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Large-Sized Graphene Oxide Nanosheets Increase DC-T-
Cell Synaptic Contact and the Efficacy of DC Vaccines

against SARS-CoV-2

Qiangian Zhou, Hongjing Gu, Sujing Sun, Yulong Zhang, Yangyang Hou, Chenyan Li,
Yan Zhao, Ping Ma, Liping Lv, Subi Aji, Shihui Sun,* Xiaohui Wang,* and Linsheng Zhan*

Dendritic cell (DC) vaccines are used for cancer and infectious diseases,
albeit with limited efficacy. Modulating the formation of DC-T-cell synapses
may greatly increase their efficacy. The effects of graphene oxide (GO)
nanosheets on DCs and DC-T-cell synapse formation are evaluated. In
particular, size-dependent interactions are observed between GO nanosheets
and DCs. GOs with diameters of >1 pm (L-GOs) demonstrate strong adher-
ence to the DC surface, inducing cytoskeletal reorganization via the RhoA-
ROCK-MLC pathway, while relatively small GOs (=500 nm) are predominantly
internalized by DCs. Furthermore, L-GO treatment enhances DC-T-cell
synapse formation via cytoskeleton-dependent membrane positioning of
integrin ICAM-1. L-GO acts as a “nanozipper,” facilitating the aggregation of
DC-T-cell clusters to produce a stable microenvironment for T cell activation.
Importantly, L-GO-adjuvanted DCs promote robust cytotoxic T cell immune
responses against SARS-CoV-2 spike 1, leading to >99.7% viral RNA clearance

1. Introduction

Dendritic cells (DCs), one of the most
potent antigen-presenting cells to initiate
naive T cells, have long been harnessed for
immunotherapies to elicit antigen-specific
T cell responses to eradicate infections or
tumors.! They can also be employed to
enhance and reestablish immune func-
tions in immunocompromised individuals.
Ex-vivo-prepared DCs must be stimulated
by adjuvants to become functionally com-
petent for T cell activation.™™? Adjuvant
screening and optimization are typically
guided by the “two-signal” theory, with an
emphasis on improving antigen phagocy-
tosis and presentation by DCs (the antigen
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signal),’l promoting the expression of the
costimulatory molecules (the costimulatory
signal) or cytokine secretion.! Currently,
the most well-established GMP-compliant
adjuvants (i.e., cytokine cocktails) are
designed to augment the co-stimulatory
signal of DC-T-cell interactions by up-regu-
lating costimulatory molecules on DCs and promoting the secre-
tion of pro-inflammatory cytokines.®! Nevertheless, in patients
with cancer receiving standard DC immunotherapy, the overall
response rate of <15%° is far below expectations, indicating that
other key factors may determine DC-T-cell interactions.
Accumulating evidence shows the formation of stable of
DC-T-cell membrane conjunction is another indispensable
“pre-signal” for T cell priming, which is termed as immune
synapse (IS).”l IS formation is a tightly regulated biological
process involving the redistribution of multiple adhesion
molecules (e.g., ICAM-1, neuropilin, plexins, and spinophilin)
to the cell periphery.®l The adhesion molecules in an orderly
structure construct a peripheral adhesion ring junction around
the TCR-peptide-loaded MHC cluster to stabilize the DC-T-cell
interaction.”’*% Sustained TCR engagement initiates a phospho-
rylation cascade, triggering multiple downstream branching
signaling pathways for T cell proliferation and activation.l%
Thus, modulating IS formation between DC and T cells is likely
to be an effective novel strategy for optimizing DC vaccines.
Graphene oxide (GO) possesses beneficial physiochemical
properties for diverse biomedical applications. Increasing
evidence indicates that GOs have varying size-dependent
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interactions with the cell plasma membrane.l’?l We have also
found that larger-sized GO sheets are inclined to be located at
the edges of macrophages, instead of being internalized, likely
corresponding to the adsorption or adherence of GOs on the
plasma membrane.l¥] Moreover, membrane-coated GOs may
directly act on adhesion molecules, transducing outside-in
signaling involved in multiple biological processes.'?> These
findings collectively suggest that GOs impact DC-T-cell IS
formation and hence affect the efficiency of T cell priming by
DGs.

