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The impact of ultrasmall nanoparticles (<10-nm diameter) on the
immune system is poorly understood. Recently, ultrasmall silica
nanoparticles (USSN), which have gained increasing attention for
therapeutic applications, were shown to stimulate T lymphocytes
directly and at relatively low-exposure doses. Delineating underly-
ing mechanisms and associated cell signaling will hasten therapeutic
translation and is reported herein. Using competitive binding assays
and molecular modeling, we established that the T cell receptor
(TCR):CD3 complex is required for USSN-induced T cell activation,
and that direct receptor complex—particle interactions are permitted
both sterically and electrostatically. Activation is not limited to off
TCR-bearing T cells since those with y§ TCR showed similar re-
sponses, implying that USSN mediate their effect by binding to
extracellular domains of the flanking CD3 regions of the TCR com-
plex. We confirmed that USSN initiated the signaling pathway im-
mediately downstream of the TCR with rapid phosphorylation of
both ¢-chain-associated protein 70 and linker for activation of T cells
protein. However, T cell proliferation or IL-2 secretion were only
triggered by USSN when costimulatory anti-CD28 or phorbate esters
were present, demonstrating that the specific impact of USSN is in
initiation of the primary, nuclear factor of activated T cells-pathway
signaling from the TCR complex. Hence, we have established that
USSN are partial agonists for the TCR complex because of induction
of the primary T cell activation signal. Their ability to bind the TCR
complex rapidly, and then to dissolve into benign orthosilicic acid,
makes them an appealing option for therapies targeted at transient
TCR:CD3 receptor binding.
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H umans are exposed daily to high levels of amorphous silica
particles. Ingestion probably accounts for the greatest ex-
posure and studies show that an average adult in the United
Kingdom ingests ~35 mg of different particulate silicates per day
via a combination of foods, tablets/capsules, and toothpaste (1, 2).
Inhalation is another route of exposure as, not only are silicate
aerosols ubiquitous in nature (3), inhalable silicates are common
in manufactured sources, including toners, varnishes, and personal
hygiene products (4). Indeed, systemic human exposure to silica
particles will likely increase as amorphous silica finds use in drug
and gene-therapy delivery systems, coatings for medical contrast
agents, and cross-linking agents for tissue repair (5-8).
Ultrasmall silica nanoparticles (USSN), meaning those <10 nm
in diameter, have received particular recent attention in view of
biomedical applications (9). Ultrasmall particles are especially
mobile, are in the dimensional range of biological macromole-
cules, and may well be cell-active in ways that are currently not
well predicted or understood (10). Unintended environmental
exposure is poorly described for particles of this size but, with
silica for example, it is very likely that the gastrointestinal tract
experiences their presence following the digestion of larger silica
particles (2), while airborne exposure to USSN is also anticipated
for some of the manmade sources described above (4). Of par-
ticular interest for USSN, however, is their therapeutic potential
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(9, 11). These particles, without any doping or surface modifica-
tion, were recently shown to induce CD4" and CD8"* T cell acti-
vation in vitro, regardless of the cells’ antigenic specificity (11). As
such, USSN significantly increased the expression of the activation
markers CD25 and CD69 on both CD4* and CD8" T cell subsets
from primary cell cultures and induced the secretion of IFN-y,
indicating a Th;-type skewing. Unusually, this effect was not de-
pendent on the presence of antigen-presenting cells (APCs), im-
plying direct T cell-USSN interaction. Activation of T cells has
immunotherapeutic potential for a broad range of conditions,
from cancer to autoimmunity and transplantation tolerance (12,
13). Fresh, amorphous, USSN are inexpensive to synthesize and
require no humanization compared to biological antibody-based
agonistic approaches. However, a key challenge to translation of
this material to an affordable and accessible treatment is an un-
derstanding of the mechanism of action, the cell signaling that
results, and the precise activation status of the T cell after appli-
cation of USSN. This study reports on these findings and paves the
way for next-step therapeutic translation of USSN.

