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Nerve Growth Factor

A Key Local Regulator in the Pathogenesis of Inflammatory Arthritis

Siba P. Raychaudhuri,1 Smriti K. Raychaudhuri,1 Kondala R. Atkuri,2 Leonard A. Herzenberg,2

and Leonore A. Herzenberg2

Objective. The effect of nerve growth factor (NGF)
and its receptor (NGFR) in inflammatory diseases is a
novel research field. The purpose of this study was to
investigate the role of NGF/NGFR in human T cell
subpopulations and fibroblast-like synovial cells (FLS)
and examine its pathophysiologic significance in psori-
atic arthritis (PsA) and rheumatoid arthritis (RA).

Methods. Expression of NGF/NGFR was exam-
ined in synovial fluid (SF), FLS, peripheral blood
(PB)–derived T cells, and SF-derived T cells from
patients with PsA, RA, and osteoarthritis (OA). NGF
levels were determined by enzyme-linked immunosor-
bent assay. NGF-induced T cell/FLS proliferation was
examined by MTT assay. Low-affinity (p75)/high-
affinity (TrkA) NGFR expression was determined by
high-dimensional fluorescence-activated cell sorting. A
monochlorobimane assay was used to determine the
effect of NGF on T cell survival.

Results. Levels of NGF were higher in SF samples
from PsA and RA patients as compared to SF samples
from OA patients. NGF-induced FLS proliferation was
more marked in PsA and RA patients. TrkA was up-
regulated on activated SF T cells from PsA (mean � SD
22 � 6.2%) and RA (8 � 1.3%) patients, whereas in SF
samples from OA patients, TrkA�CD3� T cells were

not detectable. NGF induced the proliferation of PB T
cells, induced the phosphorylation of Akt in activated T
cells, and consistent with known pAkt activity, inhibited
tumor necrosis factor �–induced cell death in these T
cells.

Conclusion. Based on our findings, we propose a
model in which NGF secreted by FLS into PsA and RA
synovium promotes the survival of activated autoreac-
tive T cells as well as FLS proliferation. Thus, NGF has
the potential to sustain the chronic inflammatory cas-
cades of arthritis of autoimmune origin.

Nerve growth factor (NGF) is produced by cells
in the nervous system (1,2), by lymphocytes in the
immune system (3–7), by fibroblasts located in peri-
pheral organs (8), and by cell lines derived from synovial
fibroblasts (9). This protein is recognized by 2 receptors
(NGFRs): a high-affinity receptor (TrkA), which is
central to the studies presented herein, and a low-
affinity receptor (p75), which we have not found to be
relevant to our studies. Neurotropic and other NGF
activities in the nervous system have been well defined
(1,2). In addition, several studies have implicated NGF
in the development and function of the murine immune
system (3–7). NGF and TrkA have been detected during
early development (10) and, in adult mice, in the thymus
and secondary lymphoid organs (11). In addition, TrkA/
NGFR–/– mice have been shown to have structural ab-
normalities in the thymus and a clear decrease in thy-
mocyte density in the organ (10). NGF has been shown
to increase in vivo antibody responses to a T cell–
dependent antigen (4) and to increase interleukin-2 (IL-2)
receptor expression (5,6) and c-Fos transcription (6).

Several studies have shown that NGF synthesis is
up-regulated in inflammation (2,7,9,12–16). Immune
cells involved in innate and acquired immunity show
basal expression of NGF, and its synthesis is enhanced
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after stimulation with specific antigens and cytokines
(2,3–6). Cytokines such as IL-1�, tumor necrosis factor
� (TNF�), and IL-6 can induce NGF production in
fibroblasts, endothelial cells, keratinocytes, and glial
cells (8,9,12,17–19). These non-neuronal cells that pro-
duce NGF also express TrkA, which upon binding to its
ligand, activates intracellular pathways and nuclear fac-
tors in an autocrine manner, similar to processes recog-
nized in neuronal cells.

A contributing role of NGF/NGFR has been
suggested in various inflammatory diseases, such as
inflammatory airway disease, arthritis, and psoriasis
(2,7,9,12–16). NGF can be expected to increase pain in
the arthritic joint via several mechanisms, for example,
by promoting the proliferation of terminal nerves (12),
the up-regulation of substance P (20,21), and the de-
granulation of mast cells (22). Further, it promotes the
in-migration and degranulation of neutrophils (22,23),
which raises elastase levels and, hence, increases the
destruction of normal joint tissue. NGF signals the
invasion of nerve fibers into the sites of inflammation,
which places NGF at the crossroads between the neuro-
logic and immune-mediated mechanisms that maintain
and exacerbate inflammatory disease.

