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Using immunohistochemistry with antibodies against
the phosphoserine residues in both S6rp and 4E bind-
ing protein 1, we identified the activation of the mam-
malian target of rapamycin (mTORC)1 pathway in 29
cases of AIDS-related lymphoma. These cases repre-
sented a diverse spectrum of histological types of non-
Hodgkin lymphoma (24 cases) and classic Hodgkin lym-
phoma (five cases). mTORC1 was also activated in the
hyperplastic but not involuted follicles of HIV-associ-
ated lymphadenopathy in eight cases, supporting the
notion that mTORC1 activation is a common feature of
transformed lymphocytes irrespective of either their
reactive or malignant phenotype. We also found that in
B-cell lines that represent diffuse large B-cell lym-
phoma, Burkitt lymphoma, Epstein-Barr virus-infected
lymphocytes, and human herpesvirus 8-positive pri-
mary effusion lymphoma, inhibitors of Syk, MEK, and,
seemingly , phosphoinositide 3 kinases suppressed
mTORC1 activation, in particular when these inhib-
itors were used in combination. These findings in-
dicate that AIDS-related lymphoma and other histo-
logically similar types of lymphomas that are derived
from transformed B lymphocytes may display clin-
ical responses to inhibitors that directly target
mTORC1 or, possibly , upstream activators of the
mTORC1 pathway. (Am J Pathol 2009, 175:817–824; DOI:
10.2353/ajpath.2009.080451)

The incidence of lymphomas in HIV-positive patients is
nearly 200 times higher than in those uninfected by the
virus. Lymphomas accounts for an increasing percent-
age of AIDS-defining illness, particularly from the advent
of highly active antiretroviral therapy therapy.1,2 These
AIDS-related lymphomas (ARLs) typically represent the
proliferation of enlarged, transformed B lymphocytes,
which usually fall into the category of diffuse large cell

lymphoma (DLBCL), with morphology ranging from cen-
troblasts to immunoblasts. Other histological types such
as Burkitt lymphoma (BL), Hodgkin lymphoma, and T/null
cell anaplastic large cell lymphoma are also overrepre-
sented among ARLs.1–4 The pathogenesis of ARL is
poorly understood. It has been postulated that cell pro-
liferation occurring in the setting of severe immunosup-
pression and driven by chronic antigenemia resulting at
first in the polyclonal and ultimately in the monoclonal
lymphoproliferation plays a key role in lymphomagenesis
in HIV patients. In addition, cell infection by the Epstein-
Barr virus (EBV) and human herpesvirus 8 (HHV8) most
likely contributes to the malignant cell phenotype in some
subtypes of ARL, with the association of primary effusion
lymphoma with HHV8 being essentially universal.1–4 Re-
gardless of the histological type of ARL, chemotherapy is
typically ineffective and new treatment approaches are
clearly needed to combat this group of lymphomas. In
addition to ARL, HIV patients develop a benign reactive
lymphadenopathy, particularly early after the infection as
an overall ineffective response to the virus. This immune
response is characterized by florid follicular hyperplasia
that over time may lead to follicular involution and lym-
phocyte depletion.

Mammalian target of rapamycin (mTOR) is a ubiqui-
tously expressed serine/threonine kinase involved in key
cellular functions including protein synthesis and prolif-
eration.5,6 mTOR associates with several proteins includ-
ing either raptor or rictor to form the mTORC1 and mTORC2
complexes, respectively, with the signaling pathways acti-
vated by mTORC1 being much better characterized.4–7

Accordingly, it is well established that mTORC1 activates
p70S6 kinase 1 and inhibits 4E binding protein 1 (4E-BP1).
In turn, p70S6 kinase 1 phosphorylates an S6 protein of the
40S ribosomal subunit (S6rp) at several sites including
serines 235 and 236. The exact mechanisms of mTORC1
activation are less understood but both phosphoinositide 3
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kinases (PI3K)/Akt8–10 and extracellular regulated (ERK)/
mitogen-activated kinase (MEK) kinases11,12 signaling
pathways have been found to activate mTORC1 with mem-
bers of the insulin growth factor family providing the primary
signal, at least in some instances. The highly potent and
specific inhibitors from the rapamycin family can function-
ally inactivate mTORC1. In addition to being used as immu-
nosuppressants, mTORC1 inhibitors are evaluated as ther-
apeutic agents in various types of cancer,5,6 with high
efficacy already documented in renal cell carcinoma.13

