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We examined activation of the mTOR signaling pathway in situ in the primary, normal reactive and patient-
derived post-transplant lymphoproliferative disorder (PTLD) tissue samples. We accomplished this analysis by
immunohistochemistry on formalin-fixed, paraffin-embedded specimens using a set of highly specific
antibodies that permitted us to determine phosphorylation status of the key serines in the mTOR target
proteins. Our results demonstrate that the mTOR signaling pathway is activated in reactive tissue in a highly
distinct fashion with positive, typically enlarged cells being present primarily in the germinal center and, to a
lesser degree, in interfollicular areas with mantle zone being conspicuously negative. We could demonstrate
mTOR activation in the lesional cells in the entire spectrum of PTLD subtypes, regardless of their Epstein–Barr
virus genome expression status. These data demonstrate the ubiquitous activation of the mTOR signaling
pathway in PTLD and indicate that mTOR inhibitors may be effective in treatment and, notably, prevention of
PTLDs given their immunosuppressive properties. Furthermore, our results define potential biomarkers of the
therapeutic response. Because the constitutive mTOR activation has also been identified in cells isolated from
other hematologic malignancies, the ability to examine the in vivo mTOR signaling may have implications
reaching beyond the PTLD field.
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Post-transplant lymphoproliferative disorders
(PTLDs) represent a serious complication of stan-
dard immunosuppressive therapy and are some-
times lethal despite therapeutic interventions.1

PTLDs comprise a rather heterogeneous group of
aberrant lymphocytic expansions ranging histologi-
cally from a hyperplasia to an overt lymphoma,
usually of B-lymphocyte origin.1,2 According to the
WHO classification1 PTLDs can be divided into at
least four broad, yet distinct categories: (1) early
lesions, such as plasmacytic hyperplasias and
infectious mononucleosis-like lesions, which are

usually polyclonal, (2) polymorphic PTLDs, which
almost always show clonal immunoglobulin gene
rearrangement in PCR assay, (3) monomorphic
PTLDs, which comprise overt B-cell neoplasms
such as diffuse large B-cell lymphoma, Burkitt/
Burkitt-like lymphoma, plasma cell myeloma, and
T-cell lymphomas, all of which virtually always are
monoclonal and frequently display structural gene-
tic abnormalities, and (4) Hodgkin/Hodgkin-like
PTLD. The pathogenesis of PTLDs is not fully
understood. Epstein–Barr virus (EBV) has long been
implicated in the development of PTLD in the
majority of cases3,4 with some of the EBV-encoded
proteins displaying cell-transforming properties.3,4

Whereas most of the EBV-containing PTLDs express
broad spectrum of the EBV-encoded genes (type III
latency), rarely a more limited expression of the EBV
genome (type I latency) can be encountered.5

Mammalian target of rapamycin (mTOR) is a
ubiquitously expressed and highly conserved ser-
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ine/threonine kinase that affects a number of key
cell functions including protein synthesis and
cell proliferation. mTOR acts by directly activating
p70S6 kinase (p70S6K) (also known as S6K1) and
inhibiting 4E binding protein 1 (4E-BP1), also
known as PHAS-1.6–14 p70S6K is a serine/threonine
kinase that phosphorylates a S6 protein of the
40S ribosomal subunit (S6rp, also known as S6
ribosomal protein) at several sites including serines
235 and 236.15–17 In turn, 4E-BP1 is a translational
repressor that negatively regulates eukaryotic
initiation factor 4E/4G (eIF-4E/G) complex by
modulating phosphorylation of the involved pro-
teins.18 The exact mechanisms leading to mTOR
activation are still under investigation, but certain
nutrients and growth factors are believed to
act as indirect activators of mTOR19–22 by suppres-
sing activity of tuberous sclerosis complex TSC1
and TSC2 proteins that, in turn, inhibit activity of
mTOR through inactivating the G protein Rheb.23

mTOR activity can be inhibited by rapamycin and
related small molecule compounds. Rapamycin and
its derivatives are currently used clinically as
immunosuppressive drugs24,25 and evaluated as
potential therapeutic agents in several types of
cancer.26–29

Our previous studies8,24,30 suggested that mTOR
signaling may play a role in the pathogenesis
of PTLDs. Specifically, we have shown that
EBV-transformed cells are sensitive to mTOR in-
hibitors both in vitro and in vivo using a xenotrans-
plant model. Furthermore, we have determined
that mTOR activation can be detected in various
types of transformed B cells regardless of their
status of EBV genome expression and activation
of Akt, the serine/threonine kinase implicated
previously in mTOR regulation.30 However,
these studies were performed on cultured cell
lines, some of which being developed by in vitro
infection with EBV of peripheral blood mono-
nuclear cells obtained from normal healthy
individuals24,30 and only one being established
directly from a PTLD tissue.8 Therefore, these cell
lines represented rather imperfect models of
PTLD.

