioate oligodeoxynucleotides complementary to
specific sequences in the bcl-2 protooncogene and the demon
stration that incubation of these antisense compounds with
leukemic lymphoblasts results in growth inhibition and eventual
cytotoxicity is a template for future gene-targeted therapies
(108). The modification of antisense constructs, e.g., the devel
opment of triple helix analogues that target double stranded
DNA or high affinity aptamers that target surface or extracel
lular molecules (109), may provide alternative approaches with
high degrees of specificity for those genes or gene products the
aberrant expressions of which are central to the process of
malignant transformation.

Finally, the ability to manipulate both tumor immunogenicity
and the immune response to viral and/or tumor antigens
through gene therapy (110) may provide a new approach for
treatment and, possibly, prevention of AIDS and AIDS lym
phomas. A central mechanism to enhance tumor immunoge
nicity may be the upregulation of the immune response to
tumor cell surface antigens. Such up-regulation can be achieved,
e.g., by transfecting the IL-2 gene into mouse colon cancer cells;
the IL-2-secreting tumor cells specifically recruit (and are de
stroyed by) MHC class I-directed cytotoxic T-lymphocytes
(111). While the major histocompatibility antigens have the
greatest immunogenicity, peptides such as those derived from
mitochondrially encoded proteins can also act as histocompat
ibility antigens and induce cellular immune responses (112). As
noted earlier, the bcl-2 gene encodes an inner mitochondria!
membrane protein (29, 34). Interestingly, this protein shares
approximately 50% homology with a candidate melanoma an
tigen that is an immunogen for tumor infiltrating lymphocytes,4
suggesting that the bcl-2 product may be a target against which
an up-regulated immune response could be directed.

A number of other novel approaches are now worthy of
consideration. Recent research has suggested that it may be
possible to create chimeric immunoglobulin/T-cell receptor
proteins as functional antigen recognition receptors in T-cells
(113-115). In effect, humoral immunoglobulin-variable regions
can be joined to T-cell receptor-constant regions to create new
functional units that confer the antigen specificity of the im-
munoglobulin moiety. The resultant genetically engineered T-
cells can, in principle, recognize and react against target cells
bearing an antigen that elicited the starting immunoglobulin.

In theory, this strategy could adapt any monoclonal antibody-

producing line as a starting source for variable regions to confer
unique recognition capacities on T-cells, provided that suitable
chimeric molecules containing immunoglobulin-variable re
gions and T-cell receptor-constant regions could be expressed
on the cell surface. Moreover, such reactivity would not be
restricted by histocompatibility loci. Physiological T-cell re
sponses are essentially always restricted by class I or class II
MHC antigens. Thus, one could envision a T-cell that could
(following the insertion of chimeric recognition units) kill target
tumor cells irrespective of the major histocompatibility restric
tion elements involved. Tumor cell components such as the bd-
2-encoded protein; tumor-specific growth factors such as Ka-
posi's sarcoma, fibroblast growth factor, or their receptors; or

specific viral-encoded proteins (for example, EBV or CMV)
could serve as targets for the genetically engineered chimeric
T-cell. The ability to target viral-related proteins suggests that
this approach could be used for prevention (as well as therapy)
of lymphomagenesis and that, perhaps by targeting HIV itself,
could even extend to the therapy and prevention of AIDS. None
of these ideas has been proved in a practical sense, and there
are still several technical barriers to be overcome. Nevertheless,
this approach could be built upon a number of practical ad
vances already at hand in tumor immunology, adoptive immu-
notherapy, and gene therapy (116).

As with all malignancies, the most effective strategies are
those targeted to prevention. The ability to interfere early in
the course of active HIV infection with mechanisms that pro
mulgate B-cell hyperproliferation and clonal expansion, espe
cially growth factors (IL-6, in particular) and concomitant viral
infections (mainly EBV but also CMV and HHV-6), might
decrease the occurrence or prolong the time to development of
AIDS-related lymphomas. Ultimately, however, the key strat
egies will be those directed toward maintaining the CD4 cell
count at a level that prevents the establishment and perpetua
tion of transformed clones. From the studies of Yarchoan et al.
(19), the critical level appears to be a CD4 count of approxi
mately 50/mm3. The identification of factors that portend a
significant risk of lymphomagenesis for a HIV-infected individ
ual and the development of antiretroviral strategies that confer
long-term suppression of HIV activity and relative preservation
of immune function (perhaps in combination with specific anti-
growth factor and/or other antiviral therapies) are essential to
the ultimate prevention of all malignancies that arise as a
consequence of HIV-induced immunosuppression. Thus, while
much remains to be done, we have a strong foundation to build
new approaches for preventing and treating these important
neoplastic complications of AIDS.
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