The current state of knowledge about the inter-
actions of T lymphocytes with NGF and its receptor
system is mostly limited to mouse studies. In the present
study, we investigated the pathophysiologic significance
of the NGF/NGFR system in human T lymphocyte
subpopulations and fibroblast-like synovial cells (FLS),
as well as its contributing role in the inflammatory and
proliferative cascades of psoriatic arthritis (PsA) and
rheumatoid arthritis (RA).

MATERIALS AND METHODS

Reagents. Human NGF� was purchased from Calbio-
chem. Recombinant human TNF� was purchased from R&D
Systems. Polyclonal anti-human NGF antibody, anti-TrkA
antibody, and isotype controls were procured from Santa Cruz
Biotechnology. Anti-p75 and peripheral blood (PB) subset
antibodies were procured from BD PharMingen. Live/Dead
markers were obtained from Molecular Probes/Invitrogen.

Study population. This study was approved by the
Institutional Review Boards of Stanford University and the
Veterans Affairs Medical Center at Sacramento. Specimens
were collected from patients with active PsA, osteoarthritis
(OA), and RA as well as from healthy control subjects. The
control group was matched for sex and age with the patient
groups. OA of the knee (24) and RA (25) were diagnosed
according to the clinical, laboratory, and radiographic criteria
of the American College of Rheumatology. PsA was diagnosed
according to the Classification of Psoriatic Arthritis (CAS-
PAR) Study Group criteria (26).

Patients underwent a complete physical examination,
evaluation of their psoriasis and arthritis severity, appropriate
blood tests, and radiologic studies. Synovial fluid (SF) and
synovial tissues were collected from PsA, RA, and OA patients
with active arthritis of one or both knees. The inclusion criteria
we used for RA and PsA were designed to limit participants to
only those who had active disease; thus, active RA and active
PsA were defined by the presence of at least 3 swollen and 3
tender joints. In addition, for PsA, the presence of plaque
psoriasis with a qualifying lesion at least 2 cm in diameter was
required. The percentage of body surface area affected by
psoriatic skin involvement was also determined. The number
of swollen joints, the number of tender joints, the patient’s
assessment of pain, the erythrocyte sedimentation rate, and the
C-reactive protein level were determined in all patients. We
tried to enroll patients who had not taken DMARDs (metho-
trexate, leflunomide, cyclosporine, hydroxychloroquine, sul-
fasalazine, azathioprine) or biologic agents within the last 3
months.

The types of specimens, numbers of subjects, types of
disease, and use of DMARDs for specific experiments are
described under the appropriate sections. The specific assays
to which patient samples were subjected are described under
the appropriate sections.

Surface expression of NGFRs TrkA and p75. Expres-
sion on T lymphocytes from peripheral blood. Ficoll-Hypaque
density-gradient centrifugation was used to isolate peripheral
blood mononuclear cells (PBMCs) from blood samples ob-
tained from normal subjects (n � 10) and patients with PsA
(n � 10), RA (n � 10), or OA (n � 10). PBMCs (2 � 106/ml)
were activated by 72 hours of culture in wells coated with CD3
(clone UCHT-1)/CD28 (clone CD28.2) (5 �g of each per ml;
BD PharMingen). Cells were harvested, washed with phos-
phate buffered saline (PBS) containing 2% fetal bovine serum
(FBS), and stained with Live/Dead marker (Molecular Probes)
and surface markers of T cells (CD3, CD4, and CD8; BD
PharMingen). Then, cells were permeabilized with Cytofix/
Cytoperm, washed twice with wash buffer, resuspended in
wash buffer containing 2% FBS, and kept on ice. Cells were
then incubated with either phycoerythrin (PE)–conjugated p75
antibody (BD PharMingen) or PE-conjugated TrkA antibody
(Santa Cruz Biotechnology). Controls were unstained cells and
cells stained with irrelevant primary mouse or rabbit sera.
Unstained cells were used to determine autofluorescence.