In this study, we examined activation of the TOR
signaling pathway in PTLD in vivo using the
primary, patient-derived tissue samples represent-
ing various types of PTLD. We accomplished this
task by performing immunohistochemistry on the
formalin-fixed, paraffin-embedded PTLD tissues
with a set of highly specific antibodies that permit
to determine phosphorylation status of the key
serines or threonines on the mTOR target proteins.
Our results demonstrate that mTOR signaling path-
way is activated in the entire spectrum of PTLD
subtypes regardless of their EBV genome expression
status. Consequently, these data provide evidence in
support of the notion that mTOR inhibitors may be
effective in treatment and, notably, prevention of
PTLDs.

Materials and methods

Cell Lines

The EBV-negative cell lines, LY18 and Val, were
derived from diffuse large B-cell lymphoma and
Ramos from Burkitt lymphoma. The EBV-positive,
latency type I cell line Raji was derived from Burkitt
lymphoma and the EBV-positive, latency type III
lymphoblastoid B-cell lines (LCL), MM, HH, were
established in our laboratory by the EBV-mediated
immortalization of peripheral blood B lymphocytes
as described.24 Lymphoblastoid cell lines obtained
by this method has been proven to induce human
B-cell lymphoma in mice roughly corresponding to
the monomorphic type of PTLD in humans.24

PTLD Tissue Samples

We examined tissue samples from a total of 38
patient samples diagnosed with PTLD following
solid organ transplant. The cases were identified in
the files of the Department of Pathology and
Laboratory Medicine at the Hospital of the Uni-
versity of Pennsylvania, Children Hospital of Phila-
delphia and Cleveland Clinic Medical Center. The
corresponding formalin- and/or B5-fixed paraffin-
embedded tissue samples were retrieved. The
samples represented small diagnostic and large
excisional biopsies of different solid organs. All
cases were classified as PTLDs based on clinical
history, morphology, immunohistochemistry, flow
cytometry, and, in most cases, EBV gene expression.
The cases studied were comprised of six early
PTLDs, five polymorphic B-cell PTLD, and 27
monomorphic PTLD. Of the 38 evaluated PTLDs,
33 expressed the EBV genome as determined by in
situ hybridization for EBER-1 RNA using the FITC-
labeled oligo probe for EBER-1 (as described in the
Materials and methods). Of the 20 EBER-1-positive
cases that were tested for the late membrane protein
1 (LMP-1), 18 were also positive for (LMP-1) by
immunohistochemistry with the appropriate anti-
body (DakoCytometion, Carpinteria, CA, USA).

Western Blotting

The cells were washed briefly in PBS, centrifuged
and lysed in RIPA buffer supplemented with 0.5mM
PMSF, phosphatase inhibitor cocktails I and II
(Sigma, St Louis, MO, USA) and protease inhibitor
cocktail (Roche, Mannheim, Germany) according to
the manufacturer’s specifications. For normalization
of the gel loading, the protein extracts were assayed
with Lowry method (Bio-Rad Dc protein assay,
Hercules, CA, USA). Typically, 20 mg micrograms
of the protein per lane were loaded. To examine
protein expression and phosphorylation, the mem-
branes were incubated with antibodies specific for
phospho (p)-p70S6K (Thr389), total p70S6K, p-S6rp
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(Ser235/236), total S6rp, p-4E-BP1 (Thr37/46), p-4E-
BP1 (Ser65), total 4E-BP1, p-eIF-4G (Ser1108), total
p-eIF-4G, p-TSC2 (Thr 1462), total TSC2, p-Akt
(Thr308) and total Akt (all antibodies were from Cell
Signaling, Danvers, MA, USA). Next, the mem-
branes were incubated with the appropriate second-
ary, peroxidase-conjugated antibodies. The blots
were developed using the Lumingen PS-3 detection
reagent from Amersham Biosciences, Pittsburgh,
PA, USA.