In this study, we comprehensively investigated the effects
of GO on the biological and functional properties of DCs, with
an emphasis on DC-T-cell synapse formation. In particular, we
systematically tested the protective efficacy of a GO-adjuvanted
DC vaccine against the newly emerged SARS-CoV-2. This coro-
navirus is the cause of an ongoing global health crisis, neces-
sitating the rapid development of effective vaccines to termi-
nate the pandemic.’” Recently, an adaptive Phase IB-II trial
was started to evaluate the safety and efficacy of an autologous
DC-based vaccine in preventing COVID-19.1¢l The ex vivo gen-
erated and functionally competent DC vaccines are expected
to offer a unique opportunity to improve the protection of
elderly and immune-compromised individuals.'”! This work is
expected to provide first-hand information for the evaluation of
SARS-CoV-2-specific DC vaccines and to offer insights into DC
vaccine engineering based on the strategy of promoting DC-T-
cell communication.

2. Results and Discussion

We characterized the morphological features of two differ-
ently sized GOs by atomic force microscopy (AFM; Figure 1a).
Single- or two-layer (bilayer with a height of 0.8-1.6 nm)
nanosheets were obtained with an average dimension of
=500 nm for the small GOs (denoted S-GOs) and =1.00 um
for the larger counterparts (L-GOs). Raman spectra showed
similar basal structure profiles with characteristic D-peaks
(1331 cm™) and G-peaks (1596 cm™) for both GO samples
(Figure S1, Supporting Information). A similar ratio of intensity
of the D band (ID)/intensity of the G band (IG) was observed
for the S- and L-GOs, indicating comparable structural
defects and extents of surface oxidation in the two GO
samples. X-ray photoelectron spectroscopy (XPS) analysis
(Figure 1b and Table S1, Supporting Information) revealed
the presence of functional groups (C—C/C=C, C—OH, C=0,
and O=C—OH) and the C/O ratios were both calculated to be
2.19, with a material chemical purity of 99.8%. Together with
similar zeta potentials (Table S1, Supporting Information),
these results indicated that S-GO and L-GO had comparable
physicochemical and structural properties, except for lateral
dimensions.

Next, various doses of GO were coincubated with DCs to
test their cytotoxicity. Cells were double labeled with pro-
pidium iodide and Annexin V (Figure 1c) and evaluated by a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cytotoxicity assay (Figure S2, Supporting Information).
DCs could tolerate GO treatment at 9 ug mL~}, with a viability
of >90%. Confocal Raman mapping (Figure 1d) indicated that
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both S- and L-GOs exhibit high levels of accumulation in
DC-located regions. Transmission electron microscopy (TEM;
Figure le) confirmed that S-GOs were predominately internal-
ized by DCs and localized in the phagosomes or lysosomes,
whereas L-GOs showed strong adherence to the surface
plasma membrane with less phagocytosis. Utilizing FITC-
covalently modified GOs, confocal microscopy (Figure 1f) cor-
roborated the TEM findings, confirming the different distribu-
tions of the two differently sized GOs in DCs. Furthermore,
a fluorescence-activated cell sorting (FACS) analysis demon-
strated that a higher percentage of DCs (>60%) were detected
with L-GOs (Figure 1g), indicating a high affinity between
L-GOs and DCs.

To gain insight into whether GOs affect DC-T-cell interac-
tions, CD8c+ T cells from OT-I TCR transgenic mice were
cocultured with GO-pretreated and OVA,s;_,¢4-bearing DCs. The
dynamic interaction between T cells and DCs was recorded by
confocal imaging for a period of more than 100 min (Figure 2a
and Videos S1-S3, Supporting Information). The contact area
between DCs and T cells and period of interaction were cal-
culated. The direct DC-T-cell contact area in the L-GO-treated
group was approximately fourfold higher than that in untreated
DCs and approximately twofold higher than that in S-GO-
treated DCs (Figure 2b). Moreover, >80% of DC-T-cell clusters
persisted for over 100 min in the L-GO-treated group, compared
to 46% in the untreated group and 17% in the S-GO-treated
group (Figure 2c). These data demonstrated that the pretreat-
ment of DCs with L-GOs dramatically increased contact with T
cells and synapse formation.

