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Abstract Diffuse large B cell lymphoma (DLBCL) represents
the most common subtype of non-Hodgkin lymphoma and
accounts for approximately 30% of newly diagnosed lymphoid
neoplasms in Western countries, and 40–50 % in China. A
better understanding of the biology of DLBCL is needed for
the development of potential therapeutic agents that target
specific intracellular pathways. In this study, expression of the
important components of the phosphatidylinositol 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) signal-
ing pathway and their clinical significance were investigated in
73 DLBCL cases. The effect of rituximab alone or combined
with the PI3K/AKT/mTOR pathway inhibitor rapamycin was
further evaluated in the DLBCL cell lines. A total of 73 patients
were identified, including 45 men and 28 women aged 18 to
78 years (median age 50 years). Of these patients, p-AKTwas
positive in 40 cases (54.8 %), p-p70S6K in 34 cases (46.6 %),
and p-4E-BP1 in 33 cases (45.2 %). Activation of the
PI3K/AKT/mTOR pathway was related to poor disease out-
come in DLBCL patients treated with cyclophosphamide,
doxorubicin, vincristine, and prednisone (CHOP) but not in

those treated with rituximab-CHOP. Rituximab combined with
rapamycin synergically downregulated the PI3K/AKT/mTOR
signaling pathway. Western blot analysis revealed a baseline
activation status of the PI3K/AKT/mTOR pathway in DLBCL
cell lines, with high levels of p-AKT, p-mTOR, in addition to
downstream molecules p-p70S6K and p-4E-BP1. The results
indicate that the PI3K/AKT/mTOR pathway is a potentially
important signaling route and an unfavorable prognostic factor
for DLBCL. Patients with PI3K/AKT/mTOR activation expe-
rience a more rapidly deteriorating clinical course with poor
treatment response and decreased survival time. Addition of
rituximab could downregulate PI3K/AKT/mTOR activation,
reversing its negative effect on chemotherapy-treated patients.
In addition, our results indicate that the combination of
rituximab and inhibition of the activated PI3K/AKT/mTOR
pathway could be a promising target for DLBCL therapeutic
intervention in the future.
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Background

Diffuse large B cell lymphoma (DLBCL) represents the most
common subtype of non-Hodgkin lymphoma and accounts for
approximately 30 % of newly diagnosed lymphoid neoplasms
in Western countries [1] and 40–50 % in China [2]. Although
disease outcome has been significantly improved by combining
the monoclonal anti-CD20 antibody rituximab with
anthracycline-based cyclophosphamide, doxorubicin, vincris-
tine, and prednisone (CHOP) regimen, response to treatment
is heterogeneous and prognosis is often unpredictable [3]. In
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addition to the clinical prognostic model, the International
Prognostic Index (IPI), molecular profiling based on DNA
microarray dividing DLBCL into germinal center (GC)-type
and non-GC subtypes has proven to be an efficient predictor of
prognosis [4, 5]. Given the genetic heterogeneity of DLBCL,
research focusing on the dysregulation of cell signaling path-
ways may provide further insights into lymphoma cell biology
and identify novel therapeutic targets.

Recent studies have highlighted the aberrant expression of
the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (mTOR) signaling pathway and its role
in controlling tumor cell proliferation and survival in lym-
phoid malignancies, including DLBCL [6, 7]. AKT is a
serine/threonine protein kinase that mediates various down-
stream effects of PI3-kinase. It plays a central role in signaling
by the PI3K pathway, by regulating many biological process-
es, such as proliferation, cell growth, and apoptosis [8]. As an
important downstream target of AKT, mTOR plays a critical
role in cell cycle progression by phosphorylating the ribosom-
al protein S6 kinase (p70S6K) and the eukaryotic initiation
factor 4E-binding protein 1 (4E-BP1), which are the two
major proteins involved in the regulation of protein synthesis
[9, 10]

Although agents targeting these molecules and pathways
have progressed from preclinical models to early clinical
trials, little is known about what might predict the response
and outcome to these agents in DLBCL patients treated with
immunochemotherapy. In this study, the expression of the
important components of the PI3K/AKT/mTOR signaling
pathway and their clinical significance were investigated in
73 DLBCL cases. The effect of rituximab alone or combined
with the PI3K/AKT/mTOR pathway inhibitor rapamycin
was further evaluated in the DLBCL cell line SU-DHL-4
and DB. The results showed that PI3K/AKT/mTOR signal-
ing pathway activation in DLBCL may be considered a
prognostic biomarker and a promising target for therapeutic
intervention.