Densitometry

Intensity of the signal was measured using scanner
HP ScanJet3500c and ImageJ 1.32j software devel-
oped at the National Institute of Health, Bethesda,
MD, USA.

mTOR Inhibitor

Rapamycin was purchased from Cell Signaling.
Rapamycin was reconstituted in DMSO to the
suitable stock concentration and diluted shortly
before the experiments to the final concentration
of 10 nM.

Immunohistochemistry

Immunohistochemistry was carried out using the
following antibodies: p-4E-BP1 (Ser65), p-eIF-4G
(Ser1108), and p-S6rp (Ser235/236) (all from Cell
Signaling). For the p-eIF-4G and p-S6rp, a strepta-
vidin horseradish immunoperoxidase method31 was
used with some modifications. Sections (5 mm) from
formalin-fixed, paraffin-embedded tissue specimens
were deparaffinized in xylene and rehydrated in
graded alcohol. After deparaffinization, heat-in-
duced antigen retrieval by boiling slides in 10mmol
citrate buffer pH 6 (Lab vision, Fremont, CA, USA)
for 20min was employed. The sections were blocked
for 10min with peroxidase blocking system from
DakoCytometion. Sequential incubations included
the following: 2% normal goat serum (DakoCytome-
tion) for 20min; affinity-purified rabbit polyclonal
primary antibodies at optimized dilution; secondary
biotinylated anti-rabbit IgG (Vector Laboratories Inc.,
Burlingame, CA, USA) for 30min; the streptavidin-
biotinylated horseradish peroxidase complex re-
agent (DakoCytometion) for 30min at room tem-
perature. p-eIF-4G primary antibody was incubated
at room temperature for 60min while the other
primary antibodies were incubated at 41C overnight.
After each incubation, the slides were washed three
times in buffer for 3min. Sections were then
exposed to the chromogen DABplus from Dako-
Cytometion, for 5min and were counterstained in
hematoxylin, dehydrated, cleared and mounted. For
p-4E-BP1 antibody, adequate staining was obtained
using the protocol in DakoCytometion’s catalyzed

signal amplification system kit that included a step
of blocking any potential endogeneous biotin. For
immunocytochemistry, Raji cell line was exponen-
tially grown, collected, and embedded in paraffin
after formalin fixation. The staining was performed
using the same protocol as for the PTLD patient
tissue samples.

Double Staining for mTOR Effectors and EBER-1

In selected cases, we have combined in situ
hybridization for the EBV-encoded EBER-1 RNA
with immunohistochemical staining for p-S6rp.
First in situ hybridization was carried out with the
FITC-labeled oligo probe for EBER-1 synthesized at
the University of Pennsylvania nucleic acid facility.
After deparaffinization and hydration, the section is
digested with pepsin (Biomed A Corp., Foster City,
CA, USA) at 371C for 15min, followed by blocking
with peroxidase for 10min at room temperature.
Tissue sections were covered with 15 ml of EBER-1–
FITC probe/hybridization mixture and covered with
glass coverslips. Denaturation was performed at
981C for 6min and then immediately hybridizing
the slides at 371C for 60min. After hybridization,
the coverslips were removed and the slides were
washed in post-hybridization wash buffer for three
times. Hybridized DNA probe was visualized with
anti-FITC-HRP conjugate (DakoCytometion) diluted
1:40 in Tris-buffer. Sections were covered with
FITC-HRP for 60min at room temperature. After
the incubation, the slides were washed in buffer.
The color was developed by exposing tissues to the
DAB reagent for 5min at room temperature. Sections
were washed with the buffer in preparation to be
stained for the p-S6rp. Before the staining, antigens
were unmasked by boiling in 10mM citrate buffer
pH 6 for 15min. To visualize the p-S6rp immuno-
staining, the slides were incubated with Vector-SG
substrate (Vector Laboratories) for 5min at room
temperature. The stained sections were dehydrated
and cover-slipped. Double-stained cells showed
a mixture of brown (EBER) and bluish-gray
(S6rp) tone.

Interpretation of Immunohistochemical Stains

All stained slides were examined independently
by two pathologists with 100% concordance. The
samples were designated as positive or negative
with the staining ranging from 20% to more than
95% of the lesional cells considered positive. When
applicable, interpretation of the staining took into
consideration the uneven impact of fixation of large
specimens on protein phosphorylation state32

(please see Discussion for more details). Nonstained
lymphocytes and some other non-lymphoid cells
within the PTLD lesions served as internal negative
control. Reading was based on the architecture and
cellular features by correlating with H&E, diagnostic
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immunohistochemical stains (T- and B-cell stains
such as CD3, CD4, CD8, CD79a, and CD20), and,
occasionally, double staining for the mTOR signal-
ing- and EBV-related molecules as described above.
In some cases, Ki 67 stain was examined to correlate
the results with the PTLD proliferative index.

