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ABSTRACT: Chimeric Antigen Receptor (CAR) T cell therapy
has proven to be an effective strategy against hematological
malignancies but persistence and activity against solid tumors
must be further improved. One emerging strategy for enhancing
efficacy is based on directing CAR T cells to antigen presenting
cells (APCs). Activation of CAR T cells at the immunological
synapse (IS) formed between APC and T cell is thought to
promote strong, persistent antigen-specific T cell-mediated
immune responses but requires integration of CAR ligands into
the APC/T-cell interface. Here, we demonstrate that CAR
ligand functionalized, lipid-coated, biodegradable polymer
nanoparticles (NPs) that contain the ganglioside GM3 (GM3-
NPs) bind to CD169 (Siglec-1)-expressing APCs and localize to
the cell contact site between APCs and CAR T cells upon initiation of cell conjugates. The CD169+ APC/CAR T-cell interface
is characterized by a strong optical colocalization of GM3-NPs and CARs, enrichment of F-actin, and recruitment of ZAP-70,
indicative of integration of GM3-NPs into a functional IS. Ligands associated with GM3-NPs localized to the APC/T-cell
contact site remain accessible to CARs and result in robust T-cell activation. Overall, this work identifies GM3-NPs as a
potential antigen delivery platform for active targeting of CD169 expressing APCs and enhancement of CAR T-cell activation
at the NP-containing IS.
KEYWORDS: biomimetic nanomaterials, lipid-coated polymeric nanoparticle, ganglioside GM3, Siglec-1/CD169, antigen presenting cell,
CAR T cell activation

Antigen-presenting cells (APCs) collect and process
antigens and present them to T cells via major
histocompatibility complexes (MHCs) at the immuno-

logical synapse (IS) formed between APC and T cell. The cell
contact at the IS is critical for a successful priming of T cells
and inducing a T cell-mediated immune response against a
specific antigen. There has been considerable interest in
devising strategies for recruiting T lymphocytes to target tumor
associated antigens and to eradicate cancer cells. One strategy
is based on engineered chimeric antigen receptors (CARs) that
once transduced into CD8+ T cells can initiate a highly specific
cytotoxic response against cells expressing a targeted antigen.
CAR T cell therapy has proven to be an effective strategy
against hematological malignancies but still needs to improve
persistence and activity against solid tumors.1 Intriguingly,
Irvine and co-workers2 demonstrated that priming of CAR T
cells through dendritic cells (DCs) in the lymph nodes, which
is the native environment for T cell priming, is particularly
effective in enhancing the efficacy of CAR T cells, including

against solid tumors. Albumin was used as a vector to transport
CAR ligands into mouse lymph nodes via the lymph flow after
subcutaneous injection. The CAR ligands were covalently
linked to the headgroup of phospholipids, which allowed these
amphiphilic ligands (“amph-ligands”) to transfer from albumin
to cell membranes and to achieve CAR ligand presentation on
APCs in lymph nodes. However, the amph-ligand strategy also
has some limitations. Albumin lacks active targeting function-
alities and, instead, relies exclusively on the structure of the
lymph node to provide preferential interaction between APCs
and amph-ligands that pass through the lymph node.
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Furthermore, lipid trafficking and endocytosis limit the dwell
time of lipid-associated ligands on the cell surface and
complicate the establishment of prolonged CAR T-cell priming
with amph-ligands. Lastly, delivery of ligands to the plasma
membrane of APCs per se may not warrant their efficient
integration into the IS that is formed at the interface between
CAR T cell and APC where ligand−CAR binding and
costimulatory interactions, for instance between CD80/
CD86 and CD28, and enrichment of F-actin act together to
achieve a strong and persistent CAR T-cell activation.3−5

Although the accumulation of CAR ligands in the IS is
highly desirable for achieving optimized CAR T-cell activation,
rational strategies for efficient and selective integration of CAR
ligands into this important intercellular interface are currently
lacking. Nanoparticles (NPs) have properties that make them
an interesting platform for integrating CAR ligands into the
IS.6,7 NPs are sufficiently small to retain some mobility in the
interstitial space but are large enough to avoid removal through
nonfenestrated vascular capillaries and gain access to APCs via
the lymphatic system.8,9 Functionalization of these NPs with
ligands that are recognized by APC receptors facilitates
selective binding to APCs. CD169 (Siglec-1) is a receptor of
particular interest, because it has high expression levels on
subsets of macrophages and DCs in secondary lymphoid
tissues.10−13 CD169 recognizes the sialyllactose group of
monosialodihosylganglioside (GM3). Although the binding
affinity of free GM3 lipid is low (the dissociation constant Kd
lies in the mM range12,14), multivalent presentation of GM3 on
NPs enhances the binding avidity to CD169+ macrophages and
DCs. CD169-targeting liposome-based platforms have been
utilized to deliver antigen and toll-like receptor (TLR) agonists
to CD169+ APCs and enhance T-cell-mediated immune
responses.13,15−18 The core of GM3-presenting, lipid-coated
NPs provides additional degrees of freedom for controlling the
size, shape, and elasticity of the NPs, which are parameters that
further influence the uptake and intracellular fate.19−21

Human immunodeficiency virus 1 (HIV-1) utilizes GM3-
CD169-mediated binding to access nonendolysosomal com-
partments in macrophages and DCs, called virus-containing
compartments (VCCs), which enhance HIV-1 transmission to
T cells.22−30 We have shown previously that GM3-presenting,
lipid-coated gold and polymer NPs (GM3-NPs) bind to
CD169-expressing macrophages and DCs31−34 and that GM3-
NPs colocalize with CD169+ subcapsular macrophages in
lymph nodes in vivo.35 The intracellular fate of GM3-NPs in
CD169+ macrophages was found to be affected by the
mechanical stiffness of the NP core, but gold or high-
molecular-weight polylactic acid (PLA, molecular weight
(Mw) = 209 000) NPs with sizes in the range between 80−
150 nm successfully reconstituted HIV-1-like properties,
including CD169-dependent capture and selective enrichment
of NPs in VCC-like compartments in myeloid cells.31−34

Intriguingly, GM3-presenting Au NPs were shown to
accumulate at the interface between DCs and CD4+ T
cells.36 However, it remains experimentally untested (i)
whether GM3-NPs that bypass endocytosis remain accessible
to T-cell surface functionalities when sequestered in VCCs of
APCs, and (ii) if ligands associated with the NPs can activate T
cells at the APC/T-cell interface. In this work, we investigate
GM3-NPs with a biodegradable PLA polymer core as a
platform for the APC-mediated activation of CAR T cells,
utilizing Raji B cells and monocyte-derived DCs as APC
models. The experimental strategy to control CAR T-cell
activation at the IS developed in this work complements
previous studies into the development of microparticle- or
nanoparticle-based systems that mimic APCs (the so-called
artificial APC, aAPC37−39) by displaying T cell activating and
stimulating functionalities. Micrometer-sized aAPCs facilitate
T cell activation and expansion ex vivo,40 and nanoscale aAPCs
used in vivo have shown promising therapeutic effects in
animal models.41−45 Generally, aAPCs allow strategies for the
targeting and activation of T cells. Unlike aAPCs, GM3-NPs