Methods

Patients

From January 2001 to June 2007, 73 newly diagnosed, adult
patients with de novo DLBCL, who received CHOP or
rituximab (R)-CHOP therapy with curative intent at the
Shanghai Institute of Hematology, were included in this ret-
rospective study. Histological diagnoses and disease classifi-
cation were performed according to the World Health
Organization classification [1]. Informed consent was
obtained from all patients in accordance with the regulations
of the Shanghai Jiao Tong University School of Medicine
Institutional Review Boards.

Cells and reagents

The DLBCL cell lines SU-DHL-4 (CRL-2957) and DB
(CRL-2289) were obtained from the American Type Culture
Collection (Bethesda, MD). The DLBCL cell line Ly-10
was a gift from Dr Feng R (Department of Hematology,
Nanfang Hospital affiliated to Southern Medical University,
Guangzhou, China). Cells were maintained in RPMI-1640
medium supplemented with 10 % heat-inactivated fetal bo-
vine serum in a humidified atmosphere of 95 % air and 5 %
CO2 at 37 °C.

Rituximab (10 mg/mL) was obtained fromRoche (Grenzach,
Germany). Rapamycinwas purchased fromCell Signaling Tech-
nology (Beverly, MA) and dissolved in DMSO as a stock
solution of 100 μM.

Immunohistochemistry

Immunohistochemical analyses were performed on 3-μm-thick
formalin-fixed, paraffin-embedded sections using antibodies
against phospho-AKTThr308 (p-AKTThr308; Cell Signaling Tech-
nology; 1:50), phospho-p70S6KThr389 (p-p70S6KThr389; Cell
Signaling Technology; 1:50), and phospho-4E-BP1Thr37/46 (p-
4E-BP1Thr37/46; Cell Signaling Technology; 1:60) with the Dako
Envision Detection System (Dako, Glostrup, Denmark). All
antibodies required antigen retrieval in citrate buffer (10 mM,
pH 6.0). Positive cells were counted in ten randomly selected
high-power fields with a ×40 objective. p-AKT, p-p70S6K, and
p-4E-BP1 showed identifiable positive tumor cells with moder-
ate (golden brown) or strong (brown) intensity. Other cells
stained very weakly (grayish), and these cells were considered
negative. In every staining set, negative controls were applied by
omission of the primary antibody. Reactive lymphoid hyperpla-
sia tissue served as positive control. DLBCL subtypes were
identified by immunohistochemical analysis. Immunohisto-
chemical procedures were based on those previously described
by Hans et al. [11]. Paraffin sections of tumor samples were
stained with antibodies against CD10 (Novocastra, Newcastle,
UK; 1:80), BCL-6 (Dako, Glostrup, Denmark; 1:10), and
MUM1/IRF4 (Dako; 1:40). All sections were independently
reviewed by two pathologists.

Western blot

Cells were lysed in 200μL lysis buffer (0.5MTris–HCl, pH 6.8,
2 mM EDTA, 10 % glycerol, 2 % SDS, and 5 % β-
mercaptoethanol). Protein extracts (20 μg) were electrophoresed
on 10 % SDS polyacrylamide gels and transferred to nitrocellu-
lose membranes. Membranes were blocked with 5 % nonfat
dried milk in Tris-buffered saline and incubated for 2 h at room
temperature with the appropriate primary antibody, followed by
a horseradish peroxidase-conjugated secondary antibody. The
immunocomplexes were visualized using a chemiluminescence
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phototope-horseradish peroxidase kit. Antibodies against AKT,
p-AKTThr308, mTOR, phospho-mTORSer2448 (p-mTORSer2448),
p70S6K, p-p70S6KThr389, 4E-BP1, and p-4E-BP1Thr37/46 were
obtained from Cell Signaling Technology. Detection of B-actin
(Sigma, St. Louis, MO) was performed to ensure equivalent
protein loading.

