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Erlotinib is a potent inhibitor of epidermal growth factor receptor tyrosine kinase and has been demonstrated
to treat advanced or metastatic non-small cell lung cancer to prolong survival after failure of first-line or
second-line chemotherapy. However, little is known about its effects on immune system. In the present study,
we aimed to investigate the immunosuppressive activity of erlotinib on T lymphocytes both in vitro and in
vivo, and further explore its potential molecular mechanism. Erlotinib exerted a significant inhibition on the T
cell proliferation and activation induced by concanavalin A, anti-CD3 plus anti-CD28, staphylococcal

Ié:f;ﬁirig& enterotoxin B or phorbol myristate acetate respectively in a concentration-dependent manner and it also
T cells inhibited the secretion of the proinflammatory cytokines such as IL-2 and IFN-y of activated T cells. Further
Immunosuppression study showed that erlotinib caused GO/G1 arrest and suppressed the phosphorylations of c-Raf, ERK and Akt
c-Raf/ERK in activated T cells. Moreover, erlotinib significantly ameliorated picryl chloride-induced ear contact

Akt dermatitis in a dose-dependent manner in vivo. In summary, these findings suggest that erlotinib may cause
the impairment of T-cell-mediated immune response both in vitro and in vivo through inhibiting T cell
proliferation and activation, which is closely associated with its potent down-regulation of the c-Raf/ERK

cascade and Akt signaling pathway.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Epidermal growth factor receptor (EGFR) is a tyrosine kinase
receptor which plays an essential role in normal cell growth and
differentiation, and is involved in tumor proliferation and survival.
EGFR over-expression is a common feature in many human solid
malignancies including non-small-cell lung cancer, and is associated
with poor clinical prognosis (Onn et al., 2004; Gridelli et al., 2007).
Erlotinib (Tarceva) is an oral available, selective, reversible inhibitor
of EGFR tyrosine kinase (Akita and Sliwkowski, 2003; Perez-Soler,
2004). In vitro and in vivo studies show that erlotinib has activity
against human colorectal, head and neck, non-small cell lung, and
pancreatic tumor cells (Akita and Sliwkowski, 2003). The antitumor
activity of erlotinib as a single agent and in combination with other
targeted agents has been demonstrated in Phase II trials in many
tumor types (Tang et al., 2006). Erlotinib has an established role in the
treatment of locally advanced or metastatic non-small cell lung cancer
after failure of at least one prior chemotherapy regimen (Comis, 2005;
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Wong et al., 2009). In a Phase III trial, the addition of erlotinib to
gemcitabine improves survival in advanced pancreatic cancer (Tang
et al, 2006; Bareschino et al, 2007). Encouraging indications of
antitumor activity are also reported in several phase Il studies
including monotherapy use of erlotinib in advanced head and neck
cancer, colorectal, hepatocellular, biliary, gastroesophageal, and
ovarian cancer (Bareschino et al.,, 2007; Ciardiello and Tortora,
2008). The adverse effect of erlotinib is reported to be immune-
mediated toxicity (Li et al., 2010) including drug-induced hepatitis
(Liu et al., 2007b; Saif, 2008; Pellegrinotti et al., 2009), interstitial lung
disease (Liu et al., 2007a; Makris et al., 2007), Stevens-Johnson
syndrome and toxic epidermal necrolysis (Chou et al., 2006; Lubbe
et al.,, 2008; Bovenschen and Alkemade, 2009), but the mechanism of
toxicity has not been elucidated.

Erlotinib is ~60% absorbed after oral administration and the
maximal tolerated dose on a protracted daily schedule is 150 mg/daily
(Bareschino et al., 2007; Gridelli et al., 2007). Although the
pharmacodynamics and pharmacokinetics of erlotinib in both healthy
volunteers and adult patients with cancer have been well-characterized
(Hidalgo and Bloedow, 2003; Ling et al., 2006), little is known about the
effect of erlotinib on immune system. The aim of this study is to
investigate whether erlotinib affects T-cell-mediated immune re-
sponse. Here we showed that erlotinib inhibited T-cell-mediated
immune response in vivo and in vitro, which demonstrated its
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immunosuppressive activity was proved to be associated with its
inhibition of c-Raf/ERK cascade and Akt signaling in T cells.