Significance

Ultrasmall nanoparticles, which have diameters <10 nm, are
mobile, often cell active, and have marked therapeutic potential.
Amorphous silica in this size range, at relatively low doses, was
recently demonstrated to activate T cells in vitro prior to its
dissolution into benign orthosilicic acid [Si(OH),]. For both safety
and therapeutic applications, a mechanism of action greatly fa-
cilitates translation. This work shows that ultrasmall amorphous
silica nanoparticles directly ligate the T cell receptor (TCR) com-
plex, notably the extracellular domains of CD3, and initiate sig-
naling downstream. This surprising receptor selectivity, the well-
known safety of the rapidly formed degradation product and
the low cost of silica, bode well for use of these particles as
affordable and accessible therapeutic TCR:CD3 agonists.
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Results and Discussion

USSN had a median volume diameter (DV0.5) of 3.6 nm and
gradually dissolved, as previously reported (11), when diluted in
Hepes buffer or in our cell culture medium of RPMI and 10%
FBS (SI Appendix, Fig. S1). We first confirmed that, as previ-
ously reported (11), these USSN, at 800 uM [Si], stimulated
primary blood-derived human T cells, resulting in increased ex-
pression of the early T cell activation marker CD69, on CD4*
and CD8" T cells in primary blood mononuclear cells (PBMC)

from multiple different donors (Fig. 14). Addition of 4% BSA
did not affect baseline CD69 expression and, despite known in-
teractions of this protein with larger silica species (14, 15), it did
not inhibit the T cell stimulatory effect of USSN (Fig. 1 A4, Inset vs.
main image). While USSN also up-regulate CD69 on the
Jurkat CD4 T cell line (11), similar activation was not evident for
the Karpas-299 CD4 T cell line (Fig. 14), which lacks a com-
petent T cell receptor (TCR) complex (16). Since this implied
that the TCR complex is required for USSN-induced stimulation,
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Fig. 1. T cell activation and TCR complex targeting by USSN. (A) CD69 expression on PBMC-residing CD4 and CD8 T cells, and on the Karpas-299 T cell line, with
vehicle-only stimulation (control) or in response to 800 pM USSN. Cells were in RPMI media containing 10% FBS. Data represent the means + SD for 23 different
donors (CD4 and CD8 T cells) or for 3 independent replicates (Karpas-299). (Inset) CD69 expression on PBMC-residing CD4 and CD8 T cells with vehicle-only
stimulation (control) or in response to 800 pM USSN in RPMI media containing 4% BSA. Data represent the means + SD for 3 different donors. (*P < 0.05, denotes
significance compared to the control, paired t-test.) (B) Percentage of cells positive for TCR, CD3, CD4, and CD8 within a T cell gate after treatment with vehicle,
SEB, or 800 uM USSN for 5 min. Data represent the means + SD for 4 donors (*P < 0.05, denotes significance compared to the control, paired t-test). (C) Rep-
resentative flow cytometry plots showing the expression of TCR, CD3, CD4, and CD8 on cells within a T cell gate after treatment with vehicle or 800 pM USSN for
5 min. (D) Percentage of cells positive for TCR, CD3, CD4, and CD8 within a T cell gate after treatment for 10 min with either dissolved silica [Si(OH),4, at 800 pM] or
with 800 M silica nanoparticles (SN) just outside of the ultrasmall size range (DV0.5 = 14.1 + 1.4-nm diameter). Data represent the means + SD for 4 different
donors. (E, Left y axis) Percent inhibition of TCR and CD3 within a T cell gate after treatment with 800 pM USSN for 0.1 to 4 h. Means + SD for 4 donors. Right y axis
shows the percent dissolution of 800 pM USSN in the media at 37 °C as abstracted from S/ Appendix, Fig. S1C. Means + SD for 3 replicates.
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we undertook competitive binding studies to determine whether
the particles and receptor complex directly interact. Fluorescent
antibodies for the constant domain of the TCR aff subunits and the
CD3¢ domain were almost entirely inhibited from binding to
T cells when the mixed cell cultures were pretreated with USSN for
5 min (Fig. 1 B and C). In contrast, while competition for CD4 and
CDS8 antibody staining yielded some decrease in fluorescence in-
tensity (Fig. 1C), the overall percentage of cells that were stained
for these markers was barely affected (Fig. 1B), implying selectivity
by USSN for the TCR complex. Neither dissolved silica [Si(OH),]
nor silica nanoparticles outside of the ultrasmall size range
(DV0.5 = 14.1 + 1.4-nm diameter) had any impact on antibody
binding (Fig. 1D). Moreover, Staphylococcal enterotoxin B (SEB),
a superantigen known to bind the variable region of the TCR, did
not affect antibody binding to this receptor, suggesting that USSN
selectivity is indeed for the constant region of the TCR complex.