Response to treatment

Treatment response was evaluated according to the Interna-
tional Workshop criteria [12], based on physical examina-
tion, relevant laboratory tests, computer tomography scans,
and bone marrow biopsy results. Compared with previous
results obtained at diagnosis, tumor response was classified
as either complete response (CR), unconfirmed complete
response (CRu), partial response (PR), stable disease, or
progressive disease. The overall response (OR) rate was
calculated as CR or CRu, plus PR. Outcome was expressed
in terms of progression-free survival (PFS) and overall
survival (OS). PFS was calculated as the time from the date
of initial diagnosis to the date of progression, relapse, death,
or last follow-up. OS was calculated from the date of diag-
nosis until death due to any cause or last follow-up.

Statistical analysis

Patient characteristics and complete remission rates were
compared by the chi-square and Fisher’s exact tests. The
nonparametric Spearman r correlation coefficient was used
to test correlations between different variables. Survival
functions were estimated using the Kaplan–Meier method

and compared using the logrank test. All P values were
based on two-sided tests and values <0.05 were considered
significant. All statistical analyses were performed using
SPSS statistical software (SPSS Inc, Chicago, IL).

Results

The PI3K/AKT/mTOR pathway was activated in DLBCL

A total of 73 patients were identified, including 45 men and
28 women aged 18 to 78 years (median age 50 years). Of
these patients, p-AKT was positive in 40 cases (54.8 %), p-
p70S6K in 34 cases (46.6 %), and p-4E-BP1 in 33 cases
(45.2 %) (Fig. 1). Immunostaining for p-AKTwas cytoplas-
mic, whereas with p-p70S6K and p-4E-BP1, both cytoplas-
mic and perinuclear staining were observed. Regarding the
correlation between these biomarkers, p-AKT was signifi-
cantly associated with the expression of p-p70S6K and p-
4E-BP1 as a continuous variable (r>0.5, P<0.001).

The immunophenotypic subtypes were defined according
to the results obtained from immunohistochemical analysis
for the expression of CD10, BCL-6, and MUM1/IRF4.
Accordingly, a total of 41.1 % of the patient cohort was
classified as GC and 58.9 % as non-GC.

The major clinical and laboratory findings of the patients
grouped according to p-AKT expression status are summa-
rized in Table 1. The presence of p-AKT was significantly
associated with more frequent presentation in patients with
advanced stages (III–IV) of the disease (P=0.023). Al-
though there was a higher proportion of patients with p-

Fig. 1 Immunohistochemistry
study of PI3K/AKT/mTOR
pathway on paraffin tissue
sections of malignant lymph
nodes from patients with
DLBCL (original magnification
×40). a H&E stain presenting
diffuse large neoplastic cells. b
Negative control. c p-AKT with
diffuse cytoplasmic and
membrane staining of
neoplastic cells. d p-p70S6K
with both cytoplasmic and
perinuclear accentuation of
neoplastic cells. e p-4E-BP1
with diffuse cytoplasmic and
membrane staining of
neoplastic cells
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AKT expression in the high-risk group than in the low-risk
group, this was not statistically significant (P=0.225). There
was no association between the expression of p-AKT and
age, sex, performance status, lactate dehydrogenase (LDH)
level, number of extranodal sites, or immunophenotypic
subtype (P>0.05). Expression of p-P70S6K and p-4E-BP1
did not show any significant correlation with any of the
clinical variables analyzed.