Materials and methods

Mice.  Specific pathogen-free, 8- to 10-week-old female BALB/c
mice were purchased from Model Animal Genetics Research Center of
Nanjing University (Nanjing, China). Animal welfare and experimen-
tal procedures were carried out strictly in accordance with the Guide
for the Care and Use of Laboratory Animals (National Institutes of
Health, the United States) and the related ethical regulations of our
university. All efforts were made to minimize animals' suffering and to
reduce the number of animals used.

Cells and reagents. Mouse T cells from splenocytes or lymph node
cells were purified using magnetic beads (Miltenyi Biotec, Auburn,
CA) with more than 95% purity. The cells were incubated in RPMI 1640
medium supplemented with 100 U/ml of penicillin, 100 pg/ml of
streptomycin and 10% fetal calf serum under a humidified 5% (v/v)
CO, atmosphere at 37 °C. Erlotinib (Tarceva, OSI Pharmaceuticals)
was dissolved in dimethyl sulfoxide to a concentration of 15 mM as
stock solution, which was stored at —20 °C until use. Concanavalin A
(Con A), phorbol myristate acetate (PMA), ionomycin, 3-(4, 5-
dimethyl-2-thiazyl)-2, 5-diphenyl-2 H-tetrazolium bromide (MTT),
carboxyfluorescein diacetate succinimidyl ester (CFSE) and staphylo-
coccal enterotoxin B (SEB) were purchased from Sigma Chemical Co.
(St. Louis, MO). Picryl chloride was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Purified anti-mouse CD3 (145-
2C11) and purified anti-mouse CD28 (37.51) were purchased from BD
PharMingen (San Diego, CA). Annexin V-FITC/PI kit was purchased
from BD Biosciences (San Jose, CA). ELISA kits for interferon-y (IFN-y)
and interleukin-2 (IL-2) were purchased from R&D Systems (Min-
neapolis, MN). FITC-anti-mouse CD69 mAb and FITC-anti-mouse
CD25 were purchased from Biolegend (San Diego, CA). PE-cy5
conjugated anti-mouse CD3e antibody was purchased from
eBioscience (San Diego, CA). Antibodies against phospho-c-Raf
(Ser259), phospho-c-Raf (Ser338), c-Raf, ERK, phospho-ERK, pho-
spho-Akt, Akt, CDK4, phospho-retinoblastoma protein (Rb) and
p27%P1 were purchased from Cell Signal Technology (Beverly, MA).
Antibody against GAPDH was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). All other chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).

Cell proliferation assay.  Cells were cultured in 96-well plates at a
density of 3x10° cells/well in RPMI 1640 medium (0.2 ml) and
stimulated with 5 pg/ml of Con A for 72 h at 37 °C in 5% CO,/air. Then
cell growth was evaluated with modified MTT assay. In some cases,
cell proliferation was also determined by CFSE assay as we previously
reported (Sun et al., 2010).

Cell apoptosis assay.  Cell apoptosis was determined by Annexin V-
FITC (fluorescein isothiocyanate)/Pl (propidium iodide) staining as
previously reported (Sun et al, 2009). Samples were analyzed by
FACSCalibur flow cytometer.

Measurement of CD25 and CD69 expressions with flow cytometry.

The expressions of cell surface molecules in T cell cultures were
evaluated by flow cytometry. Lymph node cells (5x10%) were
stimulated with 5pg/ml Con A with the addition of erlotinib
simultaneously. The surface expressions of CD69 and CD25 were
assessed after 24 h of culture, respectively. At the end of the culture
period, the harvested cells were washed twice with buffer. Cells were
stained with specific antibodies for 30 min at 4 °C in the dark. Cells
were then washed with buffer to remove the excess stains and
analyzed in a FACSCalibur flow cytometer (Becton Dickinson, San Jose,
CA) using CellQuest software.

Cytokine assay.  Cytokines (IFN-vy, IL-2) were determined using
ELISA kits from R&D systems (Minneapolis, MN).