USSN dissolve over time when dispersed into tissue culture
medium (SI Appendix, Fig. S1C), and we exploited this property
to determine the longevity of the nanoparticle interaction with
the TCR complex. When cells had been primed for 30 min with a
single dose of USSN, the binding inhibition of TCR complex-
targeted antibodies was less pronounced than at 5 min; by 4 h
there was almost no inhibition at all (Fig. 1E). The loss of the
inhibitory effect inversely mirrored the particle dissolution char-
acteristics in the same culture medium (Fig. 1E).

To probe the molecular feasibility of a direct interaction be-
tween USSN and the TCR complex, we created molecular models
of the human TCR:CD3 complex and considered both size and
electrostatic parameters in relation to the silica nanoparticles (Fig.
2). Prior studies have demonstrated a clear association between
silica particle size and T cell stimulation because USSN-induced
stimulatory responses markedly decreased when median hydro-
dynamic particle size increased from 3.6 to 5.1 nm to 7.8 nm,
despite having very similar particle dissolution characteristics (11).
In that same work, USSN surface charge was also shown to be
negative (approximately —20 mV) at pH 7.1. Here, we show that
electropositive patches, which could act as sites of interaction for
the electronegative USSN, are present on both the human TCR
and CD3 subunits (Fig. 2B and SI Appendix, Figs. S2 and S3),
corroborating previous studies that modeled the electrostatic po-
tential of the CD3 chains (17). These patches, along with the lo-
cations of the most strongly electropositive amino acids, were most
prominent around TCRa and CD3ye, as well as at the interface
between these 2 domains. Differently sized particles (pseudoatoms),
representing USSN of varying hydrodynamic diameters, were
manually positioned on the electropositive patches of the solvent
accessible surface of the modeled human TCR:CD3 complex to
assess the spatial feasibility of a direct interaction (Fig. 2 D-F).
Steric interferences from the cell membrane hindered the 8-nm
and 15-nm particles from achieving close proximity with certain
electropositive patches of the TCR:CD3 complex (Fig. 2D). In
contrast, these electropositive patches were much more acces-
sible for the 5-nm and, as used in this work, 3.6-nm particles (Fig.
2 E and F and SI Appendix, Fig. S4).

Overall, the data show that USSN, especially those less than
8 nm in diameter would, physically, be able to engage TCR com-
plexes and, potentially, stimulate T cells. To confirm whether TCR
complex engagement by USSN leads to T cell stimulation, we
assessed whether the particles induced the phosphorylation of
C-chain-associated protein 70 (Zap70) and linker for activation
of T cells (LAT). These proteins become phosphorylated spe-
cifically after TCR ligation as members of the T cell activation
signaling cascade (18). Jurkat cells, treated with USSN and incu-
bated for up to 1 h, showed markedly increased levels of phos-
phorylated Zap70 (pZap70) in cell lysates compared to those from
untreated cells and even compared to cell lysates from hydrogen
peroxide-treated positive controls (Fig. 34 and B). The effect was
also evident in T cell-enriched primary human blood cells (Fig.
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Fig. 2. The electrostatic potential of the TCR:CD3 complex surface and
potential interfaces for USSN binding. (A) Ribbon representations of the
modeled human TCR:CD3 complexes: red, TCRa chain; blue, TCRB chain; or-
ange, CD35 chain; yellow, CD3¢ chain; green, CD3y chain. (B) Molecular
surface representation of electrostatic potential (calculated by Bluues) for
modeled human TCR:CD3 complexes. Electrostatic surfaces are shown over a
range of +2 kJ/mol g, with blue representing electropositive and red rep-
resenting electronegative. Electropositive regions of interest are highlighted
with yellow ovals. The Left and Right images in A and B represent front and
back views of the receptor complex, related by a 180° rotation around the
vertical axis, and the gray lines represent the approximate location of the
cell membrane. (C) Electrostatic potential of the solvent-accessible surface of
the human TCR:CD3 complex (colored as in B). (D-F) Theoretical represen-
tation of the potential interaction between the human TCR:CD3 complex
and USSN, with USSN diameter = (D) 8 and 15 nm, (E) 5 nm, and (F) 3.6 nm.