Figure 1. Design and characterization of GM3-FITC-NPs for αFITC Jurkat CAR T cell activation. (a) Scheme of αFITC CAR construct. The
extracellular domain contains scFv and the intracellular domain comprises CD28, 4−1BB, and CD3ζ signaling domains. CAR is tagged with
mCherry in the intracellular domain. (b) Representative flow cytometry histograms (mCherry fluorescence) from transfected αFITC Jurkat
CAR T cell (red) and wild-type Jurkat T cell (gray). (c) Z-stack confocal sections of two αFITC Jurkat CAR T cells from bottom to top. Step
size = 1 μm. Scale bar = 5 μm. (d) Scheme of GM3-FITC-NPs and molecular structures of the lipid components (DPPC, Chol, GM3,
Galcer). (e) Hydrodynamic size and zeta potential of GM3-FITC-NPs, BLK-FITC-NPs (no gangliosides) and Galcer-FITC-NPs. (f)
Hydrodynamic diameter of GM3-FITC-NPs in cell culture media at 37 °C measured over 2 weeks. Data in panels (e) and (f) represent
average ± standard deviation (n = 3).
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are designed not to mimic APCs but to recruit APCs for
optimal activation of CAR T cells. We demonstrate that the
GM3-NPs show a preferential localization at the interface
between APC and CAR T cells where they colocalize with
CARs. Increased CD69 expression and IL-2 secretion levels as
well as F-actin and ZAP-70 enrichment at the IS confirm that
NP-bound CAR ligands remain accessible to CAR T cells and
achieve a strong APC-mediated CAR T cell activation.

RESULTS AND DISCUSSION
Synthesis and Characterization of FITC-Function-

alized GM3-NPs for αFITC CAR T-Cell Activation. Here,
we employed the CAR T cell, recognizing the small molecule
FITC (αFITC CAR T cell) to probe and quantify CAR T-cell
activation via FITC-functionalized GM3-NPs (Figure 1). The
αFITC CAR contains the αFITC single-chain variable
fragment (scFv) and CD8α hinge region in the extracellular
domain, and CD28, 4−1BB, CD3ζ segments as well as a
mCherry tag in the intracellular signaling domain (Figure 1a).
The transduction efficiency, as assessed by the percentage of
mCherry positive Jurkat T cells (cells with mCherry intensity
higher than wild-type (WT) T cells), was >99% for the αFITC
CAR T cells (Figure 1b). Confocal imaging of αFITC CAR T
cells revealed that CARs were distributed over the entire cell
surface (Figure 1c). GM3-functionalized NPs (GM3-NPs),
consisting of a biodegradable high-molecular-weight polylactic
acid (PLA) core coated by a lipid layer, were fabricated
through one-step nanoprecipitation as described previously
with detailed characterization.33 The lipid layer was assembled
from 55 to 57 mol % DPPC, 40 mol % cholesterol, 3 mol %
GM3 as targeting functionality, and 0−2 mol % 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (18:1
PE CF, FITC-modified lipid) as CAR ligand (Figure 1d). The
FITC-functionalized GM3-NPs (GM3-FITC-NPs) had an
average hydrodynamic diameter of 126 ± 12 nm and a ζ-
potential of −23 ± 4 mV. Scanning electron microscopy
(SEM) images of GM3-NPs (Figure S1 in the Supporting
Information) indicate a spherical morphology of the NPs.
Other control NPs used in this work include FITC-

functionalized NPs without GM3 (BLK-FITC-NPs) and
FITC-presenting NPs with 3 mol % α-galactosylceramide
(GalCer-FITC-NPs). The hydrodynamic diameters and zeta
potentials for these NPs are included in Figure 1e. Galcer was
included as negative control in this study, because the lipid has
a similar glycolipid structure as GM3 but lacks the terminal
sialic acid recognized by CD169. The lipid-coated polymer
NPs exhibit excellent stability in cell culture medium at 37 °C
over a period of 14 days (Figure 1f). A 22 nm increase in size
when NPs were dispersed in cell culture medium (159 nm),
compared to water (137 nm), may indicate some corona
formation or a modest level of self-association of the NPs.
GM3−CD169-Mediated Binding of NPs to Raji B/

CD169 Cells. Raji B cells stably transduced with CD169 (Raji
B/CD169 cells23) were used as an APC model to evaluate
APC-mediated activation of CAR T cells by GM3-FITC-NPs.
Figures 2a and 2b shows fluorescence histograms obtained
after incubating Raji B/CD169 and Raji B cells with GM3-
FITC-NPs and control NPs. GM3-FITC-NPs binding to Raji
B/CD169 cells was significantly higher than the nonspecific
background binding observed for BLK-FITC-NPs or Galcer-
FITC-NPs. In contrast, no specific binding of GM3-FITC-NPs
was observed with Raji B cells. Fitting a one-site binding model
to the GM3-FITC-NP binding curve as a function of NP input
(and, thus, GM3 concentration, in units of μM) yields a
dissociation constant of Kd = 1.77 ± 0.44 μM (Figure 2c,
detailed calculation in the Supporting Information (SI)). The
observed Kd value is significantly lower than the Kd value of
individual GM3 molecules, confirming that the presentation of
GM3 on the NP surface achieves a multivalent enhancement of
the binding. Confocal maps of GM3-FITC-NPs 4 h after
incubation with Raji B/CD169 cells are shown in Figures 2d
and 2e. The NPs remain localized at or close to the cell surface
in regions that are enriched in CD169 and that do not overlap
with the lysosome marker LAMP-1, with Pearson correlation
coefficients of R = 0.65 and 0.19, respectively. These
observations imply that GM3-CD169-mediated binding of
GM3-NPs to Raji B/CD169 cells avoids triggering an
endolysosomal uptake, as is the case for CD169+ DCs and

Figure 2. GM3-CD169-mediated targeting of GM3-FITC-NPs to Raji B/CD169 cell. (a, b) Representative flow cytometry histograms (FITC
fluorescence) after incubation of specified NPs with Raji B/CD169 cells for 10 min at 37 °C. Conditions include cells without NPs
treatment, and cells treated with GM3-FITC-NPs, BLK-FITC-NPs, and Galcer-FITC-NPs. (c) Binding curve for GM3-FITC-NPs binding
with Raji B/CD169 cells. Fitted with one-site binding model. Specific binding was obtained by total binding from Raji B/CD169 cells
subtracted by nonspecific binding from Raji B cells (n = 2). Data presented as average ± standard deviation. (d, e) Confocal sections of
GM3-FITC-NPs associated with Raji B/CD169 cells. The cells were incubated with the NPs for 10 min and subsequently maintained at 37
°C for 4 h. The cells were stained for CD169 (panel (d)) and LAMP-1 (panel (e)). Pearson correlation coefficients (R) for NP signal and
CD169 or LAMP-1 signal of 50 randomly selected cells are included in the box plots. Scale bar = 5 μm.
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macrophages that collect GM3-NPs in nonendolysosomal
VCCs.31−34

αFITC CAR T-Cell Activation by GM3-FITC-NP-Loaded
Raji B/CD169 Cells. First, the direct activation of αFITC
CAR T cells through free GM3-FITC-NPs was evaluated. To
that end, GM3-FITC-NPs with different surface loadings of
FITC were directly mixed with αFITC CAR T cells at a
constant NP:cell ratio for 24 h before T cell activation was
assessed. CD69 early activation marker was used to quantify
the activation of αFITC CAR T cells through flow cytometry.
These experiments revealed that CD69 expression in αFITC
CAR T cells (Figure 3a) is correlated with the amount of FITC
(mol %) incorporated in the lipid layer of the NPs. CD69
expression shows a clear increase as FITC concentration in the
NP lipid layer is increased from 0.1 mol % to 2 mol %. As the
CD69 expression level reached a plateau at a FITC input
concentration of 2 mol %, we chose 2 mol % FITC for GM3-
FITC-NPs synthesis for all subsequent experiments.

