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Urate crystals directly activate the T-cell receptor
complex and induce T-cell proliferation
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Abstract. Uric acid is a known danger associated molecular
pattern molecule able to induce inflammation following inter-
nalization of its crystals by cells of the innate immune system.
By activating antigen-presenting cells, urate boosts adaptive
immunity as well. Furthermore, urate crystals can induce
proliferation of isolated T-cells, which are unable to phago-
cytose crystal particles. In light of the evidence that urate
crystals can also activate dendritic cells and macrophages
without prior internalization but through sequestration of lipid
rafts (and consequently receptors clustering in a non specific
manner), the authors evaluated whether such a mechanism is
involved in the direct activation of T-cells by urate crystals. In
the present study, isolated human T-cells were cultured with
or without urate at a concentration above its crystallization
level. The expression and phosphorylation state of the T-cell
receptor (TCR) complex zeta chain and the expression of the
master regulator of cell proliferation c-Myc were assessed
by western blotting. T-cell proliferation was measured by
bromodeoxyuridine assay. Collectively, the results indicated
that urate increased zeta chain phosphorylation indicating that
it induces activation of TCR complex directly, since zeta chain
phosphorylation takes place at the cell membrane and is a very
proximal event in TCR complex-mediated signal transduction.
In parallel, urate increased the expression of the transcription
factor c-Myc and induced T-cell proliferation. In conclusion,
urate crystals directly activate the TCR complex and induce
T-cell proliferation.

Introduction

Uric acid, the end product of purine metabolism, is a well
known danger associated molecular pattern (DAMP) molecule
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as encountered in its crystallized form in the extracellular
space. Urate functions as a DAMP through NOD-like receptor
family, pyrin domain containing 3 (NLRP3) inflammasome-
dependent caspase-1 activation and interleukin (IL)-1f
production has been confirmed in experimental models such
as the bleomycin-induced lung injury model (1), the acet-
aminophen-induced liver injury model (2), and importantly,
in gout (3), the most well characterized urate-related clinical
condition. Although the exact mechanisms involved in NALP3
activation remain to be elucidated, phagocytosis of urate
crystals, fusion with lysosomes and subsequent rapture of the
formed phagolysosomes and release of cathepsins or crystals,
and reactive oxygen species production have been recognized
as prerequisite steps (4).

By activating antigen presenting cells (APCs), urate
crystals boost adaptive immunity as well. The last has been
demonstrated in studies that have demonstrated that urate
crystals acting as an adjuvant enhance antibody response
following vaccination against hepatitis B surface antigen (5),
tuberculosis (6) and tumors (7). It has been also proposed that
aluminum hydroxide, the most widely adjuvant used in human
vaccines, exerts its effect by activating dendritic cells through
local cell injury and urate release (8).

Despite the fact that the effect of urate in boosting adaptive
immunity indirectly by activating APCs is well documented,
there are studies demonstrating that urate crystals are able
to activate isolated T-cells in the absence of APCs (9-11),
an unexpected event since T-cells are unable to phagocytose
crystallized particles. However, there is evidence that urate
crystals can be effective in activating intracellular events
without previous internalization. More precisely, in dendritic
cells urate crystals sequester lipid rafts and consequently
aggregate their bound receptors. This non-specific clustering
of receptors that contain immunoreceptor tyrosine-based
activation motifs (ITAM) ultimately triggers an intracellular
signal transduction cascade (12). In case of direct T-cell acti-
vation by urate crystals, the aforementioned model applied
in dendritic cells becomes quite attractive. If urate crystals
are able to aggregate lipid rafts in general, then they could
cloister many TCR-complexes and co-receptors together,
considering the fluidity of the membrane and the abundance of
TCR-complexes and co-receptors in T-cells' lipid rafts (13,14).
Such a sequestration of receptors would eventually lead to
T-cell activation.
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In the current study, the ability of urate crystals to acti-
vate directly TCR-complexes was assessed by evaluating
the phosphorylation state of T chain. A T-chain homodimer
contains six ITAMs and is part of the TCR-complex (15,16).
Phosphorylation of T-chain ITAMs is a crucial and very
proximal event in signal transduction that normally starts
immediately following the binding of the TCR on the surface
of T-cell to the processed and presented with major histocom-
patibility complex antigen on the surface of APC (17,18). In
addition, the later outcome of TCR-complex activation, T-cell
proliferation was assessed.