3C). Longer incubation periods showed that phosphorylation fell
away between 2 and 6 h, probably due to particle dissolution (S
Appendix, Fig. S1C). The enriched T cell cultures also contained
significant levels of phosphorylated LAT (pLAT) after USSN
treatment (Fig. 3 D and E). Collectively, our data show that USSN
initiate signaling downstream of the TCR following direct ligation
of the receptor complex by the nanoparticles.

The cellular response of T cells bearing a y& TCR was in-
vestigated next to understand better the selectivity of the in-
teraction between USSN and the TCR:CD3 complex. y8 T cells, a
T cell subset found abundantly in gut mucosa and less frequently
in circulation, do not recognize MHC-presented antigen, but in-
stead recognize soluble antigen, antigens presented by receptors
such as CD1, and other receptors present on cells (19-23). Al-
though the structure of the y6 TCR subunits differs significantly
from that of the ap TCR subunits (24), the USSN were also found
to effectively inhibit cell surface yd TCR antibody staining (Fig. 4
A and B). These results imply that the nanoparticles do not in-
teract with the TCR subunits but instead engage the flanking CD3
subunits, a mechanism that is indeed known to lead to T cell ac-
tivation (25). As with af T cells (11), USSN induced the expres-
sion of CD25 and CD69 on y8 T cells (Fig. 4 C and D).

The combined experimental and theoretical data demonstrate
that USSN less than 8 nm in diameter directly ligate constant
domains of the TCR:CD3 receptor complex, likely the CD3
subunits, and initiate signaling downstream of the TCR complex,
leading to cell stimulation.

Previously, USSN were found incapable of inducing T cell
expansion (11), a response that requires a secondary signal to
occur in CD4 T cells, although not necessarily in CD8 T cells
(26). Specifically, CD4 T cells require signaling through both the
nuclear factor of activated T-cells and mitogen-activated protein
kinase pathways to become fully activated (27, 28). These 2 pathways
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Fig. 3. The effect of USSN on the phosphorylation of Zap70 and LAT in
T cells. (A) A representative immunoblot of cultures stimulated for 0.2 to 1 h,
showing the effect of 800 pM USSN on the phosphorylation of Zap70 in
Jurkat cells. Blots were probed with antibodies to detect pZap70 (at Tyr319,
protein ~70 kDa) and vinculin (protein ~128 kDa). (B) Percentage of pZap70
band volume compared to the vinculin band control at 0.2 to 1 h. Western
blot data represent the means + SD for 3 independent replicates. (C) Per-
centage of pZap70 band volume compared to the vinculin band control at
0.2 to 6 h in enriched T cell cultures. Western blot data represent the
means + SD for 6 different donors (*P < 0.05, denotes significance compared
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are induced by signaling through the TCR:CD3 complex and a
costimulatory receptor (commonly CD28) (29). In vitro, calcium
ionophores and phorbate esters are often used to induce these re-
spective pathways (30, 31), and were employed here to help un-
derstand how signaling is induced by USSN. Given the long-term
toxicity of these chemical inducers (e.g., at 72 h), the extent of ac-
tivation was first assessed indirectly by measuring levels of the cy-
tokine IL-2 in supernatants at 24 h. IL-2 is produced by fully
activated T cells and is important in late-stage cell proliferation (32).
Although, as anticipated, the chemical inducers had little effect in-
dividually, there was significant IL-2 secretion when cultures were
treated with both the calcium ionophore ionomycin and the phor-
bate ester phorbol-12,13-dibutyrate (PdBu) (Fig. 54). As such, IL-2
levels are a marker of collaboration between the 2 signaling path-
ways. USSN exposure alone did not induce IL-2 production, con-
sistent with our previous work (11). However, IL-2 secretion
significantly increased when the particles were treated in combina-
tion with PdBu but barely so with ionomycin. Thus, in agreement
with the findings above, USSN-induced signaling occurs downstream
of the TCR:CD3 complex while we additionally show that these
particles do not induce secondary signaling. For confirmation, the
proliferative response of CD4 T cells to USSN and an anti-CD28
costimulatory antibody was investigated. Clonal expansion was de-
tected when cells were treated with USSN in combination with anti-
CD28, but not without anti-CD28 (Fig. 5 B-D), further confirming
that the particles bind to the TCR:CD3 complex and induce the
primary, but not a secondary, T cell signal.