To characterize CAR T-cell activation through GM3-FITC-
NPs associated with Raji B/CD169 (APC-mediated activa-
tion), Raji B/CD169 cells were first incubated with GM3-
FITC-NPs for 10 min. After the removal of unbound NPs in
three washing steps, αFITC CAR T cells were added at a ratio
of 1:2 (Raji B/CD169:CAR T) and incubated for 24 h. For all
input concentrations of GM3-FITC-NPs, the FITC intensity
of cells, CD69 expression levels of CAR T cells, and the
secretion of IL-2 as the second activation marker were
significantly higher (except for IL-2 at the lowest input
concentration) than for the mixture of Raji B/CD169 cells and
CAR T cells without GM3-FITC-NPs (Figures 3b−d),

indicating that Raji B/CD169 contact with T cells alone is
insufficient to achieve a significant CAR T cell activation but
that GM3-FITC-NPs associated with Raji B/CD169 provide a
robust activation. Control experiments verified that free GM3-
FITC-NPs, as well as GM3-FITC-NPs associated with Raji B/
CD169 cells, do not activate WT T cells that lack CARs (see
Figures S2a and S2b in the Supporting Informtion) and that
GM3-NPs that lacked FITC ligand did not activate CAR T
cells in cell-mediated exposure (Figure S2c in the Supporting
Informtion). GM3-FITC-NPs binding to Raji B/CD169 cells
results in an accumulation of GM3-FITC-NPs at or close to
the plasma membrane of the APCs, and Figure 3b−d confirms
that GM3-FITC-NPs remain accessible for CAR T cell
activation when associated with Raji B/CD169 cells. A plot
of the CD69 expression as a function of FITC intensity, which
provides a measure for the number of GM3-FITC-NPs
associated with the Raji B/CD169 cells in one case and for
the number of free GM3-FITC-NPs directly bound to αFITC
CAR T cells in the other, reveals that FITC achieves a stronger
CAR T-cell activation if the activation is APC-mediated
(Figure S2d in the Supporting Information). IL-2 secretion
obtained under comparable FITC ligand concentrations was
also higher for CAR activation through Raji B/CD169-
associated GM3-NPs than for free GM3-NPs (Figure S2e in
the Supporting Information), but this increase was not
statistically significant.

Ca2+ influx represents a further key event downstream of T-
cell receptor activation.46,47 We monitored Ca2+ activity in
αFITC CAR T cells preloaded with the Ca2+-sensitive
fluorescent dye, Fura-2AM, during their interaction with

Figure 3. αFITC CAR T-cell activation by GM3-FITC-NPs associated with Raji B/CD169 (APC-mediated activation). (a) CD69 expression
by αFITC CAR T cells after direct activation through GM3-FITC-NPs with different FITC concentrations incorporated in the membrane. (n
= 2). (b−d) Characterization of αFITC CAR T cell activation through GM3-FITC-NPs associated with Raji B/CD169 cell (APC-mediated
activation) by different markers: (b) Total FITC intensity of αFITC CAR T cell and Raji B/CD169 cell, (c) CD69 upregulation in αFITC
CAR T cells, and (d) IL-2 secretion for specified input volumes of GM3-FITC-NPs (2 mol % FITC) (n = 4). (e−g) Ca2+ response of αFITC
CAR T cell through GM3-FITC-NPs associated with Raji B/CD169 (APC-mediated activation): (e) bright-field view of GM3-FITC-NPs
presenting Raji B/CD169 cell before and after CAR-T cell addition; (f) cellular Ca2+ activity in a CAR-T cell during the interaction with
GM3-FITC-NPs presenting Raji B/CD169 cell monitored using the ratiometric Fura-2 AM dye (the ratio of the fluorescent intensities at 340
and 380 nm is plotted as a function of time); (g) representative time-lapse fluorescent images show Ca2+activity of the CAR T cell. (scale bar
= 5 μm). Data presented as average ± standard deviation. p < 0.05, p < 0.01, p < 0.001 by Student’s t-test.
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GM3-FITC-NP-presenting Raji B/CD169 cells by measuring
the fluorescence intensities at 510 nm when excited at 340 or
380 nm (a scheme of the experimental setup is provided in
Figure S3 in the Supporting Information). When intracellular
free Ca2+ binds to Fura-2, the peak excitation wavelength
changes from 380 nm to 340 nm, whereas the peak emission at
∼510 nm remains unchanged. Therefore, the ratios of the
fluorescent intensities at 510 nm obtained when excited at 340
and 380 nm is directly related to the intracellular Ca2+

concentration. The bright-field images in Figure 3e show an
immobilized Raji B/CD169 cell before and after the addition
of a CAR T cell preloaded with Fura-2AM. After the binding of
the CAR T cell to the GM3-FITC-NP-loaded Raji B/CD169
cell, the fluorescence intensity ratios reveal prolonged high-
frequency Ca2+ oscillations in the CAR T cell for a duration of
∼900 s (Figure 3f). Representative fluorescence images of the
interacting αFITC CAR T and Raji B/CD169 cells at early

time points (50, 110, 140, 170 s) illustrate the fluctuations in
the intracellular Ca2+ concentration (Figure 3g). Unbound WT
Jurkat T cells or WT Jurkat T cells in contact with GM3-FITC-
NP-loaded Raji B/CD169 showed only basal levels of Ca2+

activity (Figure S4 in the Supporting Information).
Characterization of the Interface between Raji B/

CD169 and αFITC CAR T Cells: GM3-NPs Accumulate at
the IS, Induce CAR Polarization, and Recruit ZAP-70.
Having demonstrated that GM3-FITC-NPs associated with
Raji B/CD169 cells activate αFITC CAR T cells, we next
sought to examine the IS formed between Raji B/CD169 cells
and αFITC CAR T cells. To that end, Raji B/CD169 cells
were first incubated with GM3-FITC-NPs. After removing
unbound NPs by two washing steps, the cells were
immobilized on a poly-L-lysine treated dish and incubated
with αFITC CAR T cells for 1 h. Phalloidin staining revealed
that F-actin is enriched at the contact interface between Raji

Figure 4. GM3-FITC-NP-induced synapse formation between αFITC CAR-T cell and Raji B/CD169 cell. (a) Confocal section of cell
conjugate formed by αFITC CAR T cell and Raji B/CD169 cell. GM3-FITC-NPs (green), CAR (red), nucleus (blue) and F-actin (gray) were
labeled. (b) Box plot of Pearson correlation coefficients (R) for CARs and NPs in individual cells. The average R is 0.62 ± 0.10. (c, d) Box
plots of CAR localization at the cell−cell interface (panel (c)) and GM3-FITC-NPs localization at the cell−cell interface (panel (d)). The
average CAR and NP localization at the IS is 92% ± 6% and 76% ± 20%, respectively (n = 22 for panels (b)−(d)). (e) Confocal section of
αFITC CAR T cell−Raji B/CD169 cell conjugate with CAR (red), GM3-NP (green), ZAP-70 (cyan), and F-actin (gray) labeling. Scale bar =
5 μm.