Materials and methods

Isolation and culture of T-cells. Blood samples were collected
from 10 healthy volunteers (5 women/5 men, 25-46 years old).
Informed consent was obtained from each individual enrolled
into the study and the Ethics Committee of the Faculty of
Medicine, University of Thessaly (Larissa, Greece) approved
the study protocol.

Peripheral blood mononuclear cells (PBMCs) were isolated
from blood by Ficoll-Hypaque density gradient centrifugation
(Histopaque 1077; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany). T-cells were isolated from the PBMCs by negative
selection. Non T-cells were indirectly magnetically labeled
with a cocktail of biotin-conjugated monoclonal antibodies
and were depleted using the Pan T-cell Isolation kit (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). The purity of
the isolated T-cells was tested and confirmed by means of
flow cytometry. Isolated T-cells were counted on a Neubauer
chamber with an optical microscope, and cell viability was
assessed using the trypan blue exclusion assay (Sigma-Aldrich;
Merck KGaA).

T-cells were resuspended in RPMI-1640 medium with
L-glutamine and 10 mM HEPES (Sigma-Aldrich; Merck
KGaA) and supplemented with 10% fetal bovine serum
(Sigma-Aldrich; Merck KGaA) and antibiotic-antimycotic
solution (Sigma-Aldrich; Merck KGaA). T-cells were cultured
for 48 h at a density of 1x10° cells/well in 12 well-plates or
1x10° cells/well in 96 well-plates. Cells were cultured with or
without urate at a concentration of 10 mg/dl (Sigma-Aldrich;
Merck KGaA). This concentration is above the concentration of
6.7 mg/dl at which uric acid is crystallized, yet still within the
levels observed in hyperuricemic patients (19). As expected, at
the used concentration urate was precipitated forming mono-
sodium urate crystals. Cultures were incubated at 37°C in an
atmosphere of 95% relative humidity and 5% CO,.

Assessment of C-chain, its phosphorylation state and c-Myc
levels. Cells were lysed using the T-PER tissue protein extrac-
tion reagent (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich; Merck KGaA and Roche Diagnostics, Basel,
Switzerland, respectively). Protein was quantified via Bradford
assay (Sigma-Aldrich; Merck KGaA) and 10 pug from each
sample were used for western blotting. Blots were incubated
with the primary antibody for 16 h, followed by the secondary
antibody incubation for 30 min. In case of re-probing polyvi-
nylidene difluoride blots, the previous primary and secondary
antibody were removed via the use of the Restore Western Blot
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Figure 1. Western blot analysis of T-chain, p-C-chain and c-Myc in isolated
T-cells treated with or without urate. Isolated T-cells were cultured for 48 h in
the presence or not of urate at a concentration of 10 mg/dl. Then proteins were
extracted and western blotting performed for assessing the levels of C-chain,
p-C-chain and c-Myc. The results of five of the 10 performed experiments are
depicted. Capital letters correspond to lymphocytes derived from different
individuals (subjects A-E). 1 represents control lanes and 2 represents T cell
cultures in the presence of urate.
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Figure 2. Urate does not affect T-chain expression but increases its phos-
phorylation. In isolated T-cells, the presence of urate at a concentration of 10
mg/dl did not affect T-chain expression; however it increased its phosphoryla-
tion state significantly. “P<0.05 vs. respective control. Values are presented as
mean =+ standard deviation.

Stripping Buffer (Thermo Fisher Scientific Inc.) according to
the manufacturer's protocol. Blots were analyzed using the
Image J software (version 1.49; National Institutes of Health,
Bethesda, MD, USA).

