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An important aspect of immunotherapy is the ability of dendritic cells (DCs) to prime T cell immunity, an
approach that has yielded promising results in some early phase clinical trials. However, novel approaches
are required to improve DC therapeutic efficacy by enhancing their uptake of, and activation by, disease
relevant antigens. The carbon nano-material graphene oxide (GO) may provide a unique way to deliver
antigen to innate immune cells and modify their ability to initiate effective adaptive immune responses.
We have assessed whether GO of various lateral sizes affects DC activation and function in vitro and
in vivo, including their ability to take up, process and present the well-defined model antigen ovalbumin
(OVA). We have found that GO flakes are internalised by DCs, while having minimal effect on their viability,
activation phenotype or cytokine production. Although adsorption of OVA protein to either small or large
GO flakes promoted its uptake into DCs, large GO interfered with OVA processing. In terms of modulation
of DC function, delivery of OVA via small GO flakes significantly enhanced DC ability to induce prolifer-
ation of OVA-specific CD4* T cells, promoting granzyme B secretion in vitro. On the other hand, delivery
of OVA via large GO flakes augmented DC ability to induce proliferation of OVA-specific CD8" T cells, and
their production of IFN-y and granzyme B. Together, these data demonstrate the capacity of GO of
different lateral dimensions to act as a promising delivery platform for DC modulation of distinct facets of
the adaptive immune response, information that could be exploited for future development of targeted
immunotherapies.

Dendritic cells (DCs) are important innate antigen (Ag) pre-
senting cells (APCs) that patrol tissues for foreign organisms
and materials, which they have potent ability to recognise,
capture and process for presentation to, and activation of, T
cells."” The composition of such Ags, and environmental
signals present during their uptake, directly impacts DC acti-
vation and function, conferring immunogenic or tolerogenic
ability.’"® Pathogens, microbial or danger associated molecular
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patterns (PAMPs, MAMPs or DAMPs), and Ags containing or
contaminated with such (including endotoxins), can enable
DCs to promote the activation and differentiation of T cells
into diverse effector states (Tex).” These cues usually trigger
DC activation, termed ‘maturation’, whereby Ag processing is
enhanced, expression of peptide major histocompatibility
complexes (MHCII/MHCI) and co-stimulatory molecules is
increased, and cytokines necessary for T.¢ polarisation are pro-
duced.® DCs also possess the ability to induce tolerance to
innocuous signals,” in part by promoting the differentiation of
naive T cells into immunosuppressive regulatory T cells (Tregs)-
Thus, how DCs encounter and respond to Ag plays a pivotal
role in shaping their capacity to modify the character of T cell
responses.”*°

The central ability of DCs to induce and direct Ag specific T
cell responses has highlighted the potential effectiveness of
these specialised immune cells in immunotherapy of cancer,
autoimmune diseases and transplant rejection."*™** DC based
immunotherapy has yielded promising results in early phase
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clinical trials for conditions such as breast cancer, rheumatoid
arthritis, multiple sclerosis and solid organ rejection after
transplant.>™'® However, candidate Ags can be poorly immu-
nogenic, and the efficacy of methods employed to boost pro-
tective responses, such as adjuvants, can be variable.'®*°
Therefore, more refined approaches are needed to enhance DC
ability to generate appropriate immune responses against can-
didate therapeutic Ags.

A variety of nanomaterials are finding applications in the
therapy of cancer. Functionalised carbon nanoparticles can be
used as molecular carriers for drug delivery, due to their
ability to enhance cellular uptake of Ags.”"** More recently,
graphene has also attracted increasing interest with regards to
its biomedical applications. Graphene has a variety of physio-
chemical characteristics relevant to biomedical application,
including a very large surface area and high mechanical
strength and flexibility, that play a critical role in determining
their interactions with biological matter.>>** Graphene oxide
(GO), an oxidised derivative of graphene, is rich in oxygen
groups that significantly increase its hydrophilicity and bio-
compatibility, while its large surface area and functional
groups allow for efficient conjugation and loading of bioactive
molecules.”® This high loading capacity has started to be
exploited for the delivery of anti-cancer genes, tumour Ags and
chemotherapeutics.>® However, limited information is avail-
able regarding the inherent immunogenicity of GO, as well as
its impact on the ability of DCs to initiate and direct immune
responses.