Figure 5. Intracellular fate of GM3-NPs in mature DCs. (a, b) Confocal maps of two phenotypes of GM3-FITC-PLA NPs in DCs after 15
min of incubation with NPs, and a subsequent chase of 1 and 4 h and staining for CD169 and LAMP-1. (a) Random distribution from 1 h
incubation (b) Cluster distribution from 4 h incubation. (c) Dot plot of cluster phenotype occurrence over total cell number after 0, 1, and 4
h of incubation. Twenty confocal images with a total 1008 cells (0 h), 860 cells (1 h) and 955 cells (4 h) were collected and analyzed. Each
dot represents the occurrence of cluster phenotype of total cells in one confocal image. Scale bar = 5 μm. Data presented as average ±
standard deviation. [(****) p < 0.0001, per Student’s t-test.]
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B/CD169 and CAR T cells (Figure 4a). At this interface,
which defines the GM3-NP-containing IS, both CARs and
GM3-FITC-NPs are enriched and optically colocalize with
Pearson correlation coefficients of R = 0.62 ± 0.10 (Figure
4b). In the confocal plane containing the cell−cell contact,
92% ± 6% of total CAR (Figure 4c) and 76% ± 20% of total
GM3-FITC-NP (Figure 4d) fluorescence intensity was
detected localized at the GM3-NP-containing IS. Zeta-chain-
associated protein kinase 70 (ZAP-70), an important protein-
tyrosine kinase for CAR T cell signaling upon antigen
binding,48,49 is also strongly recruited to the IS, where it
shows a high level of optical colocalization with GM3-FITC-
NPs and CARs (Figure 4e), confirming CAR T-cell activation
through GM3-FITC-NPs at the immunological synapse.
Binding of GM3-NPs to Primary Mature DCs and

Subsequent Intracellular Fate. So far, the investigations in
this work have focused on Raji B/CD169 cells as an APC
model. Next, we determined whether primary human CD169+

DCs mediate a similar activation of CAR T cells and signal
transfer at the GM3-NP-containing IS, as was observed for Raji
B/CD169 cells. This validation is important as DCs are the
most relevant APCs for T-cell priming in vivo.50−52 Primary-
monocyte-derived DCs were differentiated from CD14+

peripheral blood monocytes and matured as described
previously.23 We first studied the binding and intracellular
fate of GM3-NPs with DCs. Incubation of GM3-FITC-NPs

with mature DCs led to two distinct phenotypes with different
spatial GM3-NP distributions (see Figures 5a and 5b). In the
“random” phenotype, the GM3-NP signal is distributed across
the entire cell periphery, whereas the “cluster” phenotype
contains the majority of NPs segregated in one compartment.
CD169/LAMP-1 fluorescence immunostaining maps show
that, for both phenotypes, GM3-FITC-NPs colocalize with
CD169 but not with LAMP-1 (see Figures 5a and 5b).
Importantly, the GM3-FITC-NP signal in the segregated
clustered phenotype also colocalizes with the tetraspanin CD9
(Figure 5b), providing a staining pattern that is characteristic
of VCCs.26 The occurrence of the segregated cluster
distribution significantly increases as a function of incubation
time (t) as the comparison of the cluster probability for t = 0,
1, and 4 h in Figure 5c shows, suggesting that GM3-NPs were
actively sequestered in specialized compartments within the
cells, similar to what was observed previously for captured
HIV-1 virus particles in mature DCs.23,25,28,30 The formation
of large GM3-NP clusters that are spatially separated from the
plasma membrane is distinct for DCs and was not observed for
Raji B/CD169 cells where NPs localized primarily at or close
to the cell surface.
DC-Mediated CAR T Cell Activation and Character-

ization of the IS Formed between Primary DCs and CAR
T Cells. To study the DC-mediated activation of CAR T cells,
DCs were first incubated with GM3-FITC-NPs for 20 min.

Figure 6. DC-mediated CAR T cell activation and synapse formation between GM3-FITC-NP-loaded DCs and CAR T cells. (a) CD69
expression and (b) IL-2 secretion for αFITC CAR T cells after incubation with DCs loaded with GM3-FITC-NPs or without (n = 4). (c)
CD69 expression in CAR T cells, as a function of FITC signal intensity for direct activation by free GM3-NPs at different input
concentrations (blue, n = 3) and APC-mediated activation (red, n = 4). (d) IL-2 secretion by CAR T cells for direct activation by free GM3-
NPs versus for APC-mediated activation for the conditions marked by a dashed rectangle in panel (c). (e) CD69 expression in CAR T cells
as a function of the FITC signal intensity for GM3-FITC-NPs, amph-FITC, and DC and CAR T cell mixture (without any FITC) as control.
(n = 4). (f) Intracellular distribution of amph-FITC in DC after 1 h incubation. Lysosome were stained and labeled in red. (g) Cell conjugate
formed by αFITC CAR T cell and DC after treatment with amph-FITC (green). (h) Cell conjugate formed by αFITC CAR T cell and GM3-
FITC-NP-loaded DC. GM3-NPs (green), CARs (red), nucleus (blue), and F-actin (gray) were labeled. (i) Conjugate of αFITC CAR T cell
and GM3-FITC-NP-loaded DC with CAR (red), GM3-NP (green), ZAP-70 (cyan), and F-actin (gray) labeling. Scale bar = 5 μm. Data
presented as average ± standard deviation. [(*) p < 0.05, (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001 by Student’s t-test.]

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c06516
ACS Nano XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsnano.2c06516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06516?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After the removal of unbound NPs in three washing steps,
αFITC CAR T cells were added at a ratio of 1:2 (DC:CAR T)
and incubated for 24 h. Figures 6a and 6b shows CD69
expression and IL-2 secretion as markers for CAR T-cells
activation obtained with DCs in the presence or absence of
GM3-FITC-NPs. CD69 expression and IL-2 secretion are
significantly increased for CAR T cells treated with GM3-
FITC-NP-loaded DCs (APC-mediated activation) when
compared to preparations in which CAR T cells were mixed
with DCs without GM3-FITC-NPs. The data confirm that
GM3-FITC-NPs associated with the APCs achieve a
pronounced increase in the activation of CAR T cells. Figure
6c compares the APC-mediated activation of CAR T cells by
GM3-FITC-NPs with the direct activation through different
concentrations of free GM3-FITC-NPs. The plot shows CD69
expression, as a function of FITC intensity, which provides a
measure for the number of GM3-FITC-NPs associated with
DCs in one case and for the number of GM3-FITC-NPs
directly bound to CAR T cells in the other. Importantly, APC-
mediated activation achieves significantly higher CD69
expression levels than the direct activation, even when the
FITC intensities are substantially higher for the latter. Figure
6d shows IL-2 secretion levels for conditions with nearly
identical FITC intensities marked in the gray box in Figure 6c.
Consistent with the findings for CD69, IL-2 secretion levels are
significantly higher for the APC-mediated activation than for
the direct activation of CAR T cells.

It can be instructive to compare the CAR T-cell activation
obtained with GM3-FITC-NP or amph-FITC (18:1 PE CF,
FITC modified lipid) treated DCs at the same FITC input
concentration. Figure 6e shows CAR T-cell CD69 expression

levels, as a function of FITC signal intensity for GM3-FITC-
NPs, amph-FITC, and DC and CAR T cell mixture (without
any FITC) as control. Amph-FITC ligands yield an overall
significantly higher FITC intensity than GM3-FITC-NPs,
presumably due to an efficient insertion into the cell
membrane via the lipid tail. Despite a higher FITC
concentration associated with the cells in the case of amph-
FITC ligands, the CD69 expression level is comparable to that
observed for GM3-FITC-NPs. Both are significantly higher
than for the mixture of DCs and CAR T cells control. Confocal
analysis of the amph-FITC distribution obtained after an
incubation period of 1 h reveals that the ligand is distributed
across the cell (Figure 6f) with a modest enrichment at the IS
formed between CAR T cell and DC where the CARs are
localized (Figure 6g). In contrast, GM3-FITC-NPs show a
strong preferential localization at the DC − CAR T cell
interface where they optically colocalize with CARs (Figure
6h).