The primary antibodies used in western blotting were specific
for C-chain (rabbit polyclonal antibody; dilution 1:1,000; cat.
no. sc-20919; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), phosphorylated C-chain (mouse monoclonal antibody;
dilution 1:1,000; cat. no. sc-9975; Santa Cruz Biotechnology,
Inc.), c-Myc (rabbit monoclonal antibody; dilution 1:1,000; cat.
no. 9402; Cell Signaling Technology, Inc., Danvers, MA, USA)
and P-actin (dilution 1:5,000; cat. no. 4967; Cell Signaling
Technology, Inc.). The secondary antibodies were anti-mouse
IgG, horseradish-peroxidase (HRP)-linked antibody (cat. no.
A9044; dilution 1:1,000; Sigma-Aldrich; Merck KGaA) and
anti-rabbit IgG, HRP-linked antibody (cat. no. 7074; Cell
Signaling Technology, Inc.).

Assessment of T-cell proliferation. T-cell proliferation was
assessed by Cell Proliferation ELISA (cat. no. 11669915001;
Roche Diagnostics) using bromodeoxyuridine (BrdU) label-
ling and immunoenzymatic detection according to the
manufacturer's protocol. Proliferation index was calculated by
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Figure 3. Urate increases c-Myc expression and induces T-cell proliferation. (A) In isolated T-cells, the presence of urate at a concentration of 10 mg/dl
increased the expression of the master regulator of T-cell proliferation transcription factor c-Myc significantly. (B) In parallel, urate induced T-cell prolifera-
tion. “P<0.05 vs. respective control. Values are presented as mean + standard deviation.

the equation Proliferation index (%) = (optical density (OD)
derived from cultures with urate/OD derived from cultures
without urate) x 100. All these experiments were performed
in triplicate and the results refer to the mean of the three
measurements.

Statistical analysis. Normality of the evaluated variables was
assessed and confirmed by one-sample Kolmogorov-Smirnov
test. For comparison of means paired t-test was used. Results
were expressed as mean + standard deviation and a P<0.05
was considered to indicate statistically significant difference.
The P-values were calculated by comparing the means of
OD derived either form BrdU ELISA or from western blot
analysis. Statistical analysis following normalization to the
controls' OD values was avoided in order to prevent violation
of the prerequisite for normal distribution of the compared
variables when applying parametric statistical tests. However,
for reader's convenience, the results were expressed and
depicted following normalization of means for the control
group according to the equation: Relative OD=0D from each
culture + OD from the respective cultures without urate.

Results

Urate did not affect C-chain expression but it increased its
phosphorylation significantly. Urate crystals did not affect
C-chain expression in isolated T-cells since its expression
altered only by a factor of 1.08+0.26 (P=0.447; Figs. 1 and 2).
On the contrary, urate crystals induced C-chain phosphoryla-
tion significantly. In isolated T-cells cultured with urate at
a concentration of 10 mg/dl, the level of phosphorylated
C-chain (p-C) increased by a factor of 4.08+1.44 (P<0.001;
Figs. 1 and 2).

Urate increased the expression of c-Myc significantly. Culture
of isolated T-cells in the presence of urate at a concentration
of 10 mg/dl increased the expression of the master regulator of
T-cell proliferation transcription factor c-Myc 2.18+0.49 times
(P<0.001; Figs. 1 and 3A).

Urate induced T-cell proliferation. In isolated T-cells treated
with 10 mg/dl urate, the increase in c-Myc expression was
accompanied by increased cell proliferation. Compared to

untreated isolated T-cells, isolated T-cells cultured with urate
exhibited a proliferation index increased by 206.98+8.79%
(Fig. 3B).