Many extraordinarily large and long-lasting DC-T-cell clus-
ters were also observed in L-GO-mediated synapse forma-
tion (Figure 2d). To determine how L-GOs interact with DCs
and T cells, FITC-labeled L-GOs were added to the DC-T-cell
coincubation system and were observed for 20 h (Video S4,
Supporting Information) for quantitative analyses of the
adherence of L-GOs to DC and T cells. Within the first 9 h
after the addition of L-GO, the binding of L-GO to the DC
membrane was temporary and unstable in an active cycle
of adsorption—dissociation—adsorption (Figure 2e). Notably,
adherence stabilized 9 h later, and an average of 15.2% of DC
membranes was coated with L-GOs. In contrast, only 2.3% of
the T cell membranes showed adsorbed L-GOs, suggesting
that the binding affinity of L-GO to T cells was substantially
lower than that to DCs (Figure 2e and Figure S3, Supporting
Information). This biased L-GO binding to the DC membrane
decreased the possibility that L-GOs physically bridge DC and
T cell membranes. As expected, less than 5% of the area of
DC and T cell co-localization contained L-GOs, revealing that
most L-GOs did not remain between cells (Figure 2f). This
finding also indicated that the adherence of L-GOs would not
interrupt molecule pairing between DCs and T cells. Never-
theless, the high binding affinity of DCs indeed contributed
to DC-T-cell clustering. With increasing time, more L-GOs
were attached to DCs and, simultaneously, the membrane-
adhered L-GOs continued to combine with adjacent DCs or
DC-T-cell clusters (Figure S4 and Video S4, Supporting Infor-
mation), finally forming a large DC-T-cell cluster. In this
process, L-GOs functioned as “nanozippers” or “double-sided
tape” to physically construct a stable microenvironment for
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Figure 1. Characterization of GOs and their interactions with DCs. a) AFM images of GO nanosheets. b) XRD pattern of GOs. c) Apoptosis analysis of
DCs after treatment with GOs at a dose of 3-36 g mL™". d) Confocal Raman mapping image of GO-treated DCs at a dose of 9 ig mL™". The Raman
spectra for denoted positions (¢, f3, 9) in the middle panel are presented in the right panel. ) TEM image of GO-treated DCs. The black arrows in
the zoomed image point to the internalized or membrane-adhered GOs. f) Images obtained by confocal microscopy. Green: FITC-labeled GOs; Red:
F-actin stained by rhodamine-conjugated phalloidin. g) The detection of GO adhered to DC membrane by FACS. Representative results from two or
three replicates are shown.
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Figure 2. L-GOs enhanced DC—T-cell synaptic contact and T cell priming. a) Dynamic interaction between DCs and T cells by confocal imaging over 100 min. Red:
DCs from tdTomato transgenic mice; Blue: CD8+ T cells from OT-I transgenic mice. b) The direct contact area of DC-T-cells determined by calculating the co-
localized areas visualized using light channels 561 nm and 405 nm in dynamic microscopy images. c) Proportional distribution of the duration of DC-T-cell adhe-
sion. d) Images of DC-T-cell clusters. Red: DCs; Green: T cells. e) L-GO absorption on respective DCs and T cells determined by calculating the co-localized areas
visualized using light channel 488 nm (FITC-labeled L-GOs) with 561 nm (tdTomato + DCs) and 405 nm (CellTrack-Blue-labeled T cells). f) Proportion of L-GO-
containing DC-T-cell synapses. Left: statistical analysis; right: representative image of co-localization of L-GOs, DCs, and T cells. g) DCs induced T cell activation,
as indicated by FACS analyses of CD69, CD107a, and CD25. T cells were gated by antibody of FITC-anti-CD8c#. Data are presented as means+s.d; n = 3-5; The
Shapiro—-Wilk test was used to evaluate normality and the Holm-Sidak method was used for multiple comparisons. *p < 0.05 compared with the control group.
#p < 0.05 compared with the S-GO group. h) T cell proliferation by detecting CFSE dye dilution. Representative results from two or three replicates are shown.
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DC-T-cell interactions, further evidenced by Video S5, Sup-
porting Information. Collectively, these data provide the first
evidence that L-GOs show dramatic selectivity for adhering to
different cell membranes. Their high binding affinity with the
DC membrane contributed to DC-T-cell clustering and their
low binding affinity with T cells prevented interference with
DC-T-cell interactions.

Upon activation, T cells sequentially upregulate a series of
inducible T cell activation antigens, including early CD69 and
late CD25, to facilitate CD8+ T cell proliferation.'®! CD107a
(LAMP-1) is a marker of the cytotoxic activity of T cells.') Our
data indicated that CD69, CD107a, and CD25 on CD8o+ T
cells were all highly upregulated after co-culture with L-GO-
treated DCs for 48 h (Figure 2g). However, S-GO-treated DCs
did not demonstrate significant increases in the levels of
these markers. In addition, T cells in the L-GO-treated group
showed a twofold higher efficiency in CFSE dye dilution in
daughter cells than that of their counterparts (Figure 2h),
indicating a highly elevated proliferation ability. Altogether,
these findings suggest that L-GO treatment greatly prolonged
DC-T-cell synaptic interactions and increased T cell activa-
tion and proliferation. Notably, free GOs of both sizes had
little effect on T cell activation (Figure S5, Supporting Infor-
mation). Moreover, L-GO treatment did not directly promote
Th1 cytokine secretion, allostimulatory molecule expression
(Figure S6, Supporting Information) and OVA,s;_,¢, presenta-
tion (Figure S7, Supporting Information) of DCs. So, L-GO-
promoted DC-T-cell IS formation may dramatically contribute
to the enhanced T cell responses, at least in the initial stage
of DC-T-cell interaction. Besides, we detected an obviously
upregulated CD40 and MHC I expression on L-GO treated
DCs after being incubated with T cells for 48 h (Figure S8,
Supporting Information), indicating there may be a positive
feedback mechanism for L-GO adjuvanted DC-T-cell interac-
tion, and all those mechanisms worked together to maximize
T cell activation.