The spatial pattern observed with GM3-FITC-NPs in DC−
CAR T cell contact areas closely resembles that observed for
Raji B/CD169−CAR T cell pairs. Immunostaining also
confirms the recruitment of ZAP-70 to the IS (Figure 6i),
and the high degree of optical colocalization between ZAP-70
and CAR is consistent with CAR T-cell activation by GM3-
FITC-NPs. Although the GM3-FITC-NP sequestration in
VCC-like structures in the absence of CAR T cells is found in
DCs but not Raji B/CD169 cells, the enrichment of GM3-
FITC-NPs, CARs, and F-actin at the cell contact, as well as the
recruitment of ZAP-70, resembles the structural patterns
observed at the IS formed between a CAR T cell and Raji B/
CD169 cell as APC model.

Figure 7. DC-mediated activation of primary CAR T cells. (a) Representative flow cytometry histogram (mCherry fluorescence) of
transfected αFITC CD8+ CAR T cell (red) and wild-type T cell (gray). (b) CD69 upregulation and increased IFN-γ secretion αFITC CD8+
CAR T cell by GM3-FITC-NP-loaded DCs (n = 2). Data presented as average ± standard deviation. [(*) p < 0.05, (**) p < 0.01 by Student’s
t-test]. (c) CD69 expression in CD3+ CAR T cells, as a function of FITC signal intensity for direct activation by free GM3-NPs at different
input concentrations (blue) and APC-mediated activation (red). Each plot represents results from the same DC and primary T-cell donor.
(d) Fold increase of inhibitory receptors in CD3+ CAR T cells after 24 h of stimulation. Data represents average ± standard deviation from
two independent experiments with DCs and primary T cells from two donors. The input concentrations of GM3-FITC-NPs used for the
exhaustion experiments are marked with green arrows in panel (c).
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Additional experiments performed with a 2.5 h preincuba-
tion step of DCs and GM3-NPs prior to addition of CAR T
cells also showed a preferential localization of the FITC signal
at the cell interface between APCs and T cells (see Figure S5a
in the Supporting Information). In the case of DC-mediated
HIV-1 transmission to T cells, GM3-CD169 mediated
localization within VCCs and redistribution to the infectious
synapse upon T cell addition has been observed,22,23,53 and it is
indicated that intracellular VCCs formed in the absence of T
cells are redistributed and transported to the infectious
synapses after T cell addition.26,54 The strong polarization of
GM3-FITC-NPs to the IS observed in this work suggests that
GM3-NPs trigger similar cellular mechanisms as HIV-1 to
achieve an enrichment at the IS between APC and CAR T cell.

To test how the stimulatory effect of DC-associated GM3-
FITC-NPs in CAR T cells decreased as a function of time,
DCs were maintained after exposure to GM3-FITC-NPs for
0−20 h before T cells were added (see Figure S5b in the
Supporting Information). After the preincubation period of 20
h, the NP-containing DCs still induce CD69 expression in
CAR T cells (35.5% of the CD69 expression achieved, relative
to that observed without any preincubation). Importantly,
CD69 expression on CAR T cells induced by DC-associated
GM3-FITC-NPs remained above the level achieved with DC
and CAR T cell cocultures in the absence of GM3-NPs
throughout the duration of the experiment, confirming that a
significant fraction of the FITC ligand on DCs remained
accessible for CAR T-cell activation.
DC-Mediated Activation of Primary CAR T Cells. All

results discussed so far were obtained with Jurkat CAR T cells.
To test the ability of the proposed antigen presenting platform
to activate CARs in human primary T cells, primary CD8+ T
cells were engineered to express the αFITC CAR through
lentiviral transduction. The transduction efficiency, as assessed
by the percentage of mCherry positive cells, was 20.6% (Figure
7a). Exposure of the engineered αFITC CD8+ CAR T cells to
GM3-FITC-NP-loaded DCs resulted in T-cell activation.
Figure 7b shows αFITC CD8+ T cells activation quantified
by CD69 upregulation and IFN-γ secretion after 24 h of
incubation. In the case of GM3-FITC-NPs-treated DCs, CD69
was significantly upregulated with a 1.9-fold induction (fold
induction is defined as the geometric mean fluorescence
intensity (GeoMFI) of CD69 fluorescence intensity obtained
with GM3-FITC-NPs divided by the GeoMFI of CD69
without the addition of NPs). The IFN-γ secretion was also
significantly increased upon coculture with GM3-FITC-NP-
loaded DCs. Overall, the data confirm that GM3-FITC-NPs
facilitate the APC-mediated activation of primary CD8+ CAR
T cells.

Two independent activation experiments obtained with cells
from two different donors were performed to compare the free
GM3-FITC-NP- and APC-mediated activation. Figure 7c
shows that primary CAR T cells are sensitive toward
stimulation with free GM3-FITC-NPs and reaches saturated
activation levels at low dosage. GM3-FITC-NPs associated
with DCs achieved even higher CD69 expression in primary
CAR T cells than free GM3-NPs. Exhaustion in CAR T cells
can arise via persistent stimulation to the cells during ex vivo
expansion.55 To evaluate the exhaustion of primary CAR T
cells, the expression levels of inhibitory receptors LAG-3, TIM-
3, and PD-1 were quantified after 24 h of stimulation (Figure
7d). Fold increase of the inhibitory receptors relative to CAR
T cells without stimulation was used to quantify expression.

Free GM3-FITC-NP-mediated CAR T-cell activation resulted
in a 1.8-fold, 1.4-fold, and 1.3-fold increase of LAG-3, TIM-3
and PD-1, respectively. Cocultures of primary CAR T cells and
DCs, in the absence of GM3-FITC-NPs, yielded essentially
identical inhibitor receptor expression levels, as observed for
free GM3-FITC-NP-mediated activation. Activation of CAR T
cells through GM3-FITC-NP-treated DCs led to a 2.1-fold
increase of LAG-3, 2.0-fold increase of TIM-3, and 2.2-fold
increase of PD-1. Interestingly, GM3-FITC-NP- and amph-
ligand-treated APCs induced comparable exhaustion levels for
identical FITC input concentrations. As an additional
benchmark, we also included primary T cells (without CAR)
stimulated by CD3/CD28 Dynabeads for 1 and 7 days. After 1
day of stimulation, primary T cells exhibited a 6.8-fold increase
of LAG-3 and this value exceeded those observed for GM3-
FITC-NPs and CAR T cells under comparable conditions. In
the case of TIM-3 and PD-1, the GM3-FITC-NP treated APC-
mediated activation to primary CAR T cells resulted in a
higher increase in expression (2.0-fold and 2.2-fold) than for
the Dynabead-induced stimulation of T cells (1.7-fold and 1.9-
fold). After 7 days of stimulation through Dynabeads, the
inhibitory receptor expression level of T cells further
significantly increased (41, 74, 4.1-fold increases were observed
for LAG-3, TIM-3, and PD-1, respectively).