Conclusions

Uncoated inorganic nanoparticles were hitherto unknown to
trigger primary TCR signaling, although their nonspecific ad-
herence to T cell membranes is established (33). However, data
presented here show that silica nanoparticles in the ultrasmall
size range can now be considered a form of TCR agonist.
USSN markedly activate T cells, not only in complex cell culture
media containing serum (Fig. 14), but also at matched concentra-
tions in a basic salt solution (11). They are directly active, therefore,
and do not require conditioning by specific cell culture factors. The
optimum USSN size for T cell activation and inhibition of TCR
antibody binding is 3.6 to 5.1 nm (Fig. 1D) (11). Modeling studies
provided a rationale for this, demonstrating electropositive sites on
the complex’s TCR and CD3 subunits, which are spatially viable for
particle binding (Fig. 2). However, since T cells with structurally
dissimilar TCRs (i.e., ¥d TCR and ap TCR) showed comparable
responses to USSN, it is most likely that the interaction is mediated
by USSN binding at the flanking CD3 subunits of the TCR complex.
Given the demonstrable role of size and presumed role of
charge in USSN effector function, it is plausible that other types
of particulates in this size range will have similar T cell agonistic
effects. However, this would need to be determined on a case-by-
case basis because ultrasmall nanoparticles that are transiently
stable against agglomeration or dissolution forces, when dis-
persed in complex aqueous systems, are probably a rarity (34-36).
Indeed, silica nanoparticles are well known to exhibit anomalously
low agglomeration rates as their size is decreased (37). This is
caused by non-DLVO (Derjaguin, Landau, Vervey, and Overbeek)
short-range steric repulsion arising from overlap of polysilicic acid
chains (38). In addition, the T cell-stimulating effect of USSN was
robust to high levels of the biologically ubiquitous protein albumin

to the control, paired t-test). (D) A representative immunoblot of cultures
stimulated for 0.2 h, showing the effect of 800 uM USSN on the phosphorylation
of LAT in enriched T cells. Blots were probed with antibodies to detect pLAT (at
Tyr191, protein ~37 kDa) and vinculin (protein ~128 kDa). (E) Percentage of
pLAT band volume compared to the vinculin band control at 0.2 h in enriched
T cell cultures. Western blot data represent the means + SD for 6 different do-
nors (*P < 0.05, denotes significance compared to the control, paired t-test).
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Fig. 4. The cellular impact of USSN on y58 T cells. (A) Representative flow
cytometry plots showing the expression of y5 TCR on cells within a T cell gate
after treatment with 800 pM USSN for 10 min. (B) Percentage of the cells
positive for y8 TCR within a T cell gate after treatment with 800 1M USSN for 4
donors after 10 min. (C) Representative bivariate dot plots showing expression
of CD25 and CD69 on y& T cells with differing stimulants. (D) Percentage of
PBMC-residing y5 T cells that are positive for CD25 and CD69 after 24 h with
differing stimulants. Data shown represent the mean + SD for 8 donors (*P <
0.05, denotes significance compared to the control, 2-tailed paired t-test).