Results

Detection of mTOR Target Proteins with the
Phospho-Serine/Threonine-Specific Antibodies

To confirm activation of the mTOR signaling path-
way in the cultured PTLD-type cells and to evaluate

the quality of the available phospho-specific anti-
bodies, we examined a set of transformed B-
lymphocyte cell lines that varied in their expression
of the EBV genome using antibodies against direct
and indirect mTOR targets phosphorylated at the
key serines and/or threonines. As shown in Figure
1a, we could detect expression of the key mTOR
target proteins p70S6K, S6rp, 4E-BP1, and eIF-4G in
the phosphorylated (activated) form in all six cell
lines examined, regardless of their EBV expression
status. Whereas most antibodies generated a single
band suggesting their possible suitability for immuno-
histochemistry (Figure 1a and b), the antibody
against phospho-threonine 389 on p70S6K (Figure

Figure 1 Detection of activated mTOR signaling pathway in cultured PTLD-like B cells. (a) Transformed B-lymphocyte cell lines that
were either EBV-positive (HH, MM, and Raji) or negative (Ramos, Val, and Ly18) were incubated for 1h in medium or 10nM of rapamycin
and analyzed by Western blotting for activation of mTOR targets using the depicted phospho (p)-specific antibodies. Equal loading of
proteins was confirmed by blotting with antibodies against total proteins. (b) The entire Western blots with the depicted key phospho-
specific antibodies. The antibodies generated a single band with the protein lysates derived from the EBV-transformed B-lymphocyte cell
lines (HH and MM), indicating their possible suitability for immunohistochemistry. (c) Densitometric analysis of changes in elF-4G
(Ser1108) phosphorylation after cell treatment with rapamycin. (d) Immunocytochemical stains for phospho-S6rp (Ser235/236) was
performed on Raji cell line before (lower left) and after (lower right) cell treatment with 10nM of rapamycin. Upper left: H&E stain, upper
right: stain with an anti-CD20 antibody. All images represent the �400 magnification.
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1a) detected two additional bands with the most
dominant one corresponding to the 90 kDa S6K
isoform (p90S6K or RSK), which also expresses the
threonine.33

To determine if the detected bands indeed
correspond to the moieties phosphorylated by
mTOR, the cell lines were pretreated with a potent
and apparently totally specific mTOR inhibitor,
rapamycin.34 As can be seen in Figure 1a, the
inhibitor used at the low dose of 10nM was able to
essentially completely inhibit phosphorylation of
p70S6K, S6rp, and 4E-BP1. Only a partial inhibition
of eIF-4G at serine 1108 phosphorylation was also
noted (the corresponding densitogram is presented
in Figure 1c). As expected, rapamycin had no effect
on phosphorylation of the mTOR inhibitor TSC2
and, where present, phosphorylation of Akt. Note-
worthy, phosphorylation of p90S6K was also not
affected by rapamycin confirming that the p90S6K is
not phosphorylated by mTOR.33 The crossreactivity
of the anti-phospho-Thr389 p70S6K with the
strongly expressed phospho-p90S6K indicated that
the antibody could not be used for immunohisto-
chemical analysis of mTOR signaling. In contrast, as
mentioned above, phosphorylation of S6rp, the
target of p70S6K but not of p90S6K, was completely
abrogated by rapamycin. This abrogation was
additionally visualized by immunocytochemistry
using a cell block prepared from one of the cell
lines, Raji (Figure 1d).