CONCLUSION
Priming of CAR T cells through APCs in lymph nodes is
considered a potential strategy to enhance their persistence
and activity.2 This approach requires adequate carriers that can
transport CAR ligands to APCs in lymph nodes. We have
investigated ganglioside-functionalized lipid-coated NPs with a
biodegradable, high-molecular-weight polylactic acid core as
carriers for CAR ligands that enrich at the IS. The GM3-NPs
bind specifically to CD169 expressing Raji B cells and DCs and
avoid endocytosis. Instead, the GM3-NPs remain in non-
endolysosomal compartments at the membrane of Raji B/
CD169 cells or are sequestered into VCC-like compartments
in DCs. CAR T cells are activated both through GM3-FITC-
NP-loaded Raji B/CD169 cells and DCs, as well as through
free GM3-FITC-NPs. However, APC-mediated activation
results in higher CD69 expression than free GM3-FITC-NP-
mediated activation at a comparable FITC concentration (see
Figures 6c and 6d, as well as Figure S2d in the Supporting
Information and Figure 7c). Several effects may account for
this outcome:

(1) Ligand-mediated receptor dimerization is critical for
CAR T cell activation, which benefits from spatial CAR
clustering.49 Free GM3-FITC-NPs only provide nanoscale
CAR clustering within the footprint of the NP, whereas GM3-
FITC-NPs collected and locally concentrated by APCs can
provide CAR clustering for much longer (micrometer) length
scales (see Figures 6h and 6i, and Figure 4).

(2) Antigen recognition and T-cell receptor (TCR)
signaling have a mechanical component that is dependent on
force generation by the actin cytoskeleton,56,57 and efficient
force-dependent signaling may require the formation of an IS-
like cell contact between CAR T cell and APC.58

(3) CD80 and CD86 expression levels are significantly
upregulated in mature DCs,59 and these costimulatory signals
provided at the IS are expected to strengthen the activation of
the CAR triggered through recognition of its ligand.3 Future
studies will quantify the relative contributions from these
effects. This work examined the cellular interface between APC
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and CAR T cell where the CAR signal is transduced for both
Raji B/CD169 and DCs. In both cases, GM3-NPs and CARs
accumulate and optically colocalize at the cell contact interface,
with enrichment of F-actin and recruitment of ZAP-70, which
is indicative of the formation of a GM3-NP-containing
functional IS. Importantly, it was demonstrated that CAR
ligands bound to GM3-NPs remain accessible to the CAR T
cell in the IS.

Although this work utilized FITC-specific CAR T cells as
models to address the fundamental question whether GM3-
PLA-NPs achieve CAR T-cell activation at the immunological
synapse, the FITC-specific CAR T cells also have some
relevance for cancer therapy, because they play a role in
emerging universal CAR T-cell strategies.60−62 For instance, by
linking FITC to functionalities that recognize tumor-specific
antigens,63 it becomes feasible to deploy αFITC CAR T cells
against a range of antigens, providing a potential strategy to
reduce the costs associated with CAR fabrication.64 Therefore,
αFITC CAR T cells and strategies to efficiently stimulate them
are of high general interest. Importantly, amph-FITC ligands
have previously been shown to efficiently activate CAR T cells
when presented on DCs. However, amph ligands lack binding
specificity for DCs and show quick internalization. These
effects may result in undesired side effects and fast decay in
vivo. Interestingly, under the in vitro conditions of this work,
GM3-FITC-NPs achieved a much more preferential local-
ization at the IS than amph-FITC ligands, which could be
advantageous for CAR T-cell activation. This preferential
localization of GM3-NPs to the IS resulted in an APC-
mediated CAR T-cell activation, as measured by CD69
expression, that was at least as good as that for amph-ligands,
even though the overall cell associated FITC concentration
was lower. Amph-ligands have already demonstrated their
efficacy in vivo, whereas, for GM3-NPs, this key test is still
missing, and it cannot be excluded that GM3-NPs are less
effective in vivo. Preliminary mouse studies indicate that GM3-
PLA-NPs reach secondary lymphoid tissues (spleen and LNs)
after intravenous injection (see Figure S6 in the Supporting
Information). The prospect of targeting secondary lymphoid
tissues together with the key finding of this work that GM3-
NPs provide opportunities for engineering selective and
prolonged ligand presentation at the cellular nexus relevant
for persistent, cell-mediated T cell activation warrants future
studies to validate the potential of GM3-NPs to stimulate
lymphocytes in vivo.

METHODS
Cell Culture. Raji B cells were cultured in complete RPMI-1640

medium (Gibco, Thermo Fisher Scientific, No. 11875093) containing
10% FBS (Gibco, Thermo Fisher Scientific, No. 16000044) and 1%
penicillin−streptomycin (Gibco, Thermo Fisher Scientific, No.
15070063). Raji B cells were transduced with VSV-G pseudotyped
LNC-CD169 mutant retroviral vectors, followed by 1 mg/mL G418
(Gibco, Thermo Fisher Scientific) selection, as described previously.23

CD14+ monocytes were differentiated into immature dendritic cells in
complete RPMI-1640 medium supplement with IL-4 and GM-CSF
for 5 days. Dendritic cells were matured by adding 100 ng/mL LPS
for 24 h. HEK293FT cells were cultures in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin/
streptomycin (Corning), L-glutamine (Corning), and 1 mM sodium
pyruvate (Lonza). Jurkat T cells and CAR T cells were cultured in
RPMI-1640 medium containing 5% FBS and 1% penicillin−
streptomycin. CD8+ primary T cells and CAR T cells were cultured
in human T cell medium consisting of X-Vivo 15 (Lonza No. 04−

418Q), 5% Human AB serum (Valley Biomedical No. HP1022), 10
mM N-acetyl L-cysteine (Sigma−Aldrich, No. A9165), 55 μM 2-
mercaptoethanol (Thermo Scientific, No. 31350010) supplemented
with 100 units/mL IL-2 (NCI BRB Preclinical Repository). All cells
were cultured at 37 °C in a humidified atmosphere containing 5%
CO2.
Lentivirus Generation and Transduction of Jurkat T Cells.

Jurkat T cells were maintained in complete RPMI-1640 media as
described above. For transduction, replication-incompetent lentivirus
was packaged via PEI transfection of HEK293FT cells in a 6-well plate
with lentiviral packaging and envelope plasmids (pDelta, Vsvg, and
pAdv) and the anti-FITC CAR construct (3rd generation of CAR
construct) in a pHR lentiviral expression vector. Virus-containing
supernatant was collected 3 days post-transfection and spun down to
remove cell debris. A quantity of 5 ×105 Jurkat cells were infected
with between 500 μL and 1 mL of anti-FITC CAR viral supernatant
then diluted with 4 mL of complete RPMI media 24 h post-infection.
Four days after infection, transduced Jurkat cells were analyzed via
flow cytometry to assess transduction efficiencies and anti-FITC CAR
expression via mCherry tag.
Primary T-Cell Isolation and Transduction. Anonymized

whole peripheral blood was obtained from Boston Children’s Hospital
and primary CD8+ T cells were isolated using the STEMCELL CD8+

Enrichment cocktail and RosetteSep system. CD8+ T cells were
cryopreserved in 90% human Ab serum (Valley Biomedical) and 10%
DMSO. Two days prior to transduction, T cells were thawed and
activated with ImmunoCult human CD3/CD28 T cell activator
(STEMCELL).