As mentioned above, L-GOs have a bifunctional role in
mediating DC-T-cell interactions by: i) increasing direct
contact between DCs and T cells, and ii) promoting their
clustering. The latter is associated with the high binding
affinity of L-GOs with the DC membrane; however, it is still
unknown how L-GOs enhance the direct synaptic contact
between DCs and T cells. The finding that L-GOs did not
physically bridge the DC-T-cell membrane suggested that
they likely triggered a molecular mechanism that increased
DC-T-cell adhesion. Adhesion molecules that maintain inter-
actions between cells are essential for forming the supramo-
lecular activation cluster of the synapse.?” Transcriptional
changes in adhesion molecules associated with DC-T-cell
adhesion were measured by RNA sequencing (Figure S9,
Supporting Information). Of 21 adhesion molecules with known
roles in adhesion, 3 were upregulated at the RNA level in GO-
treated DCs: ICAM-1, neurophilin-1 (NPI), and plexin-A2.
Further analysis by FACS, with LPS stimulation as a positive
control, confirmed that ICAM-1 levels are significantly elevated
on the DC surface after treatment with L-GOs (Figure 3a),
whereas NP1 and plexin-A2 remained at very low levels and
were not affected by GO treatment. Furthermore, the cellular
localization of ICAM-1 was visualized by immunostaining
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(Figure 3b). Untreated- or S-GO-treated DCs showed a striking
phenomenon wherein the strongly stained areas were mainly
intracellular and scattered in or on the surface of vesicle-like
structures. In sharp contrast, ICAM-1 was mainly located on the
plasma membrane of L-GO-treated DCs, suggesting that L-GO
treatment promoted ICAM-1 translocation from the cytosol to
the DC surface.

A previous study has indicated that ICAM-1 in DCs is highly
mobile, showing continuous internalization and recycling
back to the surface of the cell membrane, and this process is
highly dependent on the organization of the cytoskeleton.?!
We visualized the organization of microfilaments and micro-
tubules in DCs. Substantially stronger F-actin and S-tubulin
staining was observed in L-GO-treated DCs than in untreated
DCs (Figure 3c,d). In addition, a large number of specialized
actin microstructures formed within the cell-plate interface by
combined F-actin and paxillin staining (Figure 3e), confirming
the dramatically enhanced cytoskeletal organization in L-GO-
adjuvanted DCs. PI3K-Akt, NF-xB, and RhoA-ROCK signaling
pathways, which are closely related to cytoskeletal organiza-
tion, were examined (Figure 3f). AKT, p65, and their activated
forms (p-AKT and p-p65) did not differ in DCs before and
after GO treatment. In contrast, the levels of ROCK and down-
stream p-MLC increased substantially after L-GO treatment.
In addition, Y27632, a specific inhibitor of ROCK, significantly
suppressed the L-GO-induced polymerization of both F-actin
and f-tubulin (Figure 3g, upper panel) and decreased the
membrane positioning of ICAM-1 (Figure 3g, lower panel).
Finally, Y27632 pretreatment, ICAM-1 blocking, or their com-
bination dramatically impaired L-GO-induced DC-T-cell syn-
apse formation (Figure 3h, up panel) and T cell activation by
detecting CD107a expression (Figure 3h below panel). How-
ever, blocking ICAM-1 exerted a very limited effect on LPS-
induced DC-T-cell conjugates, implying that ICAM-1 is spe-
cifically indispensable for L-GO-induced DC-T-cell IS forma-
tion. Collectively, the mechanistic insights into L-GO-induced
IS formation can be summarized as follows. L-GO promotes
the polymerization of F-actin and M-tubulin, especially via
the RhoA-ROCK signaling pathway, and the well-assembled
cytoskeleton accelerates ICAM-1 transportation to the cell sur-
face. Finally, ICAM-1, as a critical component of peripheral
SMAC, contributes to DC-T-cell membrane conjunction by
pairing with LFA-1 on T cells.®l However, the mechanism by
which L-GOs promote DC cytoskeletal organization remains
to be elucidated. L-GOs may directly act on integrins, as
reported previously, 2>l thereby transducing outside-in sign-
aling to produce an intriguing interaction between cytoskeletal
reorganization and adhesion control at the 1S.?2 The effect of
L-GOs may alternatively be related to their ability to generate
reactive oxygen species (ROS). L-GOs had a higher carbon rad-
ical content than that of their small counterparts (Figure S10,
Supporting Information), which might contribute to their
strong biological oxidative potential, validated by ROS produc-
tion in vitro.[?%l The elevation of ROS can directly promote the
phosphorylation of ROCK to enhance the cytoskeletal organi-
zation in DCs.*4