Cells were analyzed in a FACSAria (Becton Dickin-
son). At least 500,000 events were collected in a FACSDiva
electronic system. Data were analyzed using FlowJo software
(Tree Star). Expression of p75 and TrkA were determined in
gated live cells only. SH-SY5 cells (ATCC) were used as
positive controls for expression of p75 and TrkA.

Expression on T lymphocytes from SF. SF samples were
collected from PsA (n � 9), RA (n � 12), and OA (n � 10)
patients, all of whom had active arthritis. Patients were taking
nonsteroidal antiinflammatory drugs (NSAIDs) or acetamino-
phen. Five patients with RA were taking hydroxychloroquine,
3 patients with RA were taking methotrexate (�10 mg/week),
and 1 patient with new-onset PsA was taking prednisone
(10 mg/day). Patients were not receiving biologic agents. For
simultaneous analysis of functional and phenotype character-
istics of the T cells at the single-cell level, we performed
multicolor high-dimensional (Hi-D) fluorescence-activated
cell sorter (FACS) analysis (12-color, 13-parameter). The SF
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mononuclear cells (SFMCs) were stained with Live/Dead stain
and antibody cocktail (CD3, CD4, CD8, CD45RA, CD11a,
HLA–DR, CD14, and CD19) as described above.

T cell proliferation assays. CD3� T cells from the
PBMCs obtained from normal subjects (n � 10) and PsA (n �
10), RA (n � 12), and OA (n � 10) patients were purified to
96% purity by negative selection with magnetic beads (Dyna-
beads Untouched human T cells; Invitrogen). One million
CD3� T cells/ml were cultured in 24-well plates with NGF in

RPMI-1640 containing 25 mM HEPES (Gibco-BRL) supple-
mented with 2 mM L-glutamine, 100 units/ml of penicillin, and
100 �g/ml of streptomycin (Gibco-BRL) at 37°C in a humidi-
fied incubator containing 5% CO2. Cells were incubated under
the following conditions: with medium alone, with NGF alone
(10, 100, 200, and 500 ng/ml), with K252a alone (100 nM;
Axxora), with NGF plus K252a (100 nM), with NGF-
neutralizing antibody alone (100 ng/ml; BD PharMingen), or
with NGF plus NGF-neutralizing antibody (100 ng/ml). Cells

Figure 1. TrkA� T cells in the synovial fluid (SF) of patients with psoriatic arthritis (PsA). Cells derived from SF samples obtained from a PsA
patient were stained and gated as indicated. TrkA� T cells were present in the SF samples and displayed a memory T cell phenotype. Numbers
shown in each panel are the percentage of positive cells. FMO � fluorescence minus one (stain 1). Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1529-0131.
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were cultured for 4, 6, and 8 days. We used MTT assay,
hexosaminidase assay, and cell counting methods to measure T
cell proliferation. Each test was run in quadruplicate and was
performed 5 times. Results are expressed as the mean � SD.
Analysis of variance (ANOVA) with post hoc testing was used
for comparison of the means.

Effect of NGF on T cell survival and apoptosis. PBMCs
from normal subjects (n � 10) were activated by 72 hours of
culture in 24-well plates coated with CD3/CD28 (5 �g of each
per ml). NGF (10, 100, or 1,000 ng/ml) was added after 48
hours of incubation. To induce apoptosis, cells were then
treated with 20 ng/ml of TNF� for the last 30 minutes to 2
hours of incubation. Experiments were performed with acti-
vated and unactivated T lymphocytes, with and without TNF�
or NGF. Cells were stained with monochlorobimane (live cell
marker), surface markers of T cells (CD3, CD4, and CD8), and
allophycocyanin-conjugated annexin V (apoptosis marker).

Western blot analysis of pAkt. CD3� T cells purified
by negative selection from normal subjects (n � 10) were
cultured with and without NGF for 72 hours in a 24-well plate.
Cells were lysed in 1� sodium dodecyl sulfate (SDS) loading
buffer, and the lysates were centrifuged at 13,000g for 30
minutes at 4°C. Protein content in the supernatants was
determined with the BCA protein assay system (Pierce).

Protein (40 �g) in cell extracts was resolved by 10% SDS–
polyacrylamide gel electrophoresis, transferred to PVDF
membranes, probed with antibodies, and the blot was devel-
oped using an enhanced chemiluminescence substrate system
(Amersham Biosciences). Antibodies specific for pAkt and
�-tubulin (Cell Signaling Technologies) were used.