Syk is a protein tyrosine kinase expressed in B lym-
phocytes,14 monocytes/macrophages,15 mast cells,16

and other cell types. Syk has been found to be involved
in signal transduction through several types of receptors
including the antigen B-cell receptor17 and at least three
different receptors for the Fc component of immuno-
globulins G and E.14–16,18–20 A recent report suggests
that Syk may be involved in mTORC1 activation in a
follicular and possibly other types of B-cell lymphoma.21

Although inhibitors of either PI3K/Akt or MEK/ERK signal-
ing pathways did fully inhibit mTORC1 activation in trans-
formed B lymphocytes, at least when applied alone,22

these pathways have been found to contribute to mTORC1
stimulation in two types of T-cell lymphoma.23,24

In this study, we identified the activation of the mTORC1
pathway in all ARL cases examined, regardless of their
specific histological classification and immunopheno-
type. mTORC1 was also activated in the hyperplastic
follicles of the HIV-associated lymphadenopathy. Further-
more, we found that in the different types of transformed
B-lymphocytes cell lines, inhibition of Syk, MEK, and,
seemingly, PI3K resulted in suppression of the mTORC1
activation, in particular when the combination of the in-
hibitors was used. These findings indicate that ARL and
histologically similar types of lymphoma may benefit from
targeted therapy with inhibitors of mTORC1 or, possibly,
its upstream activators.

Materials and Methods

Patient Samples

We examined tissue samples from a total of 37 HIV pa-
tients. These samples comprised 24 cases of non-
Hodgkin lymphoma, 5 cases of Hodgkin lymphoma, and
8 reactive HIV-associated lymphadenopathy specimens.
The cases were identified in the files of the Department of
Pathology and Laboratory Medicine at the hospitals affil-
iated with the University of Pennsylvania. The samples
included mostly lymph node specimens, as well as small
diagnostic and large excisional biopsies of different solid
organs. All cases were classified as HIV-related lymph-
adenopathy or ARL lymphomas based on the clinical
history including HIV seropositivity, tissue and cell mor-
phology, immunohistochemistry, flow cytometry, and mo-
lecular assays. Eight of the 17 evaluated ARL expressed
the EBV genome as determined by in situ hybridization for
EBV small RNA. Four out the 7 EBV small RNA-positive
cases were also positive for late membrane protein 1.
One of the plasmablastic lymphoma cases was positive

for the HHV8-associated antigen latency-associated nu-
clear antigen-1. The study was performed according to
the Institutional Review Board-approved protocol.

Cell Lines

The cell lines used in this study have been described in
detail before.22,23 The LY18 and Val lines were derived
from the DLBCL of germinal center origin. The Raji,
Daudi, and Ramos cell lines were obtained from BL. The
MM and HH lines were established in our laboratory by
the EBV-mediated immortalization of peripheral blood B
lymphocytes. BCBL-1, BC-1, and JSC-1 were derived
from primary effusion lymphoma and are HHV8-positive.
Sez-4 and MyLa3675 were from cutaneous T-cell lym-
phoma. All cell lines were cultured in RPMI (Invitrogen)
supplemented with 10% fetal bovine serum (Mediatech,
Manassas, VA).

Inhibitors

Piceatannol, Syk inhibitors I and II, and wortmannin
were purchased from Calbiochem and rapamycin and
U0126 were purchased from Cell Signaling Technology
(Beverley, MA). The inhibitors were reconstituted in
dimethyl sulfoxide to the suitable stock concentration
and diluted shortly before the experiment to the final
concentrations depicted in the Figures.