For transduction, replication-incompetent lentivirus was packaged
via PEI transfection of HEK293FT cells in a T175 flask with lentiviral
packaging and envelope plasmids and the anti-FITC CAR construct.
One day after transfection, the HEK293FT culture media was
removed and replaced with prewarmed FreeStyle 293 expression
medium (Gibco) supplemented with 100 U/mL penicillin, 100 μg/
mL streptomycin, 1 mM sodium pyruvate, and 5 mM sodium
butyrate. Beginning 48 h post-transfection, viral supernatant was
collected and replenished with fresh FreeStyle 293 media for 3 days.
Then, the harvested lentivirus was concentrated using a 40% (w/v)
PEG-8000 and 1.2 M NaCl solution overnight and spun down for 1 h
at 1600 g at 4 °C. One day prior to transduction, T cells were
activated with Immunocult Human CD3/CD28 T cell Activator,
according to manufacturer instructions. In addition, a non-TC-treated
6-well plate was coated with 20 μg/mL of Retronectin in PBS and left
at 4 °C overnight. For primary T-cell transduction (either second or
third generation of CAR construct), all of the concentrated virus
collected from one T175 flask was spun onto one well of the
Retronectin-coated plate for 90 min at 1200 g. The viral supernatant
was then removed and 4 mL of activated primary CD8+ T cells was
added and incubated for 72 h at 37 °C before moving to a T75 flask
for expansion. Primary CAR T cell used in Figures 7c and 7d are
CD3+ CAR T cell. Transduction efficiencies were analyzed via
mCherry tag or V5 tag (Invitrogen, No. 25679642).
Preparation of Lipid-Coated Polymer NPs. All lipids were

purchased from Avanti Polar Lipids. High-molecular-weight PLA
(poly(D,L-lactide) ester terminated, R207S with intrinsic viscosity of
1.3−1.7 dL/g and molecular weight of 209 00065 were purchased
from Sigma−Aldrich. Lipid-coated polymer NPs were synthesized
through a one-step nanoprecipitation method, as previously
described.33 The volume ratio of aqueous to organic solution was
chosen to be 10:1, using a lipid/polymer weight ratio of 15%66 (under
this condition, the total lipid amount is 0.25 μmol). To prepare GM3-
NPs, lipid mixture containing DPPC (25 mg/mL), cholesterol (25
mg/mL), GM3 (2 mM), and 18:1 PE CF (1.1 mM) with 55:40:3:2
molar ratio in chloroform were added to 4 mL of Milli-Q water. Next,
0.4 mL PLA solution in acetonitrile (2.5 mg/mL) was pipetted
dropwise to the aqueous solution. The final solution was vortexed for
10 s and sonicated in a bath sonicator (Branson Ultrasonics, No.
5510). Next, NPs were washed 3 times (4500g, 15 min) using 10 kDa
Amicon Ultra-4 centrifugal filter (Millipore Sigma) to remove organic
solvent and free lipid molecules. The final volume of samples was
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adjusted to 100 μL. A typical 1011 NPs in 100 μL sample with 1012

NPs/mL can be obtained (detailed calculation is given in the
Supporting Information). The PLA NP core has a glass-transition
temperature of Tm = 41.9 ± 0.3 °C and Young’s modulus of E = 1.41
± 0.67 GPa.33 To prepare BLK-NPs, molar ratio of 58% DPPC, 40%
cholesterol and 2% 18:1 PE CF were used. To prepare Galcer-NPs,
GM3 were replaced by using 3% D-galactosyl-β-1,1′ N-palmitoyl-D-
erythro-sphingosine (2 mM). Amph-FITC ligand was prepared by
dissolving 18:1 PE CF in PBS at 0.25 mM.
Characterization of GM3-NPs. Hydrodynamic size and zeta

potential measurements were performed using Zetasizer Nano ZS90
(Malvern). For hydrodynamic size measurements, NPs were diluted
with Milli-Q water. Colloidal stability of NPs was monitored in the
cell culture media (10% FBS RPMI) at 37 °C. The zeta potential of
NPs was measured in 10 mM NaCl solution. The absorption of GM3-
FITC-NPs in Milli-Q water were acquired using Spectronic 200 UV−
vis spectrometer (Fisher Scientific). Milli-Q water was used for
baseline correction. Beer’s law was used to calculate the concentration
of NPs using the absorption value of FITC at wavelength of 485 nm,
and molar absorptivity of ε = 75 000 M−1 cm−1. SEM imaging was
performed using a Zeiss Supra 55 system. To prepare SEM samples, a
glass substrate was treated with poly-L-lysine for 15 min. Upon
removal of poly-L-lysine, 10-fold diluted sample was then deposited
dropwise onto the substrate and incubated for 20 min, removed, and
air-dried.
Characterization of GM3-CD169 Binding in Raji B/CD169

Cells. Quantities of 5 ×105 Raji B/CD169 and Raji B cells were
pelleted after centrifugation (270 g, 5 min). 2% 18:1 PE CF were
incorporated to all NPs for labeling. GM3, GalCer and without any
glycosphingolipids (blank) NPs (1.5 × 1010 in 0.1 mL of 10% FBS
RPMI-1640) were added to the cell pellets and incubated at 37 °C for
10 min. A binding curve were obtained by using between 108 and 4 ×
1010 GM3-NPs in 0.1 mL of 10% FBS RPMI-1640. Unbound NPs
were washed by centrifugation (270 g, 5 min, 2 times), and cells were
fixed with 4% paraformaldehyde (PFA) for 10 min at room
temperature. Following the last washing step, the fluorescence
intensity of each sample was measured by flow cytometry using a
FACSCalibur instrument (BD Biosciences). Data were analyzed
through FlowJo 10. All fluorescence intensities were background
corrected (cells without treatment were used as background).
Intracellular Trafficking of GM3-FITC-NPs in Raji B/CD169

cells and DCs. 5 ×105 Raji B/CD169 cells were incubated with 2 ×
1010 GM3-NPs in 0.1 mL media for 10 min at 37 °C. 4 ×105 DCs
were incubated with 1.5 × 1010 GM3-NPs in 0.1 mL media for 15 min
at 37 °C. Unbound NPs were removed by centrifugation (270 g, 5
min, 2 times). Following the washing step, cells were dispersed in 0.5
mL media and incubated for 4 h at 37 °C. Cells were subsequently
stained with 1 μg/mL Hoechst 33342 for 15 min at 37 °C. Cells were
then dispersed in 1 mL media and seeded in poly-L-lysine (Sigma No.
P4707)-treated 35-mm glass bottom dishes (Cellvis) for 15 min at 37
°C. Unbound cells were removed and cells were gently washed with
1× PBS. Cells were then fixed in 4% PFA for 10 min, permeabilized
with 0.1% Triton X-100 for 12 min and blocked with 1% BSA solution
for 30 min at room temperature. To stain CD169, CD9 and LAMP-1,
1 μg/mL antihuman CD169 (Sialoadhesin, Siglec-1, Clone: 7-239),
antihuman CD9 (Clone: HI9a) and antihuman CD107a (LAMP-1,
Clone: H4A3) mAbs (BioLegend) were added and incubated
overnight at 4 °C. One μg/mL Alexa Fluor 647 (Goat antimouse,
Clone: Poly4053) conjugated secondary antibody (BioLegend) was
subsequently added and incubated for 1 h at room temperature.
Multiple washing steps (1× PBS) were performed after incubation
with primary and secondary antibodies. Cells were dispersed in 1.5
mL of 1× PBS for confocal imaging with an Olympus Model FV3000
scanning confocal microscope.