(Fig. 14). Albumin is larger (longer) than—and its Stokes radius
(3.48 nm) (39) similar to—the z-average size of the USSN used
here, and thus classic protein adsorption or “corona” interactions
with silica (40) were likely size-limited.

Other work has shown that metabolism of USSN is rapid and
that the metabolite (orthosilicic acid) is benign (11, 41). As such,
USSN offer the possibility of a safe and economical alternative
to certain antibody-based, TCR:CD3 receptor-complex—targeted
therapies. Although our current data do not allow extrapolation
to in vivo oral or parenteral applications, they certainly pave the
way for: 1) Extracorporeal treatment of T cells, in either mono or
mixed cell cultures, for subsequent in vivo infusion; or 2) wound
management where the environment is protein (albumin) rich
and locally active y8 T cells drive the healing process (42-44).

Methods

USSN Dispersion Preparation. Amorphous USSN dispersions with a median
diameter of 3.3 to 3.8 nm were used throughout these investigations, and
were prepared by diluting aliquots of alkaline sodium silicate solution
(#338443; Sigma-Aldrich Chemical Co.) in ultrahigh purity water (18 MQ cm)
and adjusting pH with hydrochloric acid (HCl, 4 to 5 M). The dispersions were
aged at room temperature for >12 h prior to use. Larger, amorphous silica
nanoparticles were prepared using the same method, but by adding NaCl at
a concentration of 154 mM to the dispersion immediately after pH adjustment
to increase the rate of particle growth (45). Hydrodynamic particle size was
determined using a Zetasizer NanoZS or NanoZSP (Malvern Instruments). Ac-
quisition parameters for SiO, (refractive index = 1.45, absorption = 0.01) in a
water matrix (0.8872 cP, refractive index = 1.33) at room temperature were
used and data were collected using a 173° backscatter angle.
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USSN solubility in 50 mM Hepes buffer was determined by a molybdic acid
dissolution assay (46). Silicic acid, not colloidal silica, and molybdic acid form a
complex which absorbs at 400 nm. Next, 1 part diluted USSN dispersion (or SiF,4
standard) and 2 parts molybdic acid solution [4.93 mM (NH;)sMo070,4-4H,0 in
0.15 M H,S0O4] were mixed, incubated for 10 min, and absorbance at 400 to
405 nm was measured on a Labsystems Multiskan RC V1.5-0 plate reader
(ThermoScientific) or a FLUOstar Omega 27 microplate reader (BMG Labtech).

USSN solubility in complex media was determined by passing particle dis-
persions through 3-kDa molecular mass cut-off centrifugal ultrafilters
(Vivaspin-500, Sartorius Stedim Biotech; 13,000 rpm for 10 min), which have a
nominal pore size of 1 to 2 nm (11, 47). Total Si analysis of the dispersion and
the ultrafiltrate was performed by inductively coupled plasma optical emission
spectroscopy at 251.611 nm on a Jobin Horiba Ultima 2C (Instrument SA) using
a V-groove nebulizer and a flow rate of 0.83 mL/min. Samples were diluted
with pH 10 NaOH solution prior to analysis. Calibration standards were pre-
pared from SiF,4 (1,000 or 10,000 mg/kg Si, Sigma-Aldrich Chemical Co.).

Cellular Studies. Studies were approved by the UK Health Research Authority
NHS Research Ethics Committee, REC reference 18/WM/0221.

Jurkat and Karpas 299 cells were acquired from Leibniz-Institut DSMZ-
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH and
maintained in RPMI-1640 media (#R0883, Sigma-Aldrich Co.) containing
10% FBS (#F9665, Sigma-Aldrich Co.), 0.3 g/L L-glutamine, 1% penicillin-
streptomycin (also from Sigma-Aldrich Co).