The above findings indicate that L-GOs are promising adju-
vants for DC vaccines based on their ability to effectively pro-
mote DC-T-cell conjunction and thereby to promote T cell

© 2021 Wiley-VCH GmbH
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activation. To further verify this, OVAs;_,64 (OVAp)-specific DC
vaccines with L-GO as an adjuvant were prepared. A cytokine-
cocktail (denoted “C-C”), the most commonly used DC vaccine
adjuvant, was used as a control. Mice were vaccinated according
to the schematic diagram shown in Figure 4a. Popliteal lymph
nodes (PLNs) were taken on day 12 to evaluate OVAp-specific
CD8+ T-cell priming. Strikingly, the numbers of OVAp-specific
CD8+ T cells were 20- and 15-fold higher for L-GO-adjuvanted
DC vaccines than for the cytokine cocktail and S-GO-adjuvanted
DCs, respectively (Figure 4b-i,c). Furthermore, two to threefold
more CD8+ T cells expressed the activation markers CD69 or
cocktail group. Antigen-recall experiments based on the detec-
tion of intracellular IFN-yand TNF-o (Figure 4b-iv,v,e) in CD8+
T cells after ex vivo re-stimulation with OVAp corroborated the
above results and further confirmed the antigen-specific CD8+
T cells in immunized mice. Taken together, these data suggest
that the in vivo administration of L-GO-adjuvanted DC vaccines
primed a robust antigen-specific CD8+ T cell response, which
far exceeded the response to the conventional adjuvanted DC
vaccine.

To test the protective efficacy of GO-adjuvanted DC vac-
cines against viral infection, we constructed a recombinant
adenovirus of serotype 5 (AdFLO) bearing OVA (target gene)
and firefly luciferase (marker gene). The intravenous delivery
of AdFLO predominantly leads to liver infection, which can be
quantified by bioluminescence imaging.l*! The immunization
and viral challenge followed the schedule shown in Figure 4f.
We observed a comparable light intensity in all immunized
mice 12 h after viral challenge, indicating that the viral inocula-
tion was uniform and endogenous CTLs had not yet exerted an
obvious killing effect at this time point (Figure 4g,h). At 48 h,
we observed a dramatically decreased viral load in the L-GO-
adjuvanted group, with an approximately sixfold higher clear-
ance efficiency than that of the cytokine-cocktail-adjuvanted
group. Consistently, significantly higher infiltration of CTLs
was found in the inflammatory lesions of liver sections in mice
injected with L-GO-adjuvanted DCs (Figure 4ij), confirming
the robust antigen-specific cytolytic immune response. Fur-
thermore, the protective efficacy of L-GO adjuvanted DC vac-
cines was significantly discounted by Y27632 pretreatment,
indicating the Rho-ROCK-MLC-ICAM-1 positing is also critical
to L-GO mediated in vivo DC-T-cell interaction (Figure S11,
Supporting Information). In addition, as the Y-27632 treatment
had little effect on LPS adjuvanted DC function, indicating the
forementioned signal pathway is specifically indispensable for
L-GO adjuvanted DCs.

The above results demonstrated that L-GO-adjuvanted DCs
elicited robust antigen-specific CD8+ T cell responses and
could be potential adoptive cell vaccines to protect against viral
infection. Recently, an adaptive Phase IB-II trial to evaluate
the safety and efficacy of an autologous DC-based vaccine

