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ABSTRACT

Despite HAART, patients infected with HIV develop NHL
at a significantly higher level than the noninfected popu-
lation. The primary difference between lymphoma in
non-HIV-infected individuals and those with ARL is that
ARL is consistently high-grade and metastatic. The
emergence of ARL is associated with the presence of
macrophage viral reservoirs, similar to what has been
observed for HAD. HIV-infected macrophages, as seen
by histology and HIV p24 staining, are present in ap-
proximately half of ARLs. Macrophage reservoirs re-
cruit additional immune cells, including monocytes/
macrophages, through the release of chemoattrac-
tants. Additionally, TAM are known to promote tumor
progression for most cancer types, including lympho-
mas. This review will highlight and discuss the role of
macrophage viral reservoirs in the development and
progression of ARLs and hopefully, shed light on this
new and interesting field. J. Leukoc. Biol. 87:
627-632; 2010.

Introduction

The incidence of NHL, a disease of malignant lymphocytes,
is increased in the HIV-infected population. While the ad-
vent of HAART has decreased the occurrence of NHL in
HIV-infected individuals, the risk of developing NHL is still
~60 times greater than in the noninfected population, mak-
ing ARL one of the most common AIDS-defining cancers in
HIV-infected individuals. Additionally, little change in mor-
bidity as a result of ARL has been observed in HIV-infected
patients [1, 2].

Since the introduction of HAART therapy and the result-
ing immune reconstitution in HIV patients, the epidemiol-
ogy of AIDS-related cancers has changed. For instance, the

incidence of CNS lymphoma has dropped to nearly one-
tenth the level observed in the pre-HAART era [3]. The in-
cidence of KS has also decreased dramatically, suggesting
that immune reconstitution has had a large effect on pre-
venting these AIDS-defining cancers. In contrast, the occur-
rence of ARLs has not declined to the same extent. Al-
though HAART therapy has been reported to decrease ARL
incidence by almost 50%, there has been little change
amongst the various CD4 strata [4]. Therefore, even though
more patients are living longer on HAART, the overall
number of ARL cases is expected to rise in the future.

The greatest difference between lymphoma in non-HIV
and HIV-infected individuals is that ARLs are usually high-
grade and aggressively metastatic, with death occurring in as
little as 2 weeks after diagnosis [2]. ARLs predominantly
present as systemic NHLs with frequent involvement of ex-
tranodal sites, including the gastrointestinal tract, liver, and
bone marrow [5]. Approximately 80% of ARLs arise systemi-
cally, and the remaining cases arise within the CNS [6, 7].
These systemic, high-grade ARLs are primarily of B cell ori-
gin and are usually histologically classified as either large
cell lymphoma (variants include centroblastic, immunoblas-
tic, and anaplastic), Burkitt lymphoma, and primary effu-
sion lymphoma [1].

During the pre-HAART era, it seemed certain that ARL
occurred primarily as a result of HIV replication-associated
immunosuppression. However, due to HAART, this disease
would be seen much less frequently if immune suppression
alone were the cause for the lymphoma or only occurred in
a subset of individuals who are intolerant of HAART [2].
Since the molecular studies performed on ARL tissues to
date have shown that HIV is not inserted within malignant
B cells, it has been suggested that HIV contributes to ARL
incidence through indirect mechanisms of immunosuppres-
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sion and genetic abnormalities due to EBV infection,
HHV-8 infection, c-MYC and BCL-6 rearrangements, RAS
mutations, p53 inactivation, and 6q deletions [8, 9]. Addi-
tionally, ARL onset is often preceded by an overproduction
of B cell stimulatory cytokines, resulting in B cell activation
and possibly, activation-induced cytidine deaminase-associ-
ated DNA modification errors and oncogenic translocations
[10-12]. However, much is still unknown about the devel-
opment and progression of ARL. The focus of this review is
to discuss the role of HIV viral reservoirs and TAM in lym-
phoma development in the HIV-positive patient population.