Discussion

Triggered by studies that have indicated that urate crystals
are able to activate isolated T-cells (9-11), which are unable
to phagocytose crystal particles, the authors evaluated
whether urate is able to activate directly the TCR-complex.
The rationale behind this attempt was based on the fact that
the TCR-complex and other co-receptors lie within lipid
rafts in cell membrane (13,14), and, at least in dendritic cells,
urate crystals by sequestering lipid rafts they bring together
ITAM containing receptors resulting in their activation and
the initiation of intracellular signal transduction events (12).
This potential of urate crystals to activate cells through non-
specific clustering of cell membrane receptors due to lipid raft
sequestration has been confirmed in macrophages as well, in
which they induce NALP3 activation (20). Interestingly, other
crystals share this property of urate crystals. Alum, the widest
used adjuvant in human vaccines, activates dendritic cells by
inducing lipid rafts sequestration (21). This property of alum
crystals has been also confirmed in a biophysical study of
lipid domain clustering in a simple model of phospholipid
monolayers containing dipalmitoyl-phosphatidylcholine and
dioleoyl-phosphatidylcholine (22). Calcium phosphate crys-
tals (23), as well as poly methyl-methacrylate microspheres of
153 pm diameter (24), impossible to be phagocytosed, are also
able to activate macrophages by inducing lipid rafts clustering.
A similar mechanism may be responsible for innate immune
cells activation by cholesterol or heme crystals, since in both
cases activation can take place in the absence of phagocy-
tosis (25,26). It is remarkable that urate crystals are also able to
affect non immune system cells, and more precisely to induce
apoptosis in osteoblasts, independently of phagocytosis (27).
Thus, it is likely that many crystal structures are able to affect
cell function by sequestering cell membrane lipid rafts.

In the current study, the ability of urate crystals to act
in a similar way in T-cells and consequently activate the
TCR-complex in a non specific and antigen independent
manner was evaluated by assessing the phosphorylation status
C-chain. This 16 kD protein is an indispensable component of
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the TCR-complex and its phosphorylation is the first event that
occurs after TCR activation (15-18). Indeed, western blotting
revealed that urate crystals did not affect T-chain expression
following 48 h of isolated T-cells culture, but they increased its
phosphorylation significantly. Thus, urate crystals activate the
TCR-complex directly likely by inducing lipid raft clustering.

Next, the authors evaluated if urate crystals are able
to induce later effects of TCR-complex activation, and
more precisely T-cell proliferation. Indeed, urate crystals
increased the expression of the transcription factor c-Myec.
This transcription factor serves a pivotal role in T-cell prolif-
eration and controls metabolic reprogramming upon T-cell
activation (28,29). Expression of c-Myc decreased in case of
decreased C-chain expression (30), as well as of reduced phos-
phorylation of the TCR-complex ITAM (31). In parallel with
increase of c-Myc expression, urate crystals increased T-cell
proliferation.

Since activation of the TCR-complex without co-stimu-
lation by activation of co-receptors, such as CD28, results in
T-cell anergy (32,33), it is possible that urate crystals sequesters
lipid rafts containing both TCR-complexes and co-receptors
in order to achieve full T-cell activation and proliferation.
Another possibility may reside in the ability of urate crystals
to induce active IL-1f production in a NALP3-dependent
manner. The fact that, in isolated T-cells cultured with urate
crystals, inhibition of NALP3 abrogates both IL-1f produc-
tion and T-cell proliferation (9), favors such a possibility. The
first transcription factors that are activated upon full T-cell
activation are the nuclear factor of activated T cells (NFAT),
nuclear factor (NF)-kB cells and activator protein 1 (API).
Especially for activation of AP1 co-stimulation is required;
otherwise T-cell falls in a state of anergy (32,33). The cytokine
IL-1p activates AP1 and NF-«xB (34). Consequently, IL-1$ may
provide the additional to NFAT (32,33), which is activated by
the TCR-complex, transcription factor AP1 leading to full
T-cell activation even in the absence of co-stimulation.

According to the results of the present study, one could
assume that hyperuricemia may result in T-cell activation.
However, this aspect requires further investigation. Certainly,
an acute raise in extracellular urate levels due to any tissue
damage may enhance T-cell immune response both indi-
rectly by activating APCs (1-3,8), and according to this and
other studies directly (9-11). Nevertheless, in the chronic
hyperuricemic state, the opposite may occur since chronic
inflammation (30,35-37), or TCR-complex activation (17,18),
resulting in -chain downregulation.

In conclusion, the results of the present study support that
urate crystals are able to activate the TCR-complex directly
and induce T-cell proliferation, expanding the known immune
cell targets of urate and supporting its phagocytosis-indepen-
dent way of action.
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