Quantitative enzyme-linked immunosorbent assay
(ELISA) of NGF in SF samples from OA, RA, and PsA
patients. SF was aspirated from the knee joints of patients with
OA (n � 30), RA (n � 30), and PsA (n � 20). All patients had
active arthritis. The patients were taking NSAIDs or acetamin-
ophen. Five patients with RA were taking hydroxychloroquine,
3 patients each with PsA and RA were taking methotrexate
(�10 mg/week). Patients were not receiving biologic agents or
any other immunomodulatory drugs at least for 3 months prior
to this study. SF samples were centrifuged at 2,000 revolutions
per minute for 10 minutes to remove cellular debris and were
stored at –20°C in aliquots until the time of analysis.

NGF concentrations were measured by ELISA using
an NGF Emax immunoassay system (Promega). Total NGF was
obtained by acid treatment of the SF supernatant according to
the Promega protocol. For comparison, paired serum samples
from the patients as well as serum from 10 healthy subjects
were used as controls. Sensitivity for NGF detection with this
kit is 15 pg/ml.

MTT assay for FLS proliferation. Synovial tissues were
obtained from patients with PsA (n � 4), OA (n � 4), and RA
(n � 4) who had undergone knee surgery. OA patients were
not receiving any immunosuppressive agents. Low-dose pred-
nisone and hydroxychloroquine was continued in RA patients.
Methotrexate was discontinued in RA and PsA patients 6–8
weeks before surgery. Tissues were processed and FLS were
cultured according to our standardized protocols (9). Third-
passage FLS (5,000 cells/200 �l of Dulbecco’s modified Eagle’s
medium [complete medium]) in 96-well plates were cultured
for 5 days under the following conditions: with medium alone,
with NGF� alone (100 ng/ml), with K252a alone (100 nM),
with NGF plus K252a (100 nM), with NGF-neutralizing anti-
body alone (100 ng/ml), or with NGF plus NGF-neutralizing
antibody (100 ng/ml).

A dose-response curve was performed with various
doses of NGF (10, 100, 200, and 500 ng/ml), and we observed
that 100 ng/ml of NGF is the optimal dose for FLS prolifera-
tion (9). The MTT assay was run according to our previously
described protocol (9). Briefly, PBS-diluted MTT (5 mg/ml)
was added to each well, and the plate was incubated for 4
hours. Acid isopropanol (0.04N HCl in isopropanol, 100
�l/well) was added. The plates were maintained at room
temperature for 5 minutes, and then the absorbance at 570/690
nm was read with a microtiter plate reader.

Statistical analysis. Analyses of FACS data, calcula-
tions of absolute cell numbers, and comparisons of means/
medians of each phenotype under different experimental
conditions were performed using FlowJo software (Tree Star).
Statistical analyses were performed with the JMP statistical
software package (SAS Institute). Cell proliferation data were
analyzed by ANOVA. A 2-sided t-test was used to compare the
ELISA data, the flow cytometry data, and the mean levels or
numbers of each outcome in the patient groups versus the
control group. The nonparametric Mann-Whitney U test was
used for non-normal data. P values less than 0.05 were
considered statistically significant.