www.advmat.de

in preventing COVID-19 in adults was started.'¥! This trial
emphasized the recruitment of elderly patients and others
at a higher risk of poor outcomes after COVID-19 infection.
The rationale lies in the fact that aged individuals exhibit a
reduction in certain DC populations!”>2%] and obvious dys-
functions of DCs, including impaired phagocytic capacity,*’]
altered cytokine production,?®! and a failure to activate naive
CD8+ T cells into cytotoxic T cells.l?)) The dysfunction of DCs
might compromise the protective efficacy of vaccines cur-
rently under development, as reported for other vaccines.[72]
In this regard, ex vivo-generated and functionally competent
DC vaccines might offer a unique opportunity to improve the
protection of elderly and immune-compromised individuals
against the ongoing COVID-19 pandemic. Encouraged by the
remarkable T cell-priming capacity of L-GO-adjuvanted DCs,
we further evaluated whether this approach could be employed
to defend against SARS-CoV-2 infection. DCs adjuvanted with
L-GOs or cytokine-cocktail were ex vivo pulsed with spike
1 proteins from SARS-CoV-2 and adoptively injected into
recipient mice following the vaccination procedure shown in
Figure S12, Supporting Information. After two immunizations,
recombinant vectors carrying Spikel-IRES-Fluc were direction-
ally delivered to the lungs of recipient mice. The reduction
in Fluc light intensity was calculated to quantify anti-spike
1 CTL functions. All immunized mice showed equivalent
luminous efficacies at 12 h posttransfection (Figure 5a,b).
At 48 h, the light intensity in mice immunized with Spike
1-pulsed DCs was dramatically lower than that of mock-treated
animals, indicating the elicitation of spike 1-specific CTLs. In
addition, mice immunized with L-GO-adjuvanted DCs showed
maximum light reduction; light intensity was more than two-
fold lower than that observed for cytokine-cocktail-adjuvanted
DCs. Apoptosis dependent on Fas ligand (FasL)/Fas or TNF
is one of the essential pathways by which CTLs kill antigen-
expressing target cells. TdT-mediated dUTP nick-end labeling
(TUNEL) (Figure S13, Supporting Information) (Figure 5c, left
panel) demonstrated significantly higher levels of apoptosis of
lung epithelial cells in mice immunized with L-GO-adjuvanted
DCs. In addition, immunohistochemical staining of infiltrated
CD8c+ T cells (Figure 5S¢, right panel) corroborated the apop-
tosis results, showing that CTL infiltration was highest in the
L-GO-adjuvanted group.

An adoptive cell transfer experiment was employed to con-
firm the therapeutic effects of the elicited anti-spike 1 CTLs
to eradicate target cells, following the scheme summarized in
Figure S14 (Supporting Information). Significant enlargements
of the spleen, PLNs, and inguinal lymph nodes (ILNs) were
found in mice immunized with spike 1-pulsed DCs (Figure
S15, Supporting Information), especially with L-GO-adjuvanted
DCs. Next, 5 x 10° purified CD8+ T cells pooled from the spleen
and LNs were adoptively injected into recipient mice. At 24 h,
light signal reduction was greatest in mice that received CD8+

of the Rho-ROCK-MLC signaling pathway detected by Western blotting. g) Effect of blocking the Rho-ROCK signaling pathway by Y27632 on DC
cytoskeletal organization (top) and ICAM-1 translocation (bottom); data are presented as means=*s.d.; n = 7-12; *p < 0.05 by one-tailed t-test;
NS: not significant. h) Effect of Y27632 pretreatment or ICAM-1 blocking on DC-T-cell synapse formation and CD107a expression on CD8+ T
cells. Red: OVA-bearing DCs stained by Dil dye; green: OT-1-mice-derived CD8+ T cells labeled by CSFE. Representative results from two or three

replicates are shown.
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Figure 4. In vivo T cell priming and antiviral effect of DC vaccines. a) Schematic diagram of DC vaccination process. b) CD8+ T cells primed by DC
vaccines. The OVA;s;_s¢4-specific CD8+ T cells in PLNs were detected by OVA tetramer (i), activated CD8+ T cells were detected by staining CD69

are summarized in (c)—(e). f) Schematic diagram of DC vaccination and viral challenge. Data are presented as means+s.d.; n = 5; Tukey tests were
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T cells from the L-GO-adjuvanted group (Figure 5d.e). Impor-
tantly, mice that had received the “CD8+ T cell depleting lym-
phocytes” from mice immunized by L-GO-adjuvanted DC vac-
cines showed no significant light decrease, confirming that the
CD8+ T cells were the key mediator for the observed protec-
tivity. These data collectively indicate that L-GO-adjuvanted DC
vaccines, excelling over the conventional “C-C” group, induced
robust cytotoxic T cell immune responses against SARS-CoV-2
and protected recipients by promptly eradicating antigen-
bearing target cells.