Immunohistochemistry

Immunohistochemistry was performed using antibodies
that recognize phospho (p)-4E-BP1 (Ser65) and p-S6rp
(Ser 235/236) (both from Cell Signaling) and a strepta-
vidin horseradish immunoperoxidase method, as de-
scribed previously.23–25 In brief, 5-�m sections from for-
malin-fixed, paraffin-embedded tissue specimens were
deparaffinized in xylene and rehydrated in graded alco-
hol. After the deparaffinization, heat induced antigen re-
trieval was performed by boiling the slides in 10 �mol/L
citrate buffer for 20 minutes. The sections were then
blocked for 10 minutes with a peroxidase blocking sys-
tem from Dako. Sequential 20- to 30-minute incubations
included the following: 2% normal goat serum, affinity
purified rabbit polyclonal primary antibodies at opti-
mized dilution; secondary biotinylated anti-rabbit IgG,
the streptavidin-biotinylated horseradish peroxidase com-
plex reagent (Dako). The sections were then exposed to
the chromagen diaminobenzidine plus from Dako for 5
minutes and were counterstained in hematoxylin, dehy-
drated, cleared, and mounted. Two pathologists exam-
ined the stained slides independently with 100% concor-
dance. The samples were designated as positive when at
least 50% of the lesional cells were positive in the prop-
erly stained regions with �90% of the cells staining in the
majority of cases. Small resting lymphocytes served as
an internal negative and plasma cells as positive control
for both p-S6rp and p-4E-BP1. Endothelial cells served
as an additional positive internal control for p-S6rp.
Plasma cells served as internal positive control whenever
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applicable for the three immunohistochemical antibodies.
Interpretations were based on the cell morphology and
correlation with standard diagnostic immunohistochemi-
cal stains such as CD3, CD5, CD4, CD8, CD79a, CD20,
CD 15, CD30, and late membrane protein-1.

Western Blot

The assay was performed as previously described.22–24

In brief, the cells were washed briefly in PBS, centrifuged
and lysed in an radioimmunoprecipitation assay buffer
supplemented with 0.5 mmol/L phenylmethylsulfonyl flu-
oride, phosphatase inhibitor cocktails I and II from Sigma
and protease inhibitor cocktail from Roche (Nutley,
NJ), according to the manufacturer’s specifications. For
normalization of the gel loading, the protein extracts were
assayed with the Lowry method (Bio-Rad Dc protein as-
say). Typically, 40 �g of the protein was loaded into each
lane. To examine protein expression and phosphoryla-
tion, the membranes were incubated with antibodies from
Cell Signaling specific for p-S6rp (Ser235/236), total
S6rp, p-Syk (Tyr525/526), or phosphorylated-signal
transducer and activator of transcription (STAT)3
(Tyr705), or ß-actin antibody (Santa Cruz Biotech, Santa
Cruz, CA). Next, the membranes were incubated with the
appropriate secondary, peroxidase-conjugated anti-
bodies. The blots were developed using the Lumingen
PS-3 detection reagent from Amersham Biosciences.

Bromodeoxyuridine Incorporation

The assay was performed as previously described,22,24

In brief, cell proliferation was evaluated in bromodeoxyuri-
dine (BrdU) incorporation assay using the commercially
available kit Cell Proliferation enzyme-linked immunosor-
bent assay (Roche) according to the manufacturer’s proto-
col. In brief, cells were seeded in 96-well plates (Corning) at
concentration of 1 � 104 cells/well in RPMI medium sup-
plemented with 10% fetal bovine serum, cultured for 48
hours in the presence of kinase inhibitors and labeled with
BrdU (Roche) for 4 hours. The amount of incorporated BrdU
was determined by incubation with a specific antibody con-
jugated with peroxidase followed by colorimetric conversion
of the substrate and optical density evaluation in the en-
zyme-linked immunosorbent assay plate reader.

Results

To determine the activation status of the mTORC1 signal-
ing pathway in ARL tissues, we evaluated a total of 29
cases of ARL, 5 of which were classified as Hodgkin
lymphoma (classical type), and 24 as non-Hodgkin lym-
phoma. The non-Hodgkin lymphoma cases comprised
DLBCL (16 cases), anaplastic large cell lymphoma, ana-
plastic lymphoma kinase-negative (2), follicular lym-
phoma, grade 3/3 (1), BL (2), plasmablastic lymphoma
(2), and peripheral T-cell lymphoma (1). We used in this
analysis the phospho-specific antibodies against S6rp
(Ser235/236) and p-4E-BP1 (Ser65), which we have val-

idated extensively in our recent studies.23–25 Whereas
these antibodies have proven highly suitable for immu-
nohistochemistry, an antibody against phosphorylated
p70S6K (Thr389) did not, due to its cross-reactivity with
p-p90S6K, which is not phosphorylated by mTORC1.25

The representative results of the current evaluation of the
mTORC1 signaling pathway activation in ARL are de-
picted in Figures 1 to 3. We began our analysis with the
most frequent ARL type, DLBCL. The large lymphoma
cells strongly expressed the p-S6rp and p-p4E-BP1 in all
cases examined (Figure 1 depicts a representative case).
In most cases, reactivity was identified in the vast majority,
if not all, of the malignant-appearing cells. The mTORC1
activation was present in the ARL regardless of their EBV-
genome expression status.