P-AKT expression was related to poor disease outcome
in DLBCL patients treated by CHOP but not in those treated
by R-CHOP

All the patients received a median of six cycles (range,
four to eight cycles; the majority (95.4 %) received six
cycles) of either CHOP (30/73) or R-CHOP (43/73)
therapy without dose adjustments at 21-day intervals.
After completion of initial therapy, patients were rou-
tinely observed every 3 months for the first 2 years, and
every 6 months thereafter. Patients who experienced
disease recurrence or progression during treatment

subsequently received salvage treatment regimens. At
the time of analysis, 32 (43.8 %) patients were dead,
and 41 (56.2 %) patients were alive at last contact. The
overall median follow-up period for the surviving pa-
tients was 30 months (range, 10–66 months), 27 months
(10–64 months) for the CHOP group, and 32 months
(13–66 months) for the R-CHOP group. The OR rate
was 74.0 % (54/73) for the entire population. Treatment
response was superior in the R-CHOP group (83.7 %,
36/43), compared to that in the CHOP group (60.0 %,
18/30; P=0.031).

We examined the association between clinical outcome
and expression of p-AKT, and its expression was negatively
correlated with the likelihood of achieving remission. The
overall response rate was 60.0 % (24/40) for the p-AKT-
positive cohort of patients, compared to 91.0 % (30/33) for
those who were p-AKT negative (P=0.003). Univariate
analysis showed that p-AKT expression was significant in
predicting both inferior PFS (3-year estimate, 47.8 vs.
75.6 %; P=0.006) and OS (3-year estimate, 54.5 vs.
84.6 %; P=0.005) (Fig. 2).

Table 1 Clinical characteristics
and p-AKT expression status of
patients with DLBCL

LDH lactate dehydrogenase, IPI
International Prognostic Index,
ECOG Eastern Cooperative On-
cology Group, PS performance
status

Total p-AKT+ p-AKT− P value

n % n %

No. of patients 73 40 54.8 33 45.2

Age 0.958

60 or younger 44 24 54.5 20 45.5

Older than 60 29 16 55.2 13 44.8

Sex 0.423

Female 28 17 60.7 11 39.3

Male 45 23 51.1 22 48.9

ECOG PS 0.135

Lower than 2 44 21 47.7 23 52.3

2 or higher 29 19 65.5 10 34.5

Stage 0.023

I or II 38 16 42.1 22 57.9

III or IV 35 24 68.6 11 31.4

Extranodal sites 0.590

1 site 60 32 53.3 28 46.7

More than 1 site 13 8 61.5 5 38.5

LDH 0.969

Normal 40 22 55.0 18 45.0

High 33 18 54.5 15 45.5

IPI 0.225

0–2 50 25 50.0 25 50.0

3–5 23 15 65.2 8 34.8

Immunophenotypic subtype 0.492

GCB 30 15 50.0 15 50.0

Non-GCB 43 25 58.1 18 41.9
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The data were further analyzed according to the different
treatment regimens: p-AKT expression was significantly as-
sociated with a poorer response in the CHOP group (37.5 vs.
85.7 %; P=0.011), but not in the R-CHOP group (75.0 vs.
94.7 %; P=0.112). In the CHOP group, there were significant
differences between p-AKT-positive patients and p-AKT-
negative patients for PFS (37.6 vs. 74.0 %; P=0.008) and
OS (45.3 vs. 76.5 %; P=0.011). However, in the R-CHOP
group, the difference was not statistically significant, both for
PFS (53.2 vs.74.0 %; P=0.165) and OS (60.6 vs. 85.8 %; P=
0.152) (Fig. 3), but there was a tendency for an inferior
outcome for the p-AKT-positive cohort of patients (Fig. 3c, d)

The expression of p-P70S6K and p-4E-BP1 did not have
statistical significance in treatment response and survival (P
>0.05). However, there was a tendency for an inferior
outcome for the p-4E-BP1-positive patients.

Activation of the PI3K/AKT/mTOR pathway was observed
in a DLBCL cell line and downregulated after treatment
with rituximab alone or with a combination of rituximab
and the mTOR inhibitor rapamycin

To evaluate the effects of rituximab on the PI3K/AKT/mTOR
signaling pathway, the expression and phosphorylation of

Fig. 2 Survival outcomes.
Progression-free survival (a)
and overall survival (b)
according to p-AKT expression
in patients with DLBCL