Figure 2. Frequencies of TrkA� activated T cells in the synovial fluid
(SF) of patients with psoriatic arthritis (PsA), rheumatoid arthritis
(RA), and osteoarthritis (OA). Cells were stained and gated as
indicated. TrkA� activated T cells were elevated in PsA and RA SF,
but not in OA SF. The mean � SD percentages of TrkA�DR�CD3�
cells in the 3 patient groups were as follows: 22 � 6.2% in PsA patients
(n � 9; P � 0.01 versus RA patients, by Student’s t-test), 8.5 � 1.3%
in RA patients (n � 12), and none in OA patients (n � 10). Numbers
shown in each panel are the percentage of positive cells. CasBlu �
Cascade Blue; FL � fluorescein isothiocyanate; PE � phycoerythrin.
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1529-0131.
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Figure 3. Fibroblast-like synoviocyte (FLS) proliferation as determined by MTT assay. Through its high-affinity receptor
TrkA, nerve growth factor (NGF) induces marked proliferation of FLS derived from patients with psoriatic arthritis (PsA) and
patients with rheumatoid arthritis (RA). A, Proliferation of FLS induced by NGF is mediated through its high-affinity receptor
TrkA. Third-passage FLS derived from PsA patients (5,000 cells/200 �l of Dulbecco’s modified Eagle’s medium [DMEM;
complete medium]) were cultured for 5 days in 96-well plates with medium alone, NGF� alone (100 ng/ml), NGF� plus
NGF-neutralizing antibody (NGF-ab), NGF� plus K252a, NGF� plus p75 antibody (p75-ab), NGF plus isotype control, or
K252a, p75 antibody, or NGF antibody alone. B, NGF demonstrates marked mitogenic effects on FLS derived from PsA and
RA patients as compared to those from osteoarthritis (OA) patients. The effect of NGF� (100 ng/ml) on the proliferation of
FLS derived from PsA (n � 4), OA (n � 4), and RA (n � 4) synovial tissue samples was measured. Third-passage FLS (5,000
cells/200 �l of DMEM complete medium) were cultured for 5 days in 96-well plates. Values are the mean � SD of
quadruplicate cultures from 5 independent experiments.

Figure 4. Expression of the high-affinity nerve growth factor (NGF) TrkA on CD3/CD28-stimulated peripheral blood T lymphocytes. T
lymphocytes from peripheral blood mononuclear cells (1 � 106/ml) obtained from normal subjects (n � 10) were activated by 72 hours of
culture in wells coated with CD3/CD28 (5 �g of each per ml). Cells were stained with Live/Dead markers, monochlorobimane stain (live
cell marker), surface marker of T cells (CD3), and NGF receptor (TrkA or p75). A, A distinct population of gated, live, activated CD3�
T lymphocytes expressed TrkA. B, These activated CD3� T cells did not express p75. Stain-1 represents isotype controls. Numbers shown
in each panel are the percentage of positive cells. CasBlu � Cascade Blue; PE � phycoerythrin; APC � allophycocyanin. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1529-0131.
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RESULTS

Up-regulation of TrkA on effector memory T
lymphocytes from the SF of PsA and RA patients.
Freshly isolated SFMCs from the joints of patients with
PsA contained a subset of T cells that expressed the
high-affinity NGF receptor (TrkA) as well as HLA–DR
and memory T cell markers, as determined by Hi-D
FACS (Figure 1). We observed that in the SF of PsA
patients, a significant percentage of the activated HLA–
DR�CD3� T cells expressed TrkA (mean � SD 22 �
6.2%), whereas the unactivated (HLA–DR–) T cells had
minimal TrkA expression (Figure 1). The low-affinity
NGF receptor (p75) was not increased in these cells.

SF samples from RA patients had a compara-
tively lower, but still significant, percentage of TrkA�
cells (8 � 1.3%) in the activated CD3� T cell subset. In
contrast, OA synovial fluid did not show any detectable
TrkA�CD3� T cells (Figure 2). In PBMCs from RA,
PsA, and OA patients, expression of p75 and TrkA was
unremarkable in unactivated T cells. We did not find any
correlation between TrkA expression in SF T cells and
the treatment regimen or disease severity.

Elevated NGF levels in the SF of PsA and RA
patients and marked proliferation of FLS induced by
NGF via TrkA. We recently reported that FLS derived
from PsA and RA joints spontaneously produced higher
levels of NGF and that the percentages of TrkA� FLS
were higher compared to those in FLS from OA patients
and patients with meniscal tear (9). Consistent with
those findings, we observed in the present study NGF
levels of 395.5 � 85.2 pg/ml, 230 � 35 pg/ml, and 56 �
6 pg/ml (mean � SD) in SF samples from RA (n � 30),
PsA (n � 20), and OA (n � 30) patients, respectively, as
determined by ELISA. We did not notice any correla-

tion of NGF levels in SF with the treatment regimen or
disease severity.

To determine the functional significance of this
high level of NGF, we used an MTT assay to investigate
the effects of NGF on the proliferation of FLS (Figure
3A). The specificity of NGF-induced FLS proliferation
was determined by the addition of an excess of NGF-
neutralizing monoclonal antibody, which caused a sig-
nificant reduction in NGF-induced proliferation (Figure
3A). The addition of isotype-matched control antibody
did not affect proliferation. To examine the role of p75
and TrkA, we used anti-p75 monoclonal antibody and
K252a, a natural alkaloid that blocks NGF-induced
phosphorylation of TrkA. There was marked inhibition
of NGF-induced FLS proliferation by both anti–NGF-
neutralizing antibody and K252a (P � 0.01) (Figure 3A),
suggesting that NGF-induced proliferation is mediated
through TrkA.