The subsequent analyses of other ARL subtypes indi-
cated that activation of the mTORC1 signaling pathway is
ubiquitous in these lymphomas, irrespective of their his-
tological classification. In addition, mTORC1 was acti-
vated in BL (Figure 2 top right panel) and was also seen
in Reed-Sternberg cells of Hodgkin lymphoma (Figure
2D, lower right panel). The staining was particularly
prominent in cases of anaplastic large cell lymphoma
(Figure 2). Finally, activated mTORC1 was also seen in
Reed-Sternberg cells of Hodgkin lymphoma (Figure 3,
top panel) and in BL (Figure 3, bottom panel). In total,
p-S6rp could be detected in 28 out of the 29 cases and
p-p4E-BP1 in all 22 cases examined.

The prevalence of mTORC1 activation in various ARL
histological types indirectly supported our previous no-
tion25 that the mobilization of the mTORC1 signaling
pathway may be a feature of lymphocyte activation in
general rather than specifically of the malignant cell
transformation. Indeed, when we next evaluated eight
cases of the reactive, HIV-associated lymphadenopathy,
marked mTORC1 activation was identified in the germinal
centers of the floridly hyperplastic follicles and, to a
lesser degree, in enlarged lymphocytes in the interfollicu-
lar areas (Figure 4). The remaining cells, including es-

Figure 1. Activation of the mTORC1 signaling pathway in ARL, DLBCL type.
A section of a lymph node reveals high-grade histology with large atypical
cells, atypical mitoses, and brisk apoptotic rate. Immunohistochemical stains
for a B-cell marker CD20, mTORC1-dependent phosphorylation of S6rp (at
Ser235/236) and 4E-BP1 (at Ser65). All images are at �400 magnification.
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sentially all cells in the follicle mantle zone, were nega-
tive. Of note, in the areas of follicular involution where only
a few to no enlarged cells are typically present, mTORC1
activation was markedly decreased or absent.

One of the key, yet still poorly understood issues is the
exact mechanism of mTORC1 activation. A recent re-
port21 suggested that Syk kinase is responsible for
mTORC1 activation in at least some types of malignant B
lymphocytes. This conclusion was made mainly by using
two cell lines derived from follicular lymphoma, Karpas-
422 and RL and the Syk inhibitor called piceatannol
shown to be fully effective in regard to mTORC1 activa-
tion when applied at the high dose of 50 �mol/L. In our
hands, piceatannol inhibited mTORC1 activation in the
variety of transformed B-cell lines derived from DLBCL,

BL, and EBV-infected lymphocytes (Figure 5). This ob-
servation suggests that Syk may indeed play a role in
mTORC1 mobilization in the large spectrum of B-cell
lymphomas. However, mTORC1 inhibition occurred not
only in the transformed B cells but also in cutaneous
T-cell lymphoma cell lines in which PI3K/Akt signaling
pathway and, to the lesser degree, MEK/ERK pathway
activate mTORC1.23 Furthermore, phosphorylation of the
control protein STAT3 was also suppressed in all cell
lines. These observations raise serious concerns regard-
ing the specificity of piceatannol as the selective Syk
inhibitor.

To address the question of the putative role of Syk
more precisely, we used two potent Syk inhibitors that are
structurally very different from piceatannol and from each
other using rapamycin, a direct inhibitor of mTORC1, as
control. As shown in Figure 6A, both Syk inhibitors (la-
beled Syk inhibitor I and II) displayed significant suppres-
sive effect on the mTORC1 activation in the spectrum of
B-cell lines representing DLBCL, BL, EBV � lymphoblas-

Figure 2. Activation of the mTORC1 pathway in ARL with anaplastic large
cell morphology. A section of a lymph node shows large atypical cells with
irregular nuclei intermixed with smaller lymphocytes. Immunohistochemical
stains for anaplastic large cell lymphoma-associated CD30 antigen, and
phospho-(p-)S6rp (Ser235/236) and p-4E-BP1 (Ser65). All images are �400
magnifications.