Fig. 3 Progression-free
survival (a) and overall survival
(b) according to p-AKT
expression in patients with
DLBCL treated with CHOP.
Progression-free survival (c)
and overall survival (d)
according to p-AKT expression
in patients with DLBCL treated
with R-CHOP
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PI3K/AKT/mTOR downstream targets were evaluated in SU-
DHL-4, DB, and Ly-10 cells by Western blot analysis after
48 h. Analysis revealed a baseline activation status of the
PI3K/AKT/mTOR pathway in the three DLBLC cells, with
high levels of p-AKTand p-mTOR, in addition to downstream
molecules p-p70S6K and p-4E-BP1. Treatment with
rituximab (20 μg/mL) led to an obvious reduction of p-AKT
level in all the three cell lines. The p-mTOR level was reduced
in SU-DHL-4 and Ly-10 while minimal effected in DB. The
p-p70S6 level was reduced in DB and Ly-10 while minimal
effected in SU-DHL-4. The p-4E-BP1 level was reduced in
SU-DHL-4 while minimal effected in DB and Ly-10. So, we
hypothesized that combining rituximab with the mTOR in-
hibitor rapamycin may enhance the inhibiting effect of the
PI3K/AKT/mTOR pathway. Cells were then treated with
rituximab (20 μg/mL) and rapamycin (25 nM) for 48 h. Co-
exposure caused significant downregulation of p-AKT and p-
mTOR, and consequently phosphorylation of p70S6K and
4E-BP1 was also decreased. There were no changes observed
in the total levels of AKT, mTOR, p70S6K, and 4E-BP1
(Fig. 4).

Discussion

Despite improvements in the OS of DLBCL patients with
the routine addition of rituximab therapy, one third of the
patients have disease that is either refractory to initial

therapy or relapses after standard therapy [13]. The
PI3K/AKT/mTOR signaling pathway has been demonstrat-
ed to be constitutively activated in several lymphomas in-
cluding DLBCL [6, 7]. The serine–threonine kinase AKT
plays a central role in the PI3K/AKT/mTOR pathway. Ac-
tivation of AKT (p-AKT) mediates a range of pro-survival
signals for anti-apoptosis, proliferation, and cell growth via
mTOR, which signals to its downstream effectors S6
kinase/ribosomal protein S6 and 4EBP-1/eIF-4E to control
protein translation [14]. The phosphorylated AKT has been
found to be abnormally activated in the majority of primary
human lymphomas and hematopoietic cell lines [15]. Uddin
et al. evaluated the immunohistochemical expression of p-
AKT using tissue microarray and correlated it with survival.
Their univariate analysis (no data regarding therapy) found
that p-AKT-positive patients had inferior survival (P=0.05),
but not after adjustment for IPI [6]. In this retrospective,
immunohistochemical study on 73 DLBCL patients, we
showed p-AKT expression in lymphoma tissue and a strong
association between its presence and its downstream targets
p-p70S6 and p-4E-BP1, further confirming that the
PI3K/AKT/mTOR pathway is activated in DLBCL. The p-
AKT-positive patients had a higher clinical stage (P=0.023),
but we did not find any relationship between the expression
of p-AKT and age, sex, performance status, LDH level,
number of extranodal sites, or immunophenotypic subtype.

To determine whether p-AKT is related to DLBCL dis-
ease progression, we compared the expression of p-AKT