Using the same dose of NGF� (100 ng/ml), we
noticed significantly increased proliferation of FLS de-
rived from PsA and RA patients as compared to FLS
from OA patients (Figure 3B). In our previous report
(9), we noted that TrkA is expressed in a higher per-
centage of FLS derived from PsA and RA patients as
compared to FLS derived from OA patients. Thus, the
NGF-induced increase in proliferation of FLS derived
from PsA and RA patients as shown in Figure 3B is likely
from the increased expression of TrkA in these cells.

We further confirmed the pathophysiologic sig-
nificance of NGF by testing the effects of SF from PsA
patients on FLS proliferation and examining whether
proliferation induced by SF could be blocked by anti-
NGF antibody. By performing a dose-response curve
with various dilutions of SF, we found that a 1:100

Figure 5. T cell proliferation as determined by MTT assay. Nerve growth factor (NGF) stimulates peripheral blood T
cells via its receptor. T cells were purified by negative selection with magnetic beads and were then cultured for 6 days.
A, Proliferation of untreated T cells or T cells treated with increasing concentrations of NGF. B, Proliferation of
untreated T cells or T cells treated with NGF alone (100 ng/ml), NGF plus NGF-neutralizing antibody (NGF-ab), NGF
plus K252a, NGF plus p75 antibody (p75-ab), or K252a, p75 antibody, or NGF antibody alone. Values are the mean �
SD of quadruplicate cultures and are representative of 5 experiments.
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dilution of SF was the optimal dose for FLS prolifera-
tion. SF from patients was used in triplicate for this
experiment. NGF-neutralizing antibody used at 100
ng/ml inhibited SF-induced proliferation of FLS from
PsA patients (P � 0.05). More specifically, NGF-
neutralizing antibody (100 ng/ml) in the presence of FLS
from PsA patients 1, 2, and 3 inhibited proliferation by
a mean � SD of 30 � 5%, 35 � 5%, and 38 � 7%,
respectively.

Marked expression of TrkA in activated T cells.
CD3/CD28 stimulation of PBMCs from healthy donors
is commonly used to generate activated T cells. Follow-
ing this protocol, we observed that a subset of
CD3�TrkA� cells appeared within 3 days when
PBMCs from healthy donors were stimulated with anti-
bodies to CD3 and CD28 and analyzed by Hi-D FACS.
As in the in vivo studies, where the activated cells were
obtained from PsA joints, the low-affinity NGF receptor
(p75) was not detectably increased on CD3/CD28-
stimulated T cells (Figure 4). The mean � SD frequency
of TrkA� stimulated PB T cells (CD3�) was 4 � 0.3%
in healthy subjects, 6 � 2.8% in PsA patients, 5 � 1.8%
in RA patients, and 3.9 � 0.5% in OA patients. Ten
PBMC samples were studied in each group. In unstimu-

lated T cells, the mean � SD frequency of CD3�TrkA�
cells was 1.8 � 0.5%.

NGF-induced proliferation of PB T cells from
healthy subjects. T cell proliferation was performed
using CD3� T cells derived from PBMCs of healthy
donors with increasing concentrations of NGF (10, 100,
200, and 500 ng/ml in 2% serum-containing medium).
Maximum proliferation was observed at an NGF con-
centration of 100 ng/ml (Figure 5A). This proliferation
was clearly induced by NGF for 3 reasons. First, the
addition of an excess of an anti-NGF monoclonal anti-
body with neutralizing activity significantly decreased
this proliferation (Figure 5B), whereas the addition of
an isotype-matched control antibody was ineffective
(data not shown). Second, the addition of a TrkA
inhibitor (the natural alkaloid K252a, which selectively
inhibits the NGF-induced phosphorylation of TrkA)
blocked NGF-induced proliferation (Figure 5B). Since
the addition of the alkaloid in the absence of NGF did
not affect cell survival or cell numbers in the culture, we
conclude that the inhibition was due to specific inhibi-
tion of the NGF/TrkA interaction. Third, consistent with
the absence of detectable amounts of the low-affinity
NGF receptor p75 on activated cells (Figure 5B), mono-