Activation Pattern of mTOR Signaling Pathway in
Tissue Sections of Benign, Reactive Lymphoid Organs

To examine activation of the mTOR pathway in vivo
directly in lymphoid tissues, at the same time, to
determine which of the phospho-specific antibodies
against mTOR target proteins retain their reactivity
in the archival formalin-fixed, paraffin-embedded
patient tissues routinely prepared for the diagno-
stic purposes, we performed an immunohisto-
chemical analysis with the reactive lymph nodes
and the above-described, preselected antibodies.
This analysis has revealed a highly distinct, pattern
of activation of the mTOR pathway (Figure 2).
Importantly, all the antibodies examined: anti-
phospho-S6rp (Figure 2b), -4E-BP1 (Figure 2c), and
-eIF-4G (Figure 2d), yielded essentially the same,
mutually consistent results in the depicted lymph
node and also in the tonsillar tissue (data not
shown). Whereas 30–50% of cells in the follicle
germinal center and 10–30% in the interfollicular
area expressed activation of the mTOR pathway, the
remaining cells including essentially all cells in the
follicle mantle zone were negative. Furthermore, at
least a subset of the positive cells displayed large
cell morphology suggesting that mTOR pathway is
turned on preferentially in the activated cells. This
association between cell activation and mTOR
signaling was further highlighted by staining for

the cell cycle-related MIB1 (Ki-67) antigen (Figure
2a; inset) that also labeled mainly the large-cell
subset in the germinal centers and interfollicular
area and did not stain mantle zone cells. In addition
to the large cells, the identified scattered plasma
cells also displayed activation of the mTOR pathway
(not shown in detail; please see Figure 5 for
plasmacytic hyperplasia), suggesting that high pro-
tein synthesis rate might also require activation of
mTOR signaling.

Activation of the mTOR Pathway in PTLDs

To determine activation status of mTOR pathway in
PTLD tissues, we evaluated by immunohistochem-
istry, using the phospho-specific antibodies, a total
of 38 cases of PTLD representative of various
histological subtypes of the disorder, over three-
fourths (76%) of which contained the EBV genome,
as determined by detection of the EBER-1 expres-
sion. The representative results of the mTOR
signaling pathway activation analysis are depicted
in Figures 3–6. We began our analysis with the overt
lymphoma type of PTLD in which the malignant
cells were easily identifiable by morphology. As can
be seen, monomorphic PTLDs of both B-cell and
T-cell derivation (Figures 3 and 4, respectively)
displayed strong expression of the phospho-form of
all the three mTOR targets examined: S6rp, 4E-BP1,
and eIF-4G. In most cases, the reactivity was
identified in the vast majority, if not all, of the
malignant-appearing PTLD cells. The mTOR activa-
tion was present in the PTLDs regardless of their
EBV-genome expression status.

In contrast to the PTLD with morphology of overt
malignancies, in the biologically earlier lesions from
the pleomorphic and, in particular, hyperplastic
categories, it is often difficult to distinguish the (pre-)
malignant PTLD cells from the frequently dominant
reactive cell component. As shown in Figure 5, this
was not the case in the plasmacytic hyperplasia
where we could demonstrate strong staining of the
morphologically easily recognizable plasma cells.
Similarly distinct staining was also seen in the
clonal extramedullary plasmacytoma-like PTLD
(data not presented) indicating, together with the
above-mentioned findings in the benign lymphoid
tissues, a robust activation of the mTOR pathway
in plasma cells, both reactive and malignant. To
examine activation of the mTOR pathway in the
morphologically less clear PTLD lesions, we em-
ployed a two-color, double-staining method using
the combination of in situ hybridization for the EBV-
encoded EBER-1 and the phospho(Ser235/236)-
S6rp-specific antibody (Figure 6). Three general
patterns were noted among the positively staining
cells. Whereas most of the positive lymphoid cells
expressed either phospho-S6rp or EBER-1 alone, a
subset of the cells displayed expression of both of
these markers.
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Discussion

The serine/threonine kinase mTOR controls cell
growth through several downstream effectors in-
cluding the 4E-BP1 translational repressor and the
p70S6K which, in turn, regulate eIF-4E/G complex
and S6rp, respectively.7,18 Because p70S6K and 4E-
BP1 are involved in protein translation, inhibition of

mTOR function by rapamycin and other structurally
related compounds abruptly inhibits the synthesis
of critical proteins and profoundly blocks cell cycle
progression at the G1 to S phase.27 Consequently,
mTOR inhibitors are clinically used and actively
evaluated as immunosuppressive and anticancer
drugs, respectively. Our previous data generated
using cultured cell lines strongly suggested that