MACROPHAGES: PROMOTERS OF
TUMOR PROGRESSION

Macrophages form a large portion of the inflammatory infil-
trate in most, if not all, cancer types. TAM constitute up to
80% of the total tumor mass, depending on the tumor type
[13]. Although the role of TAM in tumorigenesis has been
controversial, there is increasing evidence that macrophages
actively promote tumor progression for numerous human
cancers (reviewed in ref. [14]). Tumor-derived chemoattrac-
tants signal monocytes to extravasate out of the bloodstream
and infiltrate the tumor mass, resulting in a continuous in-
flux of macrophages throughout the lifespan of the tumor
[15, 16]. Within the tumor microenvironment, macrophages
are exposed to IL-4 and IL-10, which likely induce TAM to
become alternatively activated/M2 macrophages [17]. These
M2 macrophages scavenge debris, promote tissue repair and
angiogenesis, and lack tumoricidal capabilities [17]. Inter-
estingly, high numbers of TAM, as measured by CD68 posi-
tivity within the tumor mass, are associated with poor prog-
nosis in many types of human cancer to include, brain,
breast, prostate, ovarian, bladder, kidney, melanoma, and
FL (reviewed in refs. [14, 18]).

TAM are known to play a role in every hallmark step of
tumor progression. TAM promote tumor growth through
the expression and release of factors that increase tumor
cell proliferation and survival, such as EGF, platelet-derived
growth factor, hepatocyte growth factor, basic fibroblast
growth factor, and TGF-B1 [19, 20]. As tumor cells begin to
divide, and hypoxic areas develop, TAM release numerous
proangiogenic cytokines, growth factors, and angiogenesis-
modulating enzymes to support tumor neovascularization
[18, 21]. Macrophages within hypoxic areas also act as im-
munosuppressors via the release of PGE2 and IL-10, two
factors that impair immune cell development [22, 23]. Ad-
ditionally, TAM release various proteases that break down
the basement membrane, providing invading tumor cells
with access to surrounding tissues. Metastasis is further pro-
moted by macrophages that release chemoattractants lo-
cated near the tumor vasculature, including EGF, which act
as a beacon, guiding tumor cells into the circulation [18].

It has been proposed that macrophages may play a direct
role in cancer progression, as some reports have suggested
that metastatic cells arise from cells of the myeloid/macro-
phage lineage [24-26]. The behavior of normal macro-
phages in response to tissue injury or disease is similar to
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the behavior of metastatic tumor cells during the metastatic
cascade. Both macrophages and metastatic cells enter and
exit the circulation, invade tissues, release inflammatory cy-
tokines, and exhibit phagocytic behaviors [27]. Additionally,
many metastatic tumor cells have been reported to express
macrophage-specific antigens, lipids, and behaviors [25, 28—
30]. Due to the abundant behavioral and biological similarities
between macrophages and metastatic cells, a myeloid origin of
metastatic cancer has been proposed [24, 25, 29, 31]. The my-
eloid origin of metastasis stands apart from the more widely ac-
cepted hypotheses of random somatic mutations and the epithelial-
mesenchymal transition [32-34]. Although aberrant antigen ex-
pression may be seen in a subset of tumors, cancer cells that
express behavioral, biochemical, and genetic properties of macro-
phages are likely of myeloid origin.

STUDIES ON MACROPHAGES IN
NON-HODGKIN LYMPHOMA

TAM have been reported to negatively impact NHL tumor
grade and patient survival, similar to that seen for many
solid tumor types. FL, the second most common type of

NHL in the HIV-negative population, is a clinically hetero-
geneous disease with survival ranging from 2 to 20 years af-
ter diagnosis [35]. A study examining a group of FL pa-
tients, who were uniformly staged and treated, revealed that
those with high TAM levels had a median OS of only 5
years, in contrast to those with low TAM levels, who had an
OS of 16.3 years [36]. These findings were further supported
by gene-expression studies showing that FLs with a macrophage
gene signature had reduced survival when compared with FLs
with a T cell gene signature [37-41]. It has also been shown in
other forms of B cell NHLs that TAM content increases with ma-
lignancy grade and is highly correlated with tumor vascularity
[42]. However, a conflicting report suggested that TAM did not
correlate with progression-free survival, OS, or tumor grade in
patients with DLBCL [43]. These discrepancies are likely a result
of differences in sample population, as one group analyzed TAM
levels in specimens obtained from patients that were treated with
curative intent, and the other examined node biopsies taken be-
fore any therapy was administered [42, 43]. Although further
studies will be needed to clarify the role of TAM in DLBCL
pathogenesis, these findings suggest that TAM in HIV-negative B
cell NHLs have a similar negative impact on prognosis, as seen in
many other cancer types. The role of TAM in HIV-positive NHL
is currently unknown.