A mouse-adapted strain of a clinical SARS-CoV-2 isolate
was used to validate the protective efficacy of L-GO-adju-
vanted DC vaccines. This adapted SARS-CoV-2 strain con-
tains an N501Y mutation at the receptor-binding domain
of the spike protein and can replicate and cause interstitial
pneumonia in BALB/c mice.3! Mice were injected with two
doses of DC vaccines at a 1-week interval (Figure 5f), and
3 d after the last vaccination, all immunized mice were intra-
nasally challenged with 1.6 x 10* pfu of the adapted SARS-
CoV-2 at passage 6 (called MASCp6). All mice were sacrificed
3 d after viral inoculation for virological and histopatholog-
ical analyses. High copy numbers of viral RNAs (>10'/tissue
[g]) were detected in the lungs of mock-treated mice (unim-
munized or vaccinated with naive DCs). The cytokine-cock-
tail or S-GO-adjuvanted DC vaccination reduced the RNA
load by approximately 100-fold. In contrast, L-GO-adjuvanted
DC vaccines achieved >1500-fold RNA load reduction, that
is, more than 99.7% of viral copies were cleared from lung
tissues (Figure 5g). Moreover, levels of SARS-CoV-2 spike
protein were high in the lungs of mock-treated mice, pre-
dominantly co-localized with CC10+ club cells and distrib-
uted in bronchi and bronchioles (Figure 5h). In contrast, a
dramatically weakened fluorescence signal was detected in
immunized mice, with the weakest signal obtained from
the L-GO-adjuvanted group. Consistently, MASCp6-induced
pulmonary damage was attenuated in mice vaccinated with
L-GO-adjuvanted DCs (Figure 5i). It is worth noting that the
enhanced protective efficiency of L-GO adjuvanted DC vac-
cines in the SARS-CoV-2 challenged mice model may ben-
efit from both the humoral and cellular immune responses.
SARS-CoV-2 spikel specific IgG could be detected in the
serum of all immunized mice by spike 1-bearing DCs
(Figure S16, Supporting Information). In addition, L-GO
adjuvanted DCs induced a much higher level of IgG than
S-GO or cytokine-cocktail adjuvanted DCs, suggesting the
L-GO increased DC-T-cell interaction may not be confined
to CD8+ T cells.

Finally, the protective efficacy of DC vaccines adjuvanted
by L-GOs, GM-CSF, cytokine-cocktail and LPS, respectively,
was also compared in parallel based on the mice model in
Figure 5a. L-GO-adjuvanted DCs achieve a comparable vaccine
efficacy with LPS-adjuvanted ones and have more advantages
than the currently used cytokine-cocktail and GM-CSF adju-

www.advmat.de

vanted ones in priming in vivo spikel specific CTLs (Figure S17,
Supporting Information).

Indeed, similar to all graphene-based materials, GOs also
face the challenge of going through preclinical tests to accel-
erate conversion. Nevertheless, as an adjuvant of ex vivo pre-
pared DC vaccines, >90% GO was removed by centrifugal
washing before injection in vivo. This means that <1.0 pug of
GO was subcutaneously injected per mouse, which was three
orders of magnitude lower than the well-tolerated dose in
vivo according to a previous report.?!] In addition, the route
of subcutaneous delivery can avoid the direct entry of GOs
into the systemic circulation, greatly reducing potential haz-
ards. A complete blood cell count (Table S2, Supporting Infor-
mation) one week after the last DC vaccination revealed no
statistically significant differences from values obtained for
untreated mice. Moreover, no obvious histological changes
were observed in the liver, lung, kidney, spleen, brain, pan-
creas, heart, intestine, footpad (the injected position), or PLN
of L-GO-adjuvanted mice (Figure S18, Supporting Informa-
tion). Thus, L-GO could be considered an exploitable nano-
adjuvant of the adoptive DCs vaccine that can be potentially
used for future biomedical applications, although much more
research is needed.

The following three pathways were involved in L-GO-
enhanced ability of DCs to prime endogenous T cells. i) L-GO-
induced DC cytoskeletal reorganization allows increased
DC draining to LNs (Figure S19, Supporting Information),
thereby increasing the probability that DCs encounter
matched naive T cells. ii) Highly expressed ICAM-1 on DCs
resulting from membrane positioning can aid in arresting
more continuously passing naive T cells in LNs and in sta-
bilizing the contact of DC-T-cells via ICAM-1/LFA-1 pairing
(Figure S20, Supporting Information). iii) Due to the high
binding affinity, a part of DC-absorbed L-GOs also drained to
LNs along with migratory DCs (Figure S21, Supporting Infor-
mation), which can also act as a cellular zipper to promote
the formation of mega DC-T-cell clusters in LNs (Figure S20,
Supporting Information), thus providing sustained stimuli
for in vivo T cell activation.