Figure 6. A, Nerve growth factor (NGF) inhibition of tumor necrosis factor � (TNF�)–induced cell death. Peripheral
blood mononuclear cells (PBMCs) were cultured for 2 hours with TNF� (20 ng/ml) in the presence or absence of NGF
(100 ng/ml), washed, and stained to evaluate cell death. Cells were stained with monochlorobimane (MCB) to detect
intracellular glutathione (GSH), the levels of which distinguish live cells from dead cells, and with the Invitrogen
Live/Dead reagent to identify dead cells. Results are representative of 10 experiments. B, Increased expression of pAkt
in CD3� T lymphocytes by NGF. PBMCs were cultured for 24 hours with plate-bound antibodies to CD3/CD28, and
NGF with or without K252a was added for the last 2 hours. Cell lysates (20 �g of protein) were immunoblotted with
antibodies to pAkt and �-tubulin (positive control). The blot is representative of data obtained at 2 hours. Densitometric
estimates of the bands were obtained with ImageJ software. Results for pAkt were normalized to �-tubulin. K252a
significantly decreased pAkt expression (P � 0.01 by one-way analysis of variance followed by Dunnett’s post hoc test).
Values are the mean � SD of 10 experiments.
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clonal antibodies that inhibit NGF binding to p75 did
not inhibit the NGF-induced proliferation of PBMCs
(Figure 5B).

The data shown in Figure 5 were determined by
MTT assays. We have noticed a similar degree of
NGF-induced proliferation of T cells using hexosamini-
dase assay and cell counting methods. From these
findings, we conclude that the low level of TrkA on
unstimulated PB T cells (Figure 4) is sufficient to enable
TrkA to trigger PB T cells to proliferate under the
culture conditions we used. Since, as we have shown,
TrkA expression is increased on activated T cells, this
suggests that production of NGF could also trigger or
support T cell proliferation under conditions in which T
cells are activated in vivo.

NGF protection of TNF�-induced T cell death
and evidence of NGF-induced phosphorylation of Akt in
T cells. TNF�, which is well known to induce apoptosis
in T cells (27), is present at high levels in the SF of PsA
patients. Nevertheless, substantial numbers of viable T
cells can be readily recovered and cultured from SF,
which suggests that the T cells are protected against
TNF�-induced apoptosis. This protection, we suggest, is
at least partly due to NGF. Indeed, it may be explained
by induction of the phosphorylation of Akt, a well-
studied serine/threonine protein kinase whose expres-
sion is associated with cell survival and protection
against apoptosis. NGF has been shown to induce pAkt
in neural cells (28) and to be an important negative
regulator of TNF�-induced apoptosis in these cells.

To test this hypothesis, we cultured PBMCs from
healthy donors with plate-bound antibodies to CD3/
CD28 for 24 hours. During the last 2 hours of culture, we
added TNF�, TNF� plus NGF, or nothing (Figure 6A).
As predicted, NGF dramatically decreased TNF�-
induced cell death in these cultures. Compared to the
22 � 2.5% (mean � SD) of live cells in TNF�-treated
cultures, there were 60 � 4.5% live cells in cultures
treated with TNF� plus NGF (P � 0.001). Also as
predicted, NGF (in the absence of TNF�) clearly up-
regulated pAkt levels in PBMCs (purified magnetically
using Dynabeads) (Figure 6B).

DISCUSSION

In the present study, we observed that SF samples
from patients with inflammatory arthritis were enriched
in NGF, that NGF induced marked proliferation of FLS
cultured from the synovium of PsA and RA patients, and
that TrkA was up-regulated on freshly isolated activated
T cells from the joints of PsA and RA patients. With

regard to our studies with PBMC-derived activated T
cells, we observed that NGF induced T cell proliferation
via TrkA and that T cell activation with CD3/CD28
up-regulated TrkA expression. Further, we noticed that
NGF induced the phosphorylation of Akt (pAkt) in
activated T cells and decreased the sensitivity of these
cells to apoptosis induction. Thus, we propose that
dysregulated production of NGF has the potential to
proliferate and prolong the lifespan of activated T cells
and that it also induces the proliferation of FLS and,
hence, perpetuates the disease process.