PBMC were isolated using density gradient centrifugation from fresh single
leukocyte cones (National Blood Service, Cambridge, UK). Cells were rested 2 h
and stored in freezing medium (10% DMSO, 50% FBS, 40% RPMI 1640) at
—80 °C or in Ny). Cells were thawed, washed, and then rested 2 h in RPMI
containing 10% FBS, 0.3 g/L L-glutamine, 1% penicillin-streptomycin, and
0.01 pg/mL DNase. T cell enrichment was conducted using a Pan T cell isolation
kit (MACS Miltenyl Biotec, #130-096-535) according to the manufacturer’'s
specifications. T cells were then rested for a minimum of 2 h prior to use.

Cells suspended in RPMI containing FBS or BSA (Labtech, #PM-T1725) were
exposed to USSN and controls. USSN, larger (but under 20 nm) silica nano-
particles and silicic acid were sterile-filtered (0.2 um) prior to addition to
growth media. SEB (Sigma Aldrich, #54881), anti-CD3 (Biolegend, #300414),
anti-CD28 (Biolegend, #302914), ionomycin (Sigma Aldrich), and PdBu
(Sigma Aldrich) were employed as positive controls. Cells and supernatants
were collected after the specified incubation period.

ELISA. IL-2 levels in cell supernatants were assessed using an IL-2 (#DY202, R&D
Systems) ELISA kits according to the manufacturer’s specifications.

Flow cytometry. Flow cytometry was performed using standard methods, as
previously described (11). In brief, a carboxyfluorescein diacetate, succinimidyl
ester (CFDA-SE, 90%; Sigma-Aldrich Chemical Co.) dilution assay was used to
track T cell proliferation. Prior to treatment, cells were labeled with CFDA-SE (at
10° cells/mL and with 0.1 pM CFDA-SE) for 7 min. Cellular stains and markers
were used in accordance with the manufacturer’s suggested protocol, with
minor changes. Briefly, at study termination a fluorescent antibody mixture was
added to the cells in <100 pL PBS + 1% BSA and cultures were incubated for
20 min on ice. The 7-AAD viability stain was then added and the cells were in-
cubated at room temperature for 10 min. Antibodies and stains used were CD3-
VioGreen (Miltenyi Biotec, #130-096-910), CD3-PE (BD Pharmingen, #555340),
CD4-PE (BD Pharmingen, #555347), CD25-FITC (BD Pharmingen, #555431),
CD25-APC-H7 (BD Pharmingen, #560225), CD69-APC (BD Pharmingen, #555533),
CDA4-FITC (BD Pharmingen, #555346), CD8-APC-Cy7 (BD Pharmingen, #557834),
CD8-APC (Miltenyi Biotec, #130-091-076), afTCR-FITC (BD Pharmingen,
#555547), ySTCR-FITC BD Pharmingen (#347903), and 7-AAD (Life technologies,
#A1310; Biolegend, #420404). Cells were fixed with PBS + 2% para-
formaldehyde after washing off unbound labels and were stored on ice. Flow
cytometry analyses were conducted using a Beckman Coulter CYAN ADP flow
cytometer, equipped with 3 solid-state lasers (405, 488, and 642 nm) and 11
detectors (in standard configuration). The machine was calibrated in accor-
dance with the manufacturer’s protocols. Sample acquisition and analysis were
conducted using Beckman Coulter Summit software. The total cell suspension
or 400,000 events were analyzed. All samples were passed through 35-uM nylon
mesh filters prior to analysis. Gating strategies are shown in S/ Appendix, Fig. S5.
Western blot. Western blot analyses were conducted on Jurkat cells and enriched
T cell lysates (isolated from PBMC prior to treatment). The lysates and molecular
weight standards (Bio-Rad, #1610376) were run on 4 to 12% bis-Tris gels
(Invitrogen, #NP0321/0322) and transferred to the PVDF membrane (presoaked
in methanol). After blocking for 1 h (in Thermo Scientific block buffer,
#37571), the membrane was stained with primary antibody at 4 °C over-
night, followed by staining with goat anti-rabbit IgG secondary antibody,
HRP-conjugated (#A16096; 1:1,000 dilution) at room temperature for
0.5 h. The membrane was developed with Pierce ECL Plus Western blotting
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Fig. 5. The effect of costimulation on USSN-induced IL-2 production and T cell proliferation. (A) PBMC supernatant IL-2 levels following 24 h culture with (+)
or without (=) USSN (400 pM), PdBu (0.5 pg/mL), and ionomycin (0.2 pg/mL). Data represent the means + SD for 4 independent replicates. (B and C) CD4 and
CD8 T cell proliferation at 72 h following PBMC culture with (+) or without (=) USSN (400 pM), anti-CD3 (1 pg/mL) and anti-CD28 (1 pg/mL). Means =+ SD for 8
different donors (*P < 0.05, denotes significance compared to the control, paired t-test). (D) Representative flow cytometry plots for the data in B and C with
percentages representing fraction of CD4/8(+) cells which underwent rounds of division.