Cell cycle assay. T cells from lymph nodes of BALB/c mice were
treated with or without erlotinib for 24 h in the presence of 5 pg/ml
Con A, and then collected and washed with cold PBS and fixed with
70% ethanol at 4 °C overnight. Then, the fixed cells were washed with
PBS and stained with 50 pg/ml of propidium iodide (PI) containing
100 ug/ml of RNase A and 1% TritonX-100 in the dark at room
temperature for 45 min. The DNA contents of the cells were analyzed
with Modfit software (Becton Dickinson, San Jose, CA, USA).

Western blot.  Proteins were extracted in lysis buffer (30 mmol/L
Tris, pH 7.5, 150 mmol/L sodium chloride, 1 mmol/L
phenylmethylsulfonyl fluoride, 1 mmol/L sodium orthovanadate, 1%
Nonidet P-40, 10% glycerol, and phosphatase and protease inhibitors).
The proteins were then separated by SDS-PAGE and electrophoreti-
cally transferred onto polyvinylidene fluoride membranes. The
membranes were probed with antibodies overnight at 4 °C, and
then incubated with a horse radish peroxidase-coupled secondary
antibody. Detection was performed using a LumiGLO chemilumines-
cent substrate system (KPL, Guildford, UK).

Picryl chloride-induced contact hypersensitivity. Female BALB/c
mice were sensitized by painting 0.1 ml of 1% picryl chloride (Wako,
Japan) in ethanol on the shaved skin of their abdomens. Five days
later, they were challenged by painting 30 pl of 1% picryl chloride in
olive oil on right ear lobe. Eighteen hours later, ear thickness of right
against left was measured with a digimatic micrometer (0.001 mm,
Mitutoyo Co., Tokyo, Japan). The control animals were run parallel
with other groups except for intragastric administration (i.g.) the
same volume of water.

Histological analysis. ~ Formalin-fixed, paraffin-embedded ear tissue
was sectioned at 5 mm in thickness, and the sections were stained
with hematoxylin and eosin. Following parameters were assessed: 1)
the level of leucocyte infiltration and vascular congestion; 2) the
erosion and anabrosis of epidermal cells; 3) the affection of other side
of the ears. The histological scores were assessed from 1 to 4. Final
data are the average scores of each animal in the same group, and the
higher score means more serious inflammation.

Statistical analysis.  All experiments were repeated three to five
times with the similar outcome. The P-values between two experi-
mental groups were tested by two-tailed Student's t-test. The level of
significance was set at a P-value of 0.05. Where applicable, data were
reported as the mean 4 SEM.

Results
Erlotinib inhibited the proliferation of T cells in a dose-dependent manner

The maximum plasma concentration was about 1.4 pg/ml (~3.5 uM),
which was achieved approximately 2-4 h after oral administration of
150 mg/daily erlotinib (Hamilton et al., 2006; Prados et al,, 2006). In the
present study, we focused whether erlotinib affects T-cell-mediated
immune response when it is used in clinic for a long time. And it was
reported that when orally administrated 10 mg/kg of erlotinib daily for
20 days in human HN5 head and neck carcinoma xenografts athymic mice
the blood drug level reached a peak at about 8 uM by a high performance
liquid chromatography assay (Pollack et al., 1999). In that case we selected
the range of the drug concentrations (1-20 uM) in vitro and 10, 20 and
40 mg/kg of erlotinib in vivo which just fell within the range of the drug
concentrations (1-20 uM) in vitro.