Figure 3. mTORC1 signaling in ARL, Hodgkin lymphoma (upper panels),
and Burkitt-type lymphoma (lower panels). Upper panels: Section of a
lymph node shows scattered large atypical Reed-Sternberg cells in a back-
ground of fibrosis and small lymphoplasmacytic infiltrate staining for CD30
antigen (inset) and p-S6rp (Ser235/236) staining (�400 magnifications).
Lower panels: Sheets of medium-sized lymphocytes in a background of
necrosis and scattered macrophages stained for p-4E-BP1 (Ser65) (�100
magnifications).

Figure 4. mTORC1 activation pattern in reactive HIV-related lymphade-
nopathy. Florid follicular hyperplasia and follicular hyperplasia and in-
volution (upper and lower left panels, respectively) stained for p-S6rp
(right panels). The arrows point to the involuted follicles. All images
are 400x magnifications. GC, germinal center; MZ, mantle zone.

Figure 5. Effect of piceatannol on mTORC1 activation. Transformed B-cell
lines (EBV-immortalized MM and HH, BL-derived Raji, and DLBCL-derived
Val) and cutaneous T-cell lymphoma cell lines (Sez-4 and MyLa 3676) were
incubated for 30 minutes with 50 �mol/L of piceatannol and evaluated for
expression of p-S6rp and p-STAT3. The phosphorylation of both proteins
was examined after film exposure for 10 seconds and 1 minute.
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toid cell lines (LCL) and, in addition, HHV8-positive pri-
mary effusion lymphoma. However, the degree of inhibi-
tion varied among the cell lines and overall was less
pronounced when compared with rapamycin. As antic-
ipated, the inhibitors had no detectable effect on phos-
phorylation of STAT3 in either B- or T-cell lines.

We evaluated next the effect of Syk inhibitors on the
cell line BrdU incorporation as compared with rapamy-
cin (Figure 6B). As expected from the previous stud-
ies,22,26,27 the direct mTORC1 inhibition by rapamycin
profoundly inhibited proliferation of the transformed B-cell
lines used in this study (left panel). Similarly, both Syk in-
hibitors suppressed cell proliferation in the dose-dependent
fashion. However, their effect was invariably much weaker
than of rapamycin despite being used at the relatively high
doses of up to 100 and 300 times the IC50 concentration
required to inhibit Syk kinase in vitro in the cell-free condi-
tions. The Syk inhibitor II applied at the relatively high dose
of 5 �mol/L was very inhibitory likely due to an mTORC1
independent effect.

Because of the only partial impact of Syk inhibition on
mTORC1 activation, we next compared this effect to the
result of inhibition of PI3K/Akt and MEK/ERK, previously
found by us to contribute to mTROC1 activation in T-cell
lymphomas.23,24 As reported previously22 and shown in
Figure 7A (upper panel), with the notable exception of the
EBV-carrying cells, the other types of transformed B-cells
including three HHV8-positive cell lines, expressed small
to nondetectable amounts of phosphorylated Akt sug-
gesting a low degree to possibly lack of activation of the

PI3K/Akt pathway. Where visible, the Akt phosphorylation
was inhibited by a potent PI3K inhibitor wortmannin in
a dose-dependent fashion. Activation of the MEK/ERK
pathway as determined by ERK phosphorylation was also
diverse (Figure 7A, lower panel and ref.22), but seemingly
more frequent including its presence in the HHV8-posi-
tive cell lines. The ERK phosphorylation could be inhib-
ited by the well-characterized MEK inhibitor U0126,22–24

while the control Syk inhibitors displayed no effect. As

Figure 6. Role of Syk in mTORC1 activation
and cell proliferation. A: The listed transformed
B-cell lines were incubated for 30 minutes with
the depicted doses of the mTORC1 inhibitor
rapamycin or Syk inhibitors designated inhibitor
I and II. Subsequently, they were evaluated for
S6rp S235/236 phosphorylation and S6rp ex-
pression by Western blotting. As a specificity
control, the selected B- and T-cell lines exposed
to the Syk inhibitors were also examined for
STAT3 Y705 phosphorylation. B: B-cell lines
cultured for 48 hours in the presence of medium
or 100 nmol/L of rapamycin (left panel) or
medium, rapamycin, or Syk inhibitors at the
depicted �M concentrations (right panel) were
evaluated for BrdU incorporation in the colori-
metric conversion assay. The results are pre-
sented as a percentage of the optical density
(O.D.) value in relationship to cell cultures with
medium (left panel) or medium versus rapamy-
cin calculated as 100% and 0%, respectively.