substrate (Thermo Scientific, #32132) and analyzed on a GeneGnome XRQ
digital imager (Syngene) using the ECL Plus reagent settings. Band volume
was determined through signal integration using GeneTools (Syngene)
software. Primary antibodies used were vinculin (Thermo Scientific,
#7000626; 1:1,000 dilution), pZap70 (Cell Signaling Technology, #2701;
1:1,000 dilution), pLAT (Cell Signaling Technology, #3584; 1:1,000 di-
lution). Precision Protein StrepTactin-HRP Conjugate (Bio-Rad, #1610380;
1:10,000 dilution) was used as a secondary antibody. Hydrogen peroxide
was used as a positive control (48).

Theoretical Modeling. Models of the human TCR:CD3 complex were gener-
ated from both solved structures and homology models. A homology model
of murine CD38 subunit was created using Modeler v9.17 (49). A BLAST
search of the PDB using residues 22 to 105 of the murine CD38 subunit
(UniProt: P04235) resulted in 3 significant hits: 1XIW (17) (human CD33, 57%
identity), 1XMW (50) (ovine CD33, 48% identity), and 1SY6 (51) (human
CD353, 33% identity). The identity of 15Y6 was deemed to be too low for use
as a modeling template. Sequences were aligned using structure-based
(T-Coffee) (52) and sequence-based [BLAST (53) and MUSCLE (54)] approaches.
Manual adjustment of alignments, based on the observed secondary struc-
ture of 1XIW and 1XMW, indicated that human CD38 was the most appro-
priate template. Model accuracy was assessed using the molpdf, DOPE, and
GA341 functions of Modeler. The stereochemistry of the 3 best-scoring
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(2004).

2. R. Peters et al., Presence of nano-sized silica during in vitro digestion of foods con-
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Health 50, 553-566 (1997).
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models was assessed using MolProbity (55). The final model has 98.5% fa-
vored rotamers and a MolProbity score of 2.59 (42nd percentile).

The TCR:CD3 models were generated by superposition of the species-
specific components with the published hybrid model (56) of the TCR:CD3
complex containing murine TCR (PDB ID code 3QJF) and human CD3 (PDB ID
codes 1XIW and 15Y6) (51) components. The PDB files of proteins used to
construct the final models were: Human TCR (PDB ID code 4P4K) (17), human
CD35¢ (PDB ID code 1XIW), human CD3gy (PDB ID code 1SY6), murine TCR
(PDB ID code 3QJF) (57), murine CD38¢ (homology model plus PDB ID code
1XMW), and murine CD3gy (PDB ID code 1JBJ) (58).

Electrostatic surfaces were generated based on generalized Born radii
using the Bluues server (59). All structural manipulation and presentation
were performed using the PyMOL Molecular Graphics System, v1.7.6.6
(Schrédinger). USSN representations are presented as pseudo atoms in which
the atomic radius has been adjusted to represent that of the appropriate
cluster.

Statistical Analysis. Two-tailed Student t-test and a 2-way ANOVA, in which a
P >0.05 was not considered significant, were used throughout.
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