Figure 2 Activation of the mTOR signaling pathway in reactive lymphoid tissue. (a) H&E stain of a hyperplastic lymph node.
GC: germinal center, MZ: mantle zone, IF: interfollicular area. Inset: staining for the cell proliferation-related MIB1 antigen.
Immunohistochemical stains to detect expression of S6rp phosphorylated at serine 235/236 (b), 4E-BP1 phosphorylated at serine 65 (c),
and eIF-4G phosphorylated at serine 1108 (d). All images represent the � 200 magnification.
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PTLDs may be particularly sensitive to inhibition of
the mTOR signaling.8,24,30 However, no analysis of
mTOR signaling in vivo using tissues derived from
PTLDs or normal reactive lymphoid organs has been
performed so far. By using immunohistochemical
staining with the phospho-specific antibodies, we
found that activation of the mTOR signaling path-
way can be identified in normal reactive lymphoid
tissues and essentially all types of PTLD lesions.
Among the normal reactive cells, mTOR pathway
activation is particularly prevalent among germinal
center B cells and interfollicular T cells with mantle
zone B cells showing essentially no staining (Figure
3). mTOR activation correlated with large, trans-
formed cell morphology and high proliferative rate.
In addition, plasma cells were also positive, suggest-
ing that other cell functional states beside cell
proliferation—possibly high rate of protein syn-
thesis—require activation of the mTOR signaling
pathway.

In regard to PTLDs, we found that mTOR activa-
tion was ubiquitous, if not universal. It spanned all

histologic categories examined. It was present in
both B- and T-cell PTLDs regardless of their
expression status of the EBV genome. The lack of
correlation with the EBV status, more specifically
mTOR expression in the EBV-negative lesions, is in
agreement with activation of mTOR pathway in the
normal, reactive tissues, as mentioned above, as
well as with our previous finding that both EBV-
positive and EBV-negative B-cell lines displayed
activation of the pathway.30 In fact, we show now
that the presence of EBV genome alone is not
sufficient to activate the pathway because in a large
subset of EBER-1-expressing cells, the indicator of
mTOR activity, S6rp, remained unphosphorylated
as documented by a double staining to detect EBV-
encoded EBER-1 and phospho-S6rp (Figure 6).

This study highlights the usefulness of phospho-
specific antibodies to study cell signaling in the
primary, patient-derived tissues. The antibodies
used are directed against the defined phosphory-
lated serine or threonine moiety, phosphorylation of
which is a known step within the pathway under

Figure 3 Activation of mTOR pathway in PTLD, monomorphic type, B-cell. (a) H&E stain of a porta hepatis mass diagnosed as B-cell
monomorphic PTLD, comprising sheets of transformed large neoplastic cells. p-S6rp (Ser235/236) immunohistochemical stain shows
diffuse cytoplasmic staining in most of the cells with being more intense in the larger cells (b). p-4E-BP1 (Ser65) is also strongly
expressed in the neoplastic cells (c) as is the case for p-eIF-4G (Ser1108) (d). All images correspond to the �400 magnification.
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study and typically is critical for activation of the
evaluated protein. As demonstrated by this and
other studies,35,36 the phospho-specific antibodies

are capable of working in fixed tissues, particularly
if antigen retrieval methods are employed to unmask
the antigen. This approach is clearly superior to the

Figure 4 Activation of mTOR pathway in PTLD, monomorphic type, T-cell. Peripheral T-cell lymphoma: a population of large atypical
cells with irregular nuclei, ample cytoplasm and increased apoptosis (a: H&E) expresses CD3 (b) and EBER-1 (inset). The cells express
strongly p-S6rp (Ser235/236) (c) and p-eIF-4G (Ser1108) (d). All images represent the � 400 magnification.

Figure 5 Activation of mTOR pathway in the early PTLD, plasma cell hyperplasia. A section of renal parenchyma diagnosed as involved
by plasma cell rich PTLD: aggregates of plasma cells surrounding the renal tubules (a: H&E) are positive for CD79a (b), p-S6rp (Ser235/
236) (c). All images are of � 400 magnifications.
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conventional Western blotting-based approaches,
mainly because PTLDs typically contain various
proportions of reactive cells in addition to malig-
nant lymphocytes. Therefore, the result of the
Western blotting may not be informative in regard
to PTLD cell activation due to the lack of morpho-
logic correlation to exclude normal reactive cells. In
addition, the relatively long time required for cell
isolation and protein purification to perform the
blotting may lead to a decrease, or even loss, of the
phosphorylation. By the same token, we cannot
totally exclude that the occasional lack of staining
observed by us did not represent a false negative
result caused by suboptimal formalin fixation of the
examined tissue. Because the fixation process relays
on the time-dependent penetration of the formalin
fixative, the superficial layers of large specimens
typically show preservation of the phosphorylation
state, whereas tissue deep in the core tends to lose
phosphorylation by the time that the fixative has
permeated. For this reason, we, as well as others
using different experimental systems,35,36 limited

analysis of immunoreactivity to the well fixed areas
of the PTLD tissue represented in outer portion of
larger excisional biopsies avoiding at the same time
the surface of the specimens which in general are
prone to generate false positive staining. The
admixed nonstaining lymphocytes and some other
non-malignant cell types served as an internal
negative control.