Dean et al (29) were the first to report that NGF
acts on lymphocytes. Those authors showed that NGF
increased the blastogenic response of mouse spleen
cells. There are conflicting data with regard to TrkA
expression on lymphocytes. Ehrhard et al (3) demon-
strated that in mitogen-activated murine CD4� T cell
clones, TrkA is expressed only on activated cells and that
the TrkA in these clones is active, in that NGF signals
the up-regulation of c-Fos expression (6). In contrast,
Lambiase et al (30) reported that in human CD4� T cell
clones, both stimulated and unstimulated cells express
TrkA receptors. This difference may reflect the species
origin of the clones or something intrinsic to the way
they were isolated.

The present study extends and clarifies these
observations. We defined the mechanisms through
which NGF may act on human T cells and introduced
evidence supporting a model in which NGF plays a key
role in the pathogenesis of autoimmune arthritis. We
had previously shown that FLS cultured from PsA or RA
synovial tissues produce significantly more NGF than do
those from healthy individuals (9). Here, we demon-
strated that SF from PsA and RA patients is enriched in
NGF, which substantiates the notion that synovial fibro-
blasts are a prime source of NGF. Further, we observed
that CD3/CD28 activation up-regulates TrkA expression
on human PB T lymphocytes, which is consistent with
the data from murine T cells reported by Erhard et al
(3,6). We also observed that NGF is mitogenic for PB T
lymphocytes and that this function is mediated via TrkA;
that is, it is inhibited by the natural alkaloid K252a,
which selectively inhibits NGF-induced Trk protoonco-
gene tyrosine phosphorylation (31) (Figure 2).

We also showed that in addition to its mitogenic
activity, NGF could increase T cell numbers by blocking
T cell apoptosis induced by TNF�, which is known to
deplete activated T cells in in vitro cultures (27). Fur-
thermore, we showed that as in neural cells (32), this
apoptosis blocking effect operates via phosphorylation
of Akt, a key apoptosis regulator (33,34). Previous
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studies have shown that binding of NGF to the ligand-
binding domain of TrkA leads to TrkA autophosphory-
lation and activation of various signaling cascades. Ac-
tivated phosphatidylinositol 3-kinase induces the
activation of Akt through 3�-phosphorylated phosphati-
dylinositol as well as phosphoinositide-dependent ki-
nase, which in turn, phosphorylates and activates Akt.
This leads to the phosphorylation of CREB and IKK,
which stimulates the transcription of prosurvival factors;
pAkt also phosphorylates Bad, Forkhead, and caspase 9
and, thus, inhibits the proapoptotic pathway. Since we
have directly demonstrated that NGF induces the phos-
phorylation of Akt in CD3� T lymphocytes (Figure 4),
we conclude that the underlying mechanism through
which NGF promotes the survival of T lymphocyte
populations is via induction of Akt phosphorylation.

Our data suggest that these mechanisms are
likely to be operative in autoimmune diseases. Here we
have shown that SF samples from PsA and RA patients
have high levels of NGF. In addition, we have shown
that in patients with inflammatory arthritis, a significant
number of activated T cells (CD3�DR�) in the SF are
TrkA� (Figure 2) and that �90% of these TrkA� cells
are activated memory T cells (CD45RO�CD45RA–
CD11a�). It is therefore expected that NGF would
selectively promote the survival of activated memory T
cells, the key pathologic cells in both PsA and RA.

Earlier reports suggested that NGF may influ-
ence the proliferative and inflammatory cascades in
disease directly by regulating local pathologic events,
such as proliferation of target tissues, promotion of
angiogenesis, and induction of inflammatory responses,
and/or they suggested that NGF might act indirectly by
modulating the synthesis of neuropeptides, which in
turn, induce the inflammatory reaction (2,7–9,12,17–
19,35). In the series of experiments described herein, we
found that NGF is produced at the site of inflammation
and that it acts via its high-affinity receptor (TrkA) on
the synovial cells (FLS) and memory T cells, the two key
pathologic cells in the inflammatory/proliferative cas-
cades of autoimmune rheumatic diseases. We further
observed that NGF can promote the survival of these T
cells and, hence, can prolong inflammation, which pro-
vides another paradigm for the perpetuation of a T
cell–mediated inflammatory process such as that in PsA
and RA.
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