αFITC CAR T-Cell Activation. 109 GM3-FITC-NPs with 0.1−2
mol % FITC input loadings were added to 4 × 105 αFITC CAR T
cells in a 96-well plate and incubated for 24 h at 37 °C. For APC-
mediated CAR T-cell activation, 2:1 T/APC cell ratio was used. 2 ×
105 Raji B/CD169 cells were first incubated with between 1 × 109 and
4.8 × 1010 GM3-FITC-NPs in 0.1 mL media for 10 min at 37 °C. For

mature DCs, 2 × 105 DCs were first incubated with 2.4 × 1010 GM3-
FITC-NPs (corresponding to 1.2 nmol FITC lipid) or 1.2 nmol
amph-FITC ligand (18:1 PE CF) in 0.1 mL media for 20 min at 37
°C. Unbound NPs or amph-ligands were removed by centrifugation
(270 g, 5 min,3 times). Raji B/CD169 cells or DCs presenting GM3-
FITC-NPs were then mixed with 4 × 105 αFITC CAR T cells in a 96-
well plate and the cell mixture were incubated for 24 h at 37 °C. For
the activation with a “pre-incubation”, DCs after exposure to GM3-
NPs (unbound GM3-NPs were removed and DCs were washed three
times) were maintained at 37 °C for 0−20 h and washed once before
mixing with CAR T cells. For direct CAR T-cell activation, between 2
× 108 and 2.4 × 1010 GM3-FITC-NPs were added to 4 × 105 αFITC
T cells in a 96-well plate and incubated for 24 h at 37 °C. The volume
of media in each well was adjusted to 300 μL. Early activation marker
CD69 was used to quantify T-cell activation level. To stain CD69,
cells were pelleted at 240 g for 5 min followed by two washing steps in
FACS staining buffer (1% BSA, 0.1% NaN3 and 2 mM EDTA in 1×
PBS). 0.1 mL 2 μg/mL APC conjugated mouse antihuman CD69
(BD Biosciences #560711) were then added and incubated for 30 min
at 4 °C. Cells were washed twice and dispersed in FACS staining
buffer. Samples were measured by LSR II flow cytometer (BD
Biosciences). For the exhaustion experiments, after the 24 h activation
of primary CAR T cells, the cells were collected and stained for 30
min at room temperature with PE-Cy7 conjugated PD-1 antibody
(Invitrogen, No. 25279941), APC conjugated LAG-3 antibody
(Invitrogen, No. 17223941), and Super Bright 702 conjugated
TIM-3 antibody (Invitrogen, No. 67310941). Samples and
compensation beads (Invitrogen OneComp eBeads, No. 01111142)
were measured by an Attune NxT flow cytometer. For the activated
T-cell control samples, primary human T cells were thawed into
complete XVIVO15 media and allowed to recover for 24 h.
Dynabeads Human T-Activator CD3/CD28 beads (ThermoFisher,
No. 11131D) were added at a bead:T cell ratio of 1:1, according to
manufacturer instructions. Cells were maintained for 7 days then
collected and stained with the same PD-1, LAG-3, and TIM-3
antibodies as previously described. Data were analyzed by Flowjo 10
software. Living cells were first gated followed by gating CAR T cells.
GeoMFI of FITC signal and CD69 expression were obtained from
living cells and CAR T cells, respectively. IL-2 and IFN-γ secretion in
cell culture supernatant were quantified by ELISA, following the
manufacturer’s instructions (BD Biosciences, Nos. 555190 and
555142).
Ca2+ Signaling. 5 ×105 αFITC Jurkat CAR T cells were loaded

with 1.5 μM fura-2 AM indicator in 1× PBS and incubated for 15 min
at 37 °C. T cells were washed and dispersed in 1 mL media and
incubated for an additional 30 min to allow complete de-esterification
of intracellular AM esters. 2.5 × 105 Raji B/CD169 cells were
incubated with 3 × 1010 NPs in 0.1 mL media for 10 min at 37 °C.
Unbound NPs were removed by centrifugation (270 g, 5 min, 2
times). Raji B/CD169 cells were then dispersed in 0.5 mL media and
seeded in poly-L-lysine treated 35 mm glass bottom dishes (Cellvis)
for 15 min at 37 °C. Unbound cells were removed and cells were
gently washed with 1× PBS. Cells were dispersed in 1.5 mL media
and imaged with modified Olympus Model IX71 inverted microscope
(Figure S3 in the Supporting Information). CAR T cells were
subsequently added dropwise by a syringe to the dish. Bright-field
scattering images were illuminated with a 100 W tungsten lamp
through a bright-field condenser (NA = 0.55) and were collected with
a 60× oil objective with adjustable numerical aperture (NA = 0.65−
1.25). Monochromatic images were recorded with an Andor ixon
electron multiplying charge-coupled-device detector (EMCCD)
camera. Fluorescence imaging was performed under epi-illumination,
using appropriate excitation and emission filters and dichroics. For
Ca2+ signaling, 380 and 340 nm excitation filters were installed in a
filter wheel and were controlled by a Lambda 10−3 controller. Speed
3 (50 ms for neighboring filter positions) for active filter wheel was
selected. Exposure time at 380 and 340 nm was 100 and 300 ms,
respectively. Images at 380 and 340 nm were taken every 10 s for
defined period.
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Conjugation Formation. 2 × 105 Raji B/CD169 cells were
incubated with 2 × 1010 GM3-FITC-NPs in 0.1 mL media for 10 min
at 37 °C. 2 × 105 DCs were incubated with 2 × 1010 GM3-FITC-NPs
or 1 nmol amph-FITC ligand (18:1 PE CF) in 0.1 mL media for 20
min at 37 °C. Cells were washed in PBS and unbound NPs were
removed by centrifugation (270 g, 5 min, 2 times). Cells were
subsequently dispersed in 0.5 mL media and transferred to poly-L-
lysine pretreated 35-mm glass-bottom dishes (Cellvis). Unbound cells
were removed by gentle wash. 4 × 105 αFITC Jurkat CAR T cells
dispersed in 1.5 mL media were added to the dish and incubated for
1−1.5 h at 37 °C. Cells were stained with 2 μg/mL Hoechst 33342,
fixed in 4% PFA, permeabilized in 0.1% Triton X-100, blocked in 1%
BSA solution and stained with 3× Alexa Fluor 647 Phalloidin
(Invitrogen). To stain ZAP-70, after the incubation, cells were fixed,
permeabilized, blocked, and stained with 4 μg/mL Alexa Fluor 647
ZAP-70 monoclonal antibody (eBioscience, Clone: 1E7.2) at 4 °C
overnight followed by F-actin staining with 3× Alexa Fluor Plus 405
Phalloidin (Invitrogen). Cell membrane was stained using 0.5 ×
CellMask Deep Red plasma membrane stain for 5 min at 37 °C. Cells
were dispersed in 1.5 mL 1 × PBS for confocal imaging with an
Olympus Model FV3000 scanning confocal microscope.
In Vivo GM3-NP Delivery. Female NU+ immunocompetent

mice, 6−8 weeks of age, were purchased from Charles River
Laboratories (No. 089, NU/NU heterozygous) and were used for
in vivo GM3-NPs delivery experiments. Animal studies were
conducted at the Boston University Medical School Animal Science
Center, under a protocol approved by the Boston University
Institutional Animal Care and Use Committee. All animal experi-
ments were performed in accordance with the relevant institutional
and national guidelines and regulations. To measure the in vivo
distribution of GM3-NPs, the 18:1 PE CF in the lipid layer was
substituted into 18:0 Cy5 PE (excitation/emission 640/680 nm).
PEGylated lipids were added to the lipid layer to further increase the
stability GM3-NPs in isotonic solution. 1011 GM3-NPs in 100 μL PBS
or 100 μL PBS as control were intravenously (i.v.) infused to mice by
tail vein injection. Six hours postinjection, whole body and ex vivo
tissue fluorescent intensities were measured by IVIS Spectrum
(Xenogen) and quantified as total radiant efficiency (in units of [p/
s]/[μW/cm2]).
Statistical Analysis. All data are presented as mean ± standard

deviation (SD). Data presentation and sample size for statistical
analysis of individual experiments are specified in figure captions.
Statistical significance of data was determined using two-tail Student’s
t- test. One asterisk (*) indicates significant differences at p < 0.05,
two asterisks (**) for p < 0.01, three asterisks (***) for p < 0.001,
and four asterisks (****) for p < 0.0001. NS was used to indicate
nonsignificant differences.
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