Erlotinib significantly inhibited T cell proliferation induced by Con
A (Fig. 1A) or anti-CD3 plus anti-CD28 (Fig. 1B) in a concentration-
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Fig. 1. Erlotinib significantly inhibited T cell proliferation. (A) Lymph node cells was labeled with 2.5 pM CFSE, and pre-incubated with or without erlotinib for 1 h. Then, they were
stimulated with Con A (5 pg/ml) for 72 h. The numbers gated indicated the dividing CD3* T cell population. Data shown here are one of three different experiments with similar
results. (B) Lymph node cells was labeled with 2.5 uM CFSE, and pre-incubated with or without erlotinib for 1 h. Then, they were stimulated with anti-CD3 (1 pg/ml) plus anti-CD28
(10 pg/ml) for 72 h. Data shown here are one of three different experiments with similar results. (C) Lymph node cells (5 x 10°) were incubated for 72 h at 37 °C and 5% CO, in the
presence of 5 ug/ml Con A and 1-20 pM erlotinib. Cell proliferation was measured at 540 nm by MTT uptake assay. *p<0.05, **p<0.01 versus drug-untreated group. (D) Lymph node
cells were prepared from naive mice and T cells were purified using commercial enrichment columns. T cells were stimulated with anti-CD3 (1 pg/ml) plus anti-CD28 (10 pg/ml) or
SEB (10 pg/ml) or PMA (50 ng/ml) plus inomycin (0.5 pug/ml) in the presence of 1-20 uM erlotinib for 72 h, then cell proliferation was measured at 540 nm by MTT uptake assay.
*p<0.05, *p<0.01 versus drug-untreated group. (E) Lymph node cells (5x 10°) were incubated from 24 h to 72 h at 37 °C and 5% CO, in the presence of 1-20 uM erlotinib. Cell
apoptosis was measured by Annexin V/PI assay. Results were represented as the mean 4+ SEM of three experiments. CsA, cyclosporin A; SEB, staphylococcal enterotoxin B; PMA,

phorbol myristate acetate.

dependent manner by CFSE assay. The similar result was also seen in
Con A-activated T cells (Fig. 1C) and anti-CD3 plus anti-CD28-, SEB- or
PMA/ionomycin-activated T cells (Fig. 1D) by MTT assay. It was
important to notice that erlotinib, at the concentrations mentioned
above, did not affect lymphocyte's viability by MTT uptake assay
(Supplemental Fig. 1) or hardly induced apoptosis of lymphocyte by
Annexin V/PI binding assay (Fig. 1E). All these results indicated that
the immunosuppressive activity of erlotinib observed here, at the
concentrations up to 20 pM, was not due to its cytotoxicity. It should
be noticed that immunosuppressant cyclosporine A (CsA) developed
at the end of the 1970s, which showed selective inhibition dominantly
on T lymphocytes rather than other cell types and was widely used for
the treatment of various autoimmune diseases, was used as a positive
control here.

Erlotinib suppressed the expressions of CD69 and CD25 in activated T cells

CD69 and CD25 induction can be triggered by Con AwhichactsasaT
cell mitogen to interact with the T cell receptor (TCR)/CD3 complex in T
cells. It was shown that CD69 and CD25 cell surface expressions were
up-regulated in mouse T cells after 24 h incubation with 5 pg/ml Con A,
while erlotinib-mediated a potent inhibitory effect on CD69 and CD25
expressions in Con A-treated mouse T cells in a dose-dependent manner

(1-15 uM) (Fig. 2A).

Erlotinib reduced the production of proinflammatory cytokines in activated
T cells

To examine the effect of erlotinib on the production of proinflam-
matory cytokines such as IL-2 and IFN-vy, ELISA was performed to
measure the level of the cytokines in the culture supernatant of
activated T cells. Our results showed that the stimulation of mouse
T cells with Con A resulted in the considerable production and
secretion of IL-2 and IFN-y into the culture medium. Significant
reduction of these proinflammatory cytokines was found in activated
T cells with the treatment of 1-20 pM erlotinib (Fig. 2B and C).

Erlotinib caused GO/G1 phase arrest in activated T cells

As shown in Fig. 3A and B, Con A (5 pg/ml) stimulation resulted in
the progression into the S and G2/M phase and notable DNA synthesis.
With flow cytometry analysis, the propidium iodide-stained cells
showed an increased arrest in the GO/G1 phase of the cell cycle
following 1-15 uM erlotinib treatment. Con A stimulated 19.0% of
T cells to S and G2/M phase and this progression was efficiently
reduced by 18.1, 16.5, 14.3 and 13.8% (p<0.05) with to the addition of
erlotinib at 1, 5, 10, 15 uM, respectively. The influence of erlotinib on
the protein levels of phosphorylated Rb, CDK4 and p27XiP! in purified
T cells were further investigated. As shown in Fig. 3C, consistent with
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were collected and analyzed by flow cytometry. Data shown here are one of three differen