Figure 7. Mechanisms of mTORC1 activation. A: The listed transformed
B-cell lines were incubated for 30 minutes with medium or inhibitors of the
PI3K/Akt (wortmannin) and MEK/ERK (U0126) signaling pathways and ex-
amined by Western blotting using antibodies against phosphorylated Akt and
ERK1/2, respectively. B: The selected B-cell lines were incubated for 30
minutes with the depicted inhibitors and examined by Western blotting for
S6rp S235/236 phosphorylation and, as a control, S6rp expression.
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shown in Figure 7B, U0126 partially inhibited mTORC1
activation as determined by S6rp phosphorylation. The
effect of wortmannin was less clear. Of note, combination
of the kinase inhibitors was overall more effective than
any of the inhibitors alone, in particular when U0126 was
used together with the Syk inhibitor.

Discussion

By using immunohistochemical staining with antibodies
specific for the phosphorylated forms of S6rp (Ser235/
236) and 4E-BP1 (Ser65), we have identified the activa-
tion of the mTORC1 signaling pathway in all of the exam-
ined cases of ARL, regardless of their histological type or
phenotype. The high frequency of the mTORC1 activation
in ARL can most likely be attributed to the activated cell
characteristics of the lymphoma cells rather than the
malignant cell transformation per se. Accordingly, we
also identified the mTORC1 activation in the enlarged,
activated cells in germinal centers and interfollicular ar-
eas, but not in small, resting lymphocytes including the
entire mantle zones of the reactive, benign HIV-asso-
ciated lymphadenopathy. The important difference be-
tween ARL and the benign lymphadenopathy is that
whereas in the reactive lymphocytes the mTORC1 acti-
vation should be antigen-dependent and therefore tran-
sient, while in malignant cells it is driven by oncoproteins
and therefore is persistent.

Despite the many studies devoted to mTORC1 and its
inhibitors, the exact mechanisms leading to mTORC1
activation are still only partially understood in regard to
both the primary stimuli that trigger the activation, as
well as the signal transduction pathways upstream of
mTORC1. This study as well as the one by Leseux et al21

suggest that Syk kinase plays an important role in
mTORC1 activation in the transformed B cells. Our ob-
servation that mTORC1 suppression by Syk inhibitors
was overall less effective than by rapamycin indicated
that other kinases contribute to the full mTORC1 activa-
tion in at least some types of transformed B lymphocytes.
Indeed, inhibition of MEK/ERK and, less clearly, PI3K/Akt
resulted in partial inhibition of the mTORC1 activation. Of
note, combination of the inhibitors, in particular the ones
targeting MEK and Syk, was overall more effective than
any of the inhibitors applied alone. This finding suggests
that mTORC1 is simultaneously activated by different
kinases, which to various degrees contribute to its acti-
vation, possibly in the cell type-specific manner. In gen-
eral, these studies suggest that kinases upstream of
mTORC1 represent therapeutic targets in ARL and
similar B-cell lymphomas, as well as other malignan-
cies, with the potential caveat that more than one ki-
nase may need to be targeted to achieve an effective
inhibition of mTORC1.

Whereas the early studies focused on insulin and in-
sulin-like growth factor as the growth factors capable of
activating mTORC1, subsequent analysis revealed that
various growth factors, cytokines, other ligands, and their
receptors can activate mTORC1. They include the CD40
ligand,28 thyroid-stimulating hormone,29 fibroblast growth