3. Conclusion

The overall process and mechanism of action of GOs in the
current study are presented in Figure 6. The lateral size of the
GO nanosheets largely determined the interaction dynamics
between GOs and DCs. GOs with diameters of >1 um demon-
strated strong adherence to the surface of the DC membrane
and thus promoted cytoskeleton reorganization specifically
via the RhoA-ROCK-MLC signaling pathway. The formation of
ultra-large DC-T-cell synaptic clusters was observed in vitro,
where CD8+T cell activation and proliferation were dramati-
cally augmented. L-GO-induced and cytoskeleton-dependent

used for multiple comparisons; N.D.: not detectable; *p < 0.05 compared to the OVAp/C-C/DCs group, #p < 0.05 compared to OVAp/S-GO/DCs.
g,h) Bioluminescence imaging and statistical analysis of AdFLO infection in the liver. Red arrow: CD8+ T cells. i) Infiltration of CTLs into the liver
detected by immunohistochemical staining. j) Statistical analysis of T cell infiltration; data are presented as means+s.d.; n = 6; *p < 0.05 by the
Holm-Sidak method; NS: not significant. Representative results from two or three replicates are shown.
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Figure 5. The priming of CTLs by DC vaccines against SARS-CoV-2. a) Bioluminescence imaging and b) statistical analysis of the clearance of spike 1
in the lungs. Data are presented as meansts.d.; n=5; the Holm-Sidak method was used for multiple comparisons; N.S.: not significant. c) Statistical
data for TUNEL (Left panel) and CD8+ T cell staining of lung sections. Data are presented as means+s.d.; n=5; *p < 0.05 by the Holm-Sidak method;
NS: not significant. d) Bioluminescence imaging of the clearance of spike 1 and e) a statistical analysis for adoptively transfused purified CD8+T cells
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Figure 6. Schematic illustration of large-sized graphene oxide enhancing DC-T-cell synaptic contact and magnifying DC vaccine efficiency against
SARS-CoV-2. a) The high binding affinity of L-GOs with DC membrane promoted DC-T-cell clustering. b) L-GOs enhance DC-T-cell synapse forma-
tion via cytoskeleton-dependent membrane-positioning of integrin ICAM-1. c) The footpad-injected DC vaccines prime T cells in PLN. d) SARS-CoV-2

spike-1-specific cytotoxic T cells and anti-SARS-CoV-2 spike 1 antibodies corporately clear the infections.

ICAM-1 translocation from the cytosol to the DC sur-
face contributed to enhanced DC-T-cell adhesion. In this
respect, L-GOs are expected to be universal and prom-
ising candidates as adjuvants for DC vaccines. As-prepared
DCs induced more than a 20-fold higher antigen-specific
CD8+ T cell response than cytokine-cocktail adjuvanted DCs
and achieved a substantially higher protective effect against
SARS-CoV-2 infection, resulting in >99.7% viral RNA clear-
ance from lung tissues. These robust anti-SARS-CoV-2
immune responses induced by DC vaccines could provide
a favorable reference for developing personalized antiviral
therapy to fight against the COVID-19 global pandemic. More
importantly, our systematical investigation of the interaction
between GOs and DCs revealed, for the first time, the crucial
roles of nanosheet-shaped 2D materials in promoting DC-

T-cell IS assembly, providing new insights for DC vaccine
engineering based on the strategy of promoting DC-T-cell
communication.

4. Experimental Section

All animal experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved by the Committee on Animal Care and
Use of the Academy of Military Medical Sciences (Approval No.:
IACUC-DWZX-2020-002).

Data were analyzed using Sigmaplot Software (Version 12, San Diego,
CA, USA). A Dunnett's t-test or one-way analysis of variance (ANOVA)
was used to analyze the normally distributed data. Nonparametric
testing was used to analyze the non-normally distributed data. P < 0.05
was considered to indicate a significant difference.

isolated from spleens and PLNs of immunized mice. Data are presented as meansts.d. n = 4; the Holm-Sidak method was used for multiple com-

parisons;

*p < 0.05; NS: not significant. f) Schematic diagram of vaccination and viral challenge. g) Quantification of SARS-CoV-2 viral RNA in lungs

of infected mice. Data are presented as means+s.d.; n = 4-6; the Holm-Sidak method was used for multiple comparisons and t-tests were used for

pairwise comparisons;

*p <0.05; NS: not significant. h) Visualization of spike 1 and CC10 expression in lung sections. Green: SARS-CoV-2 Spike 1; red:

CC10+ cub cell; blue: nuclei. i) Hematoxylin & eosin staining of lung sections. n = 4-6.
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Details of the used reagents, antibodies, and methods can be found
in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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