ells. (A) Lymph node cells (5x 10°) were stimulated with 5 pg/ml Con A for 24 h, then they
t experiments with similar results. (B, C) Lymph node cells were prepared from naive mice

and T cells were purified using commercial enrichment columns. T cells were stimulated with anti-CD3 (1 pug/ml) plus anti-CD28 (10 pg/ml) in the presence of 1-20 uM erlotinib for

72 h, then the productions of IL-2 (B) and IFN-y (C) were measured by ELISA assay. *p<

the observations on cell cycle distribution, erlotinib dramatically
inhibited the increase of phosphorylated Rb and CDK4. Meanwhile, 1
and 5 uM of erlotinib slightly increased the amount of p27*%! compared
with drug-untreated group but higher concentrations of erlotinib hardly
affect the expression of p27"%P!, These results suggest CDK4 but not p27 is
the major target of erlotinib in cell cycle arrest of activated T cells. The
results showed that erlotinib influenced the cell cycle regulatory
molecules of G1 phase and blocked cell cycle progression through G1/S
transition.

Erlotinib inhibited both Raf-stimulated ERK signaling and Akt signaling

It is known that the Ras/Raf/ERK (extracellular-signal-regulated
kinase) pathway and PI3K/Akt pathway are at the heart of signaling
networks that govern proliferation, differentiation and cell survival.
To further delineate the molecular mechanisms of erlotinib against
T-cell-mediated immune response, the effects on Raf/ERK and Akt
signaling pathway were investigated. As shown in Fig. 4, erlotinib
dose-dependently inhibited the phosphorylations of c-Raf, ERK, and
Akt in Con A-activated T cells.

Erlotinib ameliorated picryl chloride-induced contact hypersensitivity in
mice

To further assess the immunosuppressive property of erlotinib in
vivo, we used the picryl chloride-induced contact dermatitis in BALB/c

0.05, **p<0.01 versus drug-untreated group.

mice. Previously, Pollack et al. reported that when orally adminis-
trated 10 mg/kg of erlotinib daily for 20 days in human HN5 head and
neck carcinoma xenografts athymic mice the blood drug level reached
a peak at about 8 uM by a high performance liquid chromatography
assay (Pollack et al., 1999), which just fell within the range of the drug
concentrations (1-20 uM) in vitro. Together with the result of our
pre-experiment, 10, 20 and 40 mg/kg of erlotinib were selected for in
vivo experiments. Administration for 6 days after the sensitization,
erlotinib significantly inhibited the ear swelling in a dose-dependent
manner, and the positive control CsA also showed a strong inhibition
(Fig. 5A). Fig. 5B was a representative photo of H&E staining for ear
tissues from various groups of mice. The histopathological changes in
the ear were mainly observed in the dermis as severe inflammatory
infiltration, vascular congestion, and moderate edema in the control
group. Compared with the animals in the control group, the mice
treated with erlotinib only showed a mild cellular infiltration and
vasodilatation without obvious edema (Fig. 5B and C).

Discussion

Recently, molecular targeted therapeutics provides a different
mechanism of action from chemotherapy and can be much more
specific in their approach to cancer treatment (Comis, 2005). This
therapeutics has the potential to maximize therapeutic benefit while
minimizing toxicity to normal cells. Some protein tyrosine kinases are
such targets, which are involved in different cellular functions including
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Fig. 3. Erlotinib caused T cell arrest in GO/G1 phase of the cell cycle. (A) Lymph node
cells were prepared from naive mice and T cells were purified using commercial
enrichment columns. T cells were stimulated with 5 ug/ml Con A for 24 h in the absence
or presence of 1-15 pM erlotinib, then the cells were stained with propidium iodide (PI)
for cell cycle distribution analysis in flow cytometry. (B) Data shown here are one of
three different experiments with similar results. (C) T cells were stimulated by 5 pg/ml
Con A with or without erlotinib for 24 h. Whole cell extracts were obtained and the
expressions of cell cycle regulators were analyzed by Western blot. Data shown here are
one of three different experiments with similar results.