Fig. 4 Effect of rituximab
combined with rapamycin in
SU-DHL-4, DB, and Ly-10 cell
lines. Cells (1×107/mL) were
treated with rituximab (20 μg/
mL) ± rapamycin (25 nM) for
48 h and incubated at 37 °C,
and total cell lysates were
prepared as described in
“Methods”. The cell lysates
were examined by Western
blotting for various
unphosphorylated and
phosphorylated proteins of the
pathway. β-actin was used as
control for loading
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with treatment response and survival. Our data revealed that
expression of p-AKT was significantly correlated with a
decreased response rate (P=0.003), along with a shorter
PFS (P=0.006) and OS (P=0.005), according with the
Uddin’s finding [6]. Interestingly, the expression of p-AKT
was significantly related to disease outcome only in patients
treated with CHOP, but not in those treated with R-CHOP.
While the difference for R-CHOP was not statistically sig-
nificant, there was a tendency for an inferior outcome after
R-CHOP (Fig. 3c, d). Such an inferior outcome after adjust-
ment for clinical prognostic factors (sex and IPI) for patients
with a high p-AKT expression has recently been demon-
strated by Hasselblom et al. [16]. Noteworthily, in their
study on 106 DLBCL patients, the immunochemotherapy
included R-CHOP-21 and R-CHO(E)P-14, with or without
consolidating radiotherapy/ASCT according to age-adjusted
IPI. Moreover, high p-AKT expression did not significantly
predict worse survival when the median value or the 25th
percentile was used as cutoff point. As the prognostic role of
p-AKT could be of great clinical interest in the era of
immunochemotherapy, our finding needs to be confirmed
in future study using larger cohorts of patients and, ideally,
in a perspective randomized clinical trial. Rituximab medi-
ates its antitumor activity via multiple mechanisms that
include complement-dependent cytotoxicity, antibody-
dependent cellular cytotoxicity, and induction of apoptosis
after CD20 cross-linking [17]. Our study found that
rituximab treatment downregulated the expression of p-
AKT, in agreement with the study on B-NHL cell lines by
Suzuki et al. [18], where treatment with rituximab inhibited
the PI3K/AKT signaling pathway, resulting in inhibition of
Bcl-xL expression, another important anti-apoptotic mem-
ber of Bcl-2 family. It has been demonstrated that inhibition
of the AKT pathway by rituximab results in the sensitization
of B-NHL cells to drug-induced apoptosis [17]. This may
explain how the negative prognostic effect of p-AKT ex-
pression could be overcome when the patient received che-
motherapy combined with rituximab.

Ansell et al. recently demonstrated that the pretreatment
expression of p4EBP1 was significantly associated with
shorter time to progression in patients with relapsed or refrac-
tory mantle cell lymphoma (MCL) receiving temsirolimus (a
drug similar to rapamycin) and rituximab [19]. In our exper-
iments, univariate analysis showed that p-4E-BP1 expression
was not significant in predicting both PFS and OS (P>0.05).
Key differences between their results and ours were patients
(relapsed or refractory MCL vs. de novo DLBCL), treatment
strategy, sample size, and follow-up time. However, we found
there was a tendency for an inferior outcome for the p-4E-
BP1-positive cohort of patients.

Although the initial response rate to rituximab is high,
relapse is frequently observed, and close to 60 % of previ-
ously rituximab-responding patients do not benefit from re-

treatment. Rituximab resistance represents a significant bar-
rier to immunotherapy for DLBCL, and the underlying
mechanism is not well understood. Several approaches to
overcome this resistance are under evaluation, including
combining rituximab with other drugs that interfere with
the activated signaling pathways. Rapamycin is a highly
specific inhibitor of mTOR and is associated with decreased
phosphorylation of its downstream targets p-p70S6K and p-
4E-BP1 [20]. It has been suggested that rapamycin blocks
cells at the G1 phase via the inhibition of activation of
p70S6K and 4E-BP1 [21]. We further analyzed the effect
of rituximab combined with rapamycin in three DLBCL cell
lines and found significant decrease in p-AKT and p-mTOR,
and inhibition of p-p70S6K and p-4E-BP1. Therefore,
coadministration of rituximab with rapamycin results in an
enhanced effect in inhibiting p-AKT, p-mTOR, and down-
stream molecules, interrupting the PI3K/AKT/mTOR sig-
naling pathway and might be an attractive treatment option
for DLBCL.

In conclusion, our results indicate that the PI3K/AKT/mTOR
pathway is a potentially important signaling route and an unfa-
vorable prognostic factor for DLBCL. Patients with
PI3K/AKT/mTOR activation experience a more rapidly deteri-
orating clinical course with poor treatment response and de-
creased survival time. Addition of rituximab could
downregulate PI3K/AKT/mTOR activation, reversing its nega-
tive effect on chemotherapy-treated patients. In addition, our
results indicate that the combination of rituximab and inhibition
of the activated PI3K/AKT/mTOR pathway could be a promis-
ing target for DLBCL therapeutic intervention in the future.
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