STUDIES ON AIDS-RELATED NHL:
MACROPHAGES AS VIRAL RESERVOIRS

A major obstacle in HIV eradication is the ability of the vi-
rus to establish reservoirs within cells that are resistant to
apoptosis and HAART therapy. HIV infection and replica-
tion mainly occur within CD4+ T cells and macrophages.
Shortly after HIV infects CD4+ T cells, they undergo apo-
ptosis; however, macrophages are much more resistant to
HIV-induced apoptosis and are able to sustain a continuous
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low-level of viral replication [44]. In fact, infectious HIV
can be detected in circulating monocytes from patients that
have been on HAART therapy for long periods of time [45,
46]. While macrophages represent a major viral reservoir,
other cells, including resting CD4+ T cells, dendritic cells,
hematopoietic progenitor cells, and astrocytes, can also har-
bor HIV for long periods of time (reviewed in ref. [44]).

Macrophage tropic HIV strains are detectable during all
stages of HIV infection [47]. It is estimated that macro-
phages constitute a small percentage of the total infected
cell population during the chronic stage of HIV disease.
However, when CD4+ T cells become depleted during the
late stages of HIV infection, macrophages likely account for
a larger portion of the infected cell population. Due to the
long macrophage lifespan and the continual recruitment of
these cells to infected tissues, macrophages are highly sus-
ceptible to super-infection with multiple HIV viral strains.
Interestingly, up to 50% of viral sequences from ARL tissues
contain intra-host viral recombinants, suggesting that the
macrophage reservoirs within these tissues are acting as a
viral haven, thus generating novel viral genotypes through
HIV evolution and recombination [48, 49]. The genetic di-
versity of HIV strains has the potential to generate drug-
resistance mutations, change coreceptor usage, and aid in
immune evasion [49, 50]. Therefore, future drug therapies
targeting HIV-infected macrophages should greatly enhance
the ability to eradicate HIV infection.

MACROPHAGES IN ARL

The existence of long-lived, HIV-infected macrophage popu-
lations resistant to HAART suggests separate pathogenic po-
tentials for viruses within this reservoir than those associ-
ated with pathologies related to T cell depletion. Currently,
it is believed that HIV is not localized to malignant B cells
in ARL [2]. However, in preliminary studies, HIV protein
expression within ARL tissues has been localized to TAM,
similar to what has been observed in the SIV-associated lym-
phomas [51-54]. Therefore, it appears that HIV infection,
when present in ARL, is localized to the macrophages
within the tumor stroma.

HIV-infected macrophages have been shown to have lym-
phomagenic potential in SCID mice, suggesting a viral com-
ponent to lymphomagenesis [51]. Zenger et al. [51] isolated
TAM from two patients, who died from ARL, and implanted
them into SCID mice. Before macrophage implantation, PCR

analysis confirmed the presence of HIV within the TAM isolated
from both patients. Interestingly, within 3 months, 74% of the
animals developed aggressive murine lymphomas. Human ly-
sozyme staining of the mouse tumors confirmed that the spon-
taneous lymphomas contained human macrophages within the
tumor stroma. The HIV-positive TAM isolated from the human
ARLs were responsible for the murine tumor development, as
T cells isolated from the same patients with ARL and control
macrophages isolated from healthy donors were not capable of
inducing tumors in SCID mice [51]. This study directly impli-
cated HIV-infected macrophages in the induction of ARL.

www jleukbio.org

COULD HIV INFECTION CONTRIBUTE TO
CANCER DEVELOPMENT?