extracellular signaling, intracellular communication, proliferation, cell
cycle or apoptosis/survival regulation (Ocana et al., 2009). As most of
them manage physiologic functions, their dysregulation causes an
oncogenic phenotype (Blume-Jensen and Hunter, 2001; Hynes and
Lane, 2005). A clear example is the oncogenic role of the EGFR family in
different tumor types (Hynes and Lane, 2005). The EGFR family is part
of a complex signal-transduction network that is central to several
critical cellular processes. Since EGFR is often found in non-small cell
lung cancer cells, it has been considered as a target for new drug
candidates. Erlotinib (Tarceva) is one of the most important anti-cancer
drugs developed to target EGFR tyrosine kinase (Shepherd et al., 2005;
Siegel-Lakhai et al., 2005). Erlotinib has been demonstrated to be
efficient in the treatment of patients with the advanced or metastatic
non-small cell lung cancer (Tiseo et al., 2009), to prolong survival after
first-line or second-line chemotherapy.
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Fig. 4. Erlotinib inhibited the activation of ERK and Akt in Con A-activated T cells. Lymph
node cells were prepared from naive mice and T cells were purified using commercial
enrichment columns. T cells were stimulated with 5 pg/ml Con A in the absence or
presence of erlotinib for 24 h. Then cells were harvested and the whole cell extracts
were analyzed by Western blot for the phosphorylations of c-Raf (A), ERK1/2 (B) and
Akt (C). Data shown here are one of three different experiments with similar results.

Despite this large amount of data, little is known about the effect of
erlotinib on immune system. Usually, anti-cancer drugs are known to
cause severe adverse effects such as immune system damage, which
constrains their use in clinic. Therefore, it is urgent to investigate
whether erlotinib affects immune system especially T cells. In the
present study, we examined the effect of erlotinib on three critical
parameters of T cell response: proliferation, activation and cytokine
production. As the results, all of these events were inhibited by
erlotinib, suggesting that erlotinib may induce impairment of T cell
response and cause some adverse effects in its clinical practice.
Importantly, when examined the relationship between the erlotinib-
induced inhibition of T cell proliferation and the induction of
apoptosis, we found the high dose of erlotinib (20 pM), which almost
completely inhibited T cell proliferation, could not induce apoptosis.
These findings suggest the impairment of T cell response by erlotinib
is not caused through inducing apoptosis.

To elucidate some of the underlying mechanisms of erlotinib
against T cell proliferation, we further examined the effect of erlotinib
on cell cycle of T cells. PI staining data indicated that erlotinib inhibited
T cell cycle progression, and we found that T cell proliferation was
generally controlled by erlotinib at the GO/G1 phases. Cyclin-
dependent kinase (CDK) and CDK inhibitors are the key regulators of
cell cycle transitions. In mammalian cells, CDK4 and associated CDK
inhibitor p27"i! control the G1 to S phase transition (Lea et al., 2003).
A requirement of entry into the S phase is the phosphorylation of Rb,
which is regulated by the cyclin D3/CDK4/CDK6 complex. Cell
progression through G1 to S transition was markedly inhibited by
erlotinib, which was correlated with an erlotinib-mediated reduction
of phosphorylations of CDK4 and Rb. Previously, Ling et al. had
reported that induction of p275"P! was required for G1 arrest and cell
growth inhibition by erlotinib in human non-small cell lung cancer
cells (Ling et al., 2007). In this study, we also found erlotinib increased
the expression of CDK inhibitor p27"! in activated T cells. These
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Fig. 5. Erlotinib suppressed picryl chloride-induced contact hypersensitivity in mice. (A) Ear swelling was evaluated by the difference in thickness between the right and left ears
24 h after challenge. Mice were administered i.g. with erlotinib every day during the experiment. Each column represents the mean + SEM of 10 animals. *p<0.05, **p<0.01 versus
Control. (B) Ear tissues were stained with hematoxylin and eosin (original magnification x 200). (C) The pathological scoring was carried out by using a range from 0 (no change) to 4
(most severe) to evaluate congestion, edema and inflammatory cell infiltration and so on. *p<0.05, **p<0.01 versus Control.

findings suggested that erlotinib remarkably inhibited T cell cycle
progression in vitro.