Selection of the proper mTOR targets as biomar-
kers of activation of the mTOR signaling pathway is
of critical importance. In our study, evaluation of
both p-4E-BP1 and p-S6rp expression was highly
informative showing a good correlation between the
two staining patterns. However, evaluation of p-eIF
4G may be less reliable given the apparent involve-
ment of another, mTOR-independent serine kinase
that also targets eIF-4G at the same sites as mTOR
(Figure 1). Immunohistochemical evaluation of
p70S6K phosphorylation, although in principle very
attractive, in practice would be quite misleading
because of the structural similarity to the p90S6K
(also known as RSK) that is not phosphorylated by

Figure 6 Relationship between EBVexpression and mTOR activation in the early stage PTLD. Immunohistochemical double staining for
p-S6rp (Ser235/236) and EBER-1 shows three patterns: most of the scattered activated lymphoid cells in the germinal center and
interfollicular areas expressed either cytoplasmic p-S6rp (black arrows) or nuclear EBER-1 (red arrows), only a small number of cells
showed double expression of EBER-1 and p-S6rp (green arrows), (a) �200, (b) �400, and (c) and (d) � 1000 magnification, oil.
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mTOR (Figure 1). Our data indicate that evaluation
of phosphorylation of either 4E-BP1 or S6rp
should be very informative in regard to activation
of the mTOR pathway. Noteworthy in this context,
function of 4E-BP1 seems more critical because
phosphorylation of p70S6K was found to be dis-
pensable for the mTOR-mediated oncogenicity in
the in vitro system32 with the caveat that similar
finding has not been made so far in the primary
malignant cells.

Our finding that the native PTLD cells express
activation of the mTOR pathway in vivo in essen-
tially all cases regardless of the histologic type and
the EBV status has important clinical implications.
This observation substantiates and expands the
notion based on our previous findings made with
cultured B-cell lines8,24,30 that PTLDs should be
responsive to inhibition of the mTOR signaling.
PTLDs seem to be particularly attractive therapeutic
targets for mTOR inhibitors for at least two reasons.
First, given that mTOR inhibitors were originally
developed as immunosuppressive agents, malignan-
cies derived from lymphocytes should be particu-
larly sensitive to such drugs. Indeed, IC50 to inhibit
in vitro cell proliferation for a large spectrum of
transformed B lymphocytes is well below
10nM.8,24,30 Perhaps more importantly and quite
uniquely, mTOR inhibitors should act in the setting
of PTLD as dual-function drugs by suppressing
growth of PTLD cells and, at the same time,
preventing immune rejection of the transplanted
organ. These combined properties favorably distin-
guish mTOR inhibitors from the standard immuno-
suppressive drugs from the calcineurin inhibitor
family (cyclosporin A and FK506) that display no
inhibitory effect on PTLD cells. Consequently,
mTOR inhibitors may be effective not only in
treatment of the already established PTLD but also
may prove beneficial in prevention of the PTLD
development. Preliminary therapeutic trials in
PTLD using rapamycin either alone37 or in combina-
tion with an anti-B-cell (CD20) antibody38,39 have
been undertaken and yielded promising results. It
has also been recently demonstrated that inhibition
of the mTOR pathway and glycolysis in vitro would
synergistically impact the energy metabolism in
cancer cells and may serve as an effective therapeu-
tic strategy to kill malignant cells by combining the
cytostatic effect of mTOR on downstream phosphor-
ylation and ATP depletion of malignant cells.40

In summary, our results not only provide proof-of-
principle evidence that mTOR inhibitors should be
effective in the broad spectrum of PTLDs but also
define potential biomarkers of the therapeutic
response. Given that constitutive mTOR activation
has been identified in cells derived from a large
spectrum of hematopoietic and nonhematopoietic
malignancies,28,29,41,42 the in situ immunohistochem-
ical analysis of mTOR signaling may impact also on
research and, possibly, patient management, in
other non-PTLD types of neoplastic disorders.
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