Since HIV is not localized within malignant B cells, it is un-
likely that HIV contributes to lymphomagenesis through
inducing B cell immortalization. However, this is not the
case for other viruses that are associated with ARLs. EBV is
known to promote lymphoma onset in a subset of ARLs.
Although almost all ARLs of the CNS contain EBV-infected
cells, it has been reported that up to 66% of systemic ARLs
also contain detectable EBV [55], and EBV infection is
thought to contribute to tumorigenesis, as in vitro EBV in-

fection leads to B cell immortalization and proliferation
[56]. The role EBV plays as a directly transforming agent is
unclear in most classes of ARL. A recent report by Chad-
burn et al. [57] demonstrated that the presence of EBV
within ARL tissues did not correlate with the patients’ CD4
counts or clinical outcome, suggesting that more subtle im-
munologic abnormalities allow EBV-infected ARL cells to
proliferate. Additionally, HHV-8 is commonly associated
with primary effusion lymphoma, a subtype of ARL, and has
been suggested to play a role in some solid ARLs. HHV-8 is
also believed to trigger B cell proliferation and inhibit T
cell cycle regulation, potentially resulting in lymphomagen-
esis [b8—-60].

A study by Mack et al. [564] revealed that HIV-induced
macrophage “immortalization” may be a potential mecha-
nism for ARL induction. Tissues from individuals with ARL
contained populations of HIV-expressing macrophages with
HIV genomes integrated within or nearby genes associated
with signal transduction, receptor activation, and oncogene
activation [54]. Thus, in late-stage HIV disease, HIV may
generate immortalized macrophage populations through
insertional mutagenesis, contributing to ARL pathogenesis.
These findings also lend additional support to the myeloid
origin of cancer hypothesis.

STUDIES ON HIV-INFECTED
MACROPHAGES WITHIN ARL

We were interested in determining if HIV-infected macro-
phages could be commonly identified within ARL tumors. To
answer this question, we focused on the HIV p24 antigenic
reactivity of macrophages in ARL biopsies from HIV+ patients
at time of diagnosis. In this preliminary study, a tissue microar-
ray obtained from the ACSR containing HIV-positive ARL tis-
sues (from 1984 to 2005) was used to screen for p24 and
CD68 expression by immunohistochemistry (Fig. 1, A-D and
F). Of the 60 ARL samples analyzed, 24 (40%) contained
p24+ macrophages identified by CD68 and p24 double-stain-
ing. EBV status was available from the ACSR, as determined by
EBV-EBER in situ hybridization for all of the cases (additional
clinical information was not available). HIV and EBV status for
these cases are summarized in Table 1. None of these ARL
biopsies was HHV-8-positive (not shown). Here, we have identi-
fied a subset of ARLs that are not infected with EBV but con-
tain HIV-positive TAM, suggesting by extension from the ani-
mal model data [51], that in these tumors, HIV might be con-
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Figure 1. Histopathology of p24-expressing macrophages. H&E and
p24 staining revealed p24-positive macrophages in ARL tumors (A-D
and F). HAD and ARL biopsies contained perivascular p24 staining (E
and F). ARLs and HAD biopsies were stained with CD68 (red) and
p24 (brown), confirming p24 expression within CD68-positive macro-
phages (G and H), as we recently described [61]. Examples of double-
positive cells are highlighted by the black arrows. Mayer’s hematoxylin
was used for counterstaining, and slides were examined by light mi-
croscopy. Original magnification (A-D and F), X200; (E, G, and H),
X400 (representative tissues shown).

tributing to tumorigenesis (Table 1). Although preliminary,
these data suggest the existence of a novel class of ARL that
contains HIV-infected macrophages without evidence for EBV
or HHV-8 infection.