The epidermal growth factor receptor (EGFR) is a member of the
ErbB family of receptors, a subfamily of four closely related receptor
tyrosine kinases (RTKs). On binding ligands, RTKs dimerize, activate
Ras-GTPase and phosphatidylinositol-3-OH kinase (PI3K). Each of
these proteins then activates a number of downstream effectors such
as Raf and Akt (McCubrey et al., 2006). The Raf/MEK/ERK signaling
pathway is an important mediator of tumor cell proliferation (Gollob
et al., 2006). And this protein kinase cascade is also essential for T cell
receptor function, cell cycle progression and cytokine production in T
lymphocytes (Aktas et al., 1997; Czyzyk et al., 2008; Li et al., 2008).
Ras and its effectors, particularly the Raf-ERK pathway, are activated
within minutes after stimulation of T cell receptor and continue to be
essential for T cell activation (Li et al., 2008). Similarly, the
phosphoinositide 3-kinases/Akt pathway can mediate diverse biolo-
gical responses and is crucial for optimal immune responses and
lymphocyte development (Xue et al., 2008; Zhang et al., 2008). The
effects of erlotinib on cell activation might be explained by the
inhibition of early signaling events, mediated by the receptor tyrosine
kinase. In fact, we found that erlotinib markedly reduced the
phosphorylations of c-Raf, ERK and Akt in activated T cells, suggesting

e
Erlotinib

nuclear
membrane

the inhibition of c-Raf/ERK cascade and Akt signaling pathway are
involved in the impairment of T cell response by erlotinib. Using flow
cytometric assay, we found that EGFR was hardly expressed on the
surface of naive or activated T lymphocytes (Supplemental Fig. 2),
indicating that erlotinib inhibits T lymphocyte proliferation and
activation in an EGFR-independent manner.

Delayed-type hypersensitivity is typically used for the evaluation
of in vivo immunocompetency because it has been shown to be
entirely dependent on the effects of T cells. In the experiment of
contact dermatitis in mice as a delayed-type hypersensitivity model,
erlotinib showed a significant inhibition of the ear swelling in
response to picryl chloride (Fig. 5). These findings indicate that the
inhibition of c-Raf/ERK cascade and Akt signaling pathway by erlotinib
blocks the proliferation and activation of T lymphocytes and finally
contributes to the alleviation of the ear swelling and inflammation.
Our present study, which was focused on the c-Raf/ERK cascade and
Akt signaling, did not exclude other possible molecular pathways
from being influenced by erlotinib. For instance, it had been reported
that erlotinib inhibited tyrosine kinase JAK2 for the treatment of patients
with polycythemia vera (Li et al., 2007). It is well known that JAK2/STAT1
signaling is also involved in T cell activation and can induce various genes
expression, which in turn, lead to T cell proliferation and cytokine

proliferation

» activation

cytokine production

Fig. 6. The hypothetical model of erlotinib-induced impairment of T-cell-mediated immune response. Erlotinib may cause the impairment of T-cell-mediated immune response both
in vitro and in vivo through inhibiting T cell proliferation and activation, which is closely associated with its potent down-regulation of the c-Raf/ERK cascade and Akt signaling

pathway.
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production (O'Shea et al., 2004). The results of this study suggest that the
immunosuppressive effect of erlotinib on T cells is at least partly mediated
through c-Raf/ERK cascade and Akt signaling pathway.

Taken together, our study demonstrated the potential immuno-
suppressive effect of erlotinib on T lymphocytes, which is closely
associated with its potent down-regulation of the c-Raf/ERK cascade
and Akt signaling pathway (summarized in Fig. 6). The balance
between the immunosuppression of erlotinib and its anti-cancer
efficacy should be investigated in future clinical trials.

Supplementary materials related to this article can be found online
at doi:10.1016/j.taap.2010.12.011.
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