factor-9,30 polycystein-1,31 and prostaglandin F2a.32 In
regard to malignant lymphocytes, we found that in ana-
plastic T/null-cell lymphomas that expresses a chimeric,
constitutively activated form of the anaplastic lymphoma
kinase, the kinase induces mTORC1 activation.24 Fur-
thermore, interleukins 2 and 15, but not 21, were able to
activate mTORC1 in the cutaneous T-cell lymphoma
cells.23 Others have found that notch is responsible for
mTORC1 activation in T-cell acute lymphoblastic leuke-
mia.33 Of note, proteins encoded by EBV- and HHV8, two
oncogenic viruses from the herpesvirus family expressed
in a subset of ARLs and other lymphoid and non-lym-
phoid malignancies, were reported to activate mTORC1.
In regard to EBV, late membrane protein-2 (a cell mem-
brane protein encoded by the virus mimicking signaling
by an antigen B-cell receptor) has been reported to ac-
tivate mTORC1.34 In turn, the KSHV (Kaposi sacroma
herpes virus)/HHV8-encoded vGPCR, an analog of the
human receptor for interleukin-8, activates mTORC1 on
transfection into endothelial cells.35 Importantly,
mTORC1 activation was required for the vGPCR (viral
G protein coupled receptor)-induced cell transforma-
tion, supporting the notion that mTORC1 pathway plays
a key role in oncogenesis.

Our findings of the seemingly ubiquitous mTORC1 ac-
tivation in ARL may have therapeutic implications for
these lymphomas and possibly for other histologically
similar lymphomas derived from enlarged, transformed
lymphocytes in patients who are not HIV-positive. While
various rapamycin analogs differ in the pharmacokinetics
and bioavailability, they all inhibit mTORC1 in the highly
potent and specific manner. A number of clinical trials are
currently underway to evaluate the efficacy of mTORC1
inhibitors in the large spectrum of malignancies with
some yielding promising results.5,6 Based on the results
of one such study,13 rapamycin’s analog RAD (rapamy-
cin derivative) has emerged as the first line therapeutic
agent for renal cell carcinoma. In pre-clinical studies, we
have found that post-transplant lymphoproliferative dis-
orders (PTLD)-type cell lines are highly sensitive to
mTORC1 inhibition in vitro and in vivo as xenotrans-
plants.26,36 Our follow-up study demonstrated universal
mTORC1 activation in the PTLD tissues, further support-
ing the notion of mTORC1-directed therapy in PTLD.25

We,26 and in a much greater depth other investigators,27

have recently shown that cell lines derived primary effu-
sion lymphoma, which invariably express genes of HHV8
and often also of EBV but in a restricted fashion, are also
highly sensitive to mTORC1 inhibition both in vitro and in
vivo, suggesting that the inhibition may also be effective
in patients with primary effusion lymphoma. According to
several independent studies on organ transplant patients
who developed PTLD, substitution of the calcineurine
inhibitor-based immunosuppressive therapy with an
mTORC1 inhibitor resulted in a potent anti-PTLD effect
leading to the full resolution of the PTLD lesions in some
cases.37–43 Perhaps even more strikingly, a similar
therapeutic switch in transplant patients who devel-
oped the Kaposi sarcoma resulted in a sustained com-
plete remission in all patients.42– 45
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The potential usage of mTORC1 inhibitors in AIDS
patients may raise the concern of further increasing their
immunodeficiency. However, transplant patients are also
immunocompromised and yet mTORC1 inhibitors have
proven efficacious in such patients,37–45 as discussed
above. This observation indicates that the direct effects
of mTORC1 inhibitors on malignant cells by impairing
their proliferation, survival, and angiogenesis, clearly
outweigh immunosuppressive properties of the inhibi-
tors. Furthermore, circumstantial evidence indicates
that mTORC1 inhibition may have additional beneficial
effects in AIDS patients by limiting the replication of
HIV and the detrimental effects of the virus on the
target CD4� T lymphocytes by preventing cell syncy-
tium formation and p53-triggered cell apoptosis.46,47

Finally, the application of mTORC1 inhibitors to treat
ARL would represent an alternative to the current reg-
imens of multi-agent chemotherapy which not only dis-
play a plethora of severe toxicities, but are also rather
ineffective in the AIDS patients,48,49 even when com-
bined with an anti-CD20 antibody.48
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9. Navé BT, Ouwens M, Withers DJ, Alessi DR, Shepherd PR: Mammalian
target of rapamycin is a direct target for protein kinase B: Identification of
a convergence point for opposing effects of insulin and amino-acid
deficiency on protein translation. Biochem J 1999, 344:427–431
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