HIV-INFECTED MACROPHAGES MAY
PROMOTE A TUMORIGENIC
ENVIRONMENT

Although NHLs are one of the most common forms of can-
cer in the HIV-infected population, other non-AIDS-defin-
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ing cancers, including skin (basal cell carcinoma, mela-
noma), lung (squamous cell carcinoma), liver (hepatocellu-
lar carcinoma), anal (squamous cell carcinoma), and
Hodgkin lymphoma, are increasing in incidence [62]. Many
cancers that affect HIV-infected patients are associated with
viral infection such as HHV-8 (KS), human papilloma virus
(cervical and anal), EBV (NHL), and the hepatitis viruses
(liver) [63]. Interestingly, chronic inflammation has been
linked to the development of cancer and likely contributes
to tumor development in patients infected with these tu-
morigenic viruses [64, 65]. In patients coinfected with HIV
and a tumorigenic virus, it has been generally accepted that
HIV plays a passive role in cancer development through im-
pairing the host’s immune system’s ability to eliminate tu-
morigenic viral replication. However, HIV may contribute
directly to cancer development and progression through the
creation of a tumor-promoting inflammatory environment. Long-
lived HIV macrophage reservoirs represent a source of chronic
infection and inflammation in HIV patients. Additionally, HIV
replication in macrophages results in increased production of
MIP-1a, a strong monocyte/macrophage chemoattractant, re-
sulting in an increase in the inflammatory cell population
within the tissues [66, 67]. Long-term inflammation pro-
duces a microenvironment that fosters genomic abnormali-
ties and tumor progression through the release of reactive
oxygen species and cytokines associated with wound repair
(reviewed in refs. [64, 65]). HIV proteins have also been
shown to induce tumor angiogenesis [68]. Therefore, it is
possible that HIV-induced macrophage infiltration and
chronic inflammation contribute to the risk in developing
various types of cancers in the infected population. If the
HIV-induced inflammatory response increases TAM content,
this may help to explain why lymphomas in the HIV-in-
fected population tend to be more aggressive, resulting in a
poor prognosis. It would be of interest to determine if TAM
are elevated in HIV-positive tumors when compared with
HIV-negative tumors.

HIV-INFECTED MACROPHAGES DRIVE
DEMENTIA PATHOGENESIS

The pathogenic potential of HIV-infected macrophages in
HAD is widely accepted. HAD affects ~40% of HIV-infected
individuals, generally during late stages of the disease [69].

TABLE 1. HIV and EBV Status of ARL Cases

HIV/EBV“ No. of cases
+/+ 10
+/- 14
-/+ 11
-/= 25

“HIV was accessed by p24 reactivity. HIV colocalized mostly with
CD68-positive macrophages on serial sections. EBV status was available
from the ACSR. Tumors were considered EBV-postive if EBV-EBER in
situ staining was above background.
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Since HIV does not infect neurons directly, the loss of cog-
nitive and motor function in infected individuals is believed
to be a pathological side-effect of macrophage HIV reser-
voirs in the CNS [70, 71]. Presumably, HIV enters the brain
early after the initial infection, via infected macrophages
that cross the blood brain barrier and likely persist as a re-
sult of the inability of antiretroviral drugs to cross the bar-
rier [72-74]. Once in the CNS, HIV-infected macrophages
release cytokines, proinflammatory molecules, and viral pro-
teins, which stimulate additional macrophage recruitment
and activation, resulting in neuronal damage [70, 71, 75].
Therefore, HIV-infected macrophages play a role in modu-
lating their surrounding microenvironment, thus confirm-
ing that infected macrophages can drive a pathogenic pro-
cess without directly infecting cells affected by the disease
(i.e., neurons in HAD). We suggest that HIV-infected mac-
rophages play a similar role in ARL. In fact, the histology of
HIV-positive macrophages in some ARLs looks markedly
similar to those cells in HAD with a perivascular localization
contributing to the attraction of other macrophages in the
altered environment (Fig. 1, E and F).

CONCLUSION

Macrophages are among the most versatile cells of the body
with respect to their roles in innate immunity, viral persis-
tence, and tumor progression. When taking into consideration
that macrophages facilitate tumor progression and that nearly
half of ARLs contain HIV-positive macrophages, it seems
highly probable that this cell population is contributing to
AIDS-related lymphomagenesis. Therefore, a macrophage-tar-
geted therapy has the potential to decrease the incidence,
morbidity, and mortality of ARL and other AIDS-related pa-
thologies. Future studies are needed to elucidate the role of
the macrophage HIV reservoir in lymphomagenesis.
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