Although various carbon nanoparticles, including GO, are
readily taken up by DCs,”” current evidence on how GO influ-
ences DC activation and function is somewhat conflicting.”®>°
One recent study demonstrated that GO loaded with the
glioma Ag survivin induces a potent DC-mediated anti-glioma
response in vitro.*® However, an earlier study suggested that
GO inhibits DC presentation of the model Ag OVA, dependent
on down regulation of the immunoproteasome Ag processing
subunit LMP7, responsible for MHCI presentation.>” Further,
GO lateral dimensions may be a crucial factor in material
uptake and innate cell activation, with large GO (LGO) able to
promote more pro-inflammatory polarisation in a murine
macrophage cell line, as well as in in vivo murine models.*! In
contrast, small GO (sGO) flakes appear to elicit activation of
human monocytes, when compared to large.** It is becoming
increasingly clear that it is vital to understand whether con-
flicting reports of GO inflaimmatory potential are a result of
material production method variability, including possible
levels of endotoxin contamination.*®

We have carefully investigated the immunogenicity of endo-
toxin-free GO of different lateral dimensions and defined its
impact on DC activation and function in vitro and in vivo,
including ability to take up, process and present OVA to CD4"
and CD8" T cells. We found that sGO flakes were readily inter-
nalised by DCs, while having minimal effect on their viability,
activation phenotype or cytokine production. LGO flakes were
found to predominantly interact with the plasma membrane
of DCs, while displaying a similarly muted impact on DC viabi-
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lity or activation. Although adsorption of OVA protein to either
small or LGO flakes promoted its uptake into DCs, LGO inter-
fered with its processing. In terms of modulation of DC func-
tion, delivery of OVA via sGO flakes significantly enhanced DC
ability to induce proliferation of OVA-specific CD4" T cells
in vitro. On the other hand, delivery of OVA via LGO flakes aug-
mented DC ability to induce proliferation of OVA-specific CD8"
T cells, and their production of IFN-y and granzyme B. These
data establish that endotoxin-free GO of different lateral
dimensions displays minimal inherent ability to induce DC
maturation. Despite this, they also show that GO flake lateral
dimension governs DC ability to promote Ag-specific CD4" or
CD8" T cell activation, proliferation and cytokine secretion.
This information increases fundamental understanding of the
biological effects of GO derivatives on immune response
induction, which could enable future development of novel
immunotherapies for diverse conditions in which the modu-
lation of cellular immunity is critical.

Results
Synthesis and characterisation of small and large GO flakes

In order to synthesise thin (one to two layers thickness), highly
pure and endotoxin-free GO of different lateral dimensions for
biomedical applications, we have optimised the modified
Hummers’ method.>* Exhaustive characterisation of sGO and
LGO was performed as previously described®! and is summar-
ised in Table S1 and Fig. S1, S2.1 Aqueous suspensions of GO
were well-dispersed, brownish in colour, stable at room temp-
erature, and of no endotoxin content (using a TNF-a
expression assay) (Table S1 and Fig. S17).

GO affects DC viability in lateral size and dose dependent
manner

To explore the potential of GO as an immunomodulator for
targeting of DCs in biomedical applications, as well as a poten-
tial platform for DC mediated immunotherapies, we assessed
the effect of LGO and sGO on DCs in culture, initially focuss-
ing on viability. Variable concentrations of LGO and sGO were
incubated with murine bone marrow derived DCs (BMDCs) for
18 h, and their viability assessed by flow cytometry. LGO or
sGO at lower concentrations exhibited negligible toxicity
against DCs (Fig. 1A), with significantly reduced viability only
evident at the higher doses of LGO, and the highest dose of
sGO (Fig. 1A and B). Based on these data, 5 pg ml™" sGO or
LGO was employed in subsequent experiments.

Internalisation of sGO and LGO by DCs

To identify how effectively GO flakes were internalized, BMDCs
were cultured with 5 pg ml™ sGO or LGO for 18 h. An overlay
of confocal DIC images with Raman spectroscopy 2D mapping
showed definitive co-localisation of the typical GO Raman shift
with BMDCs (Fig. 1C). However, it was not possible to con-
clude definitively from these images whether GO was located
intracellularly or attached to the surface membrane of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Effects of GO lateral size on bone marrow derived dendritic cell viability and internalisation pattern. (A and B) BMDCs were incubated with
sGO or LGO at a range of concentrations or LPS (100 ng ml™Y) for 18 h. (A) Cellular viability was assessed via Zombie UV dye exclusion in CD11c*
DCs. (B) A representative flow cytometry histogram demonstrating Zombie UV negative DCs after 50 pg ml™* GO. (C—F) BMDCs were incubated with
media, sGO (5 pg ml™) or LGO (5 pg ml™) for 18 h and GO localisation was assessed. (C) Raman mapping allowed for localisation of GO relative to
DCs following GO challenge. Raman mapping (1 = 633 nm, 0.4 mW, area size = 0.3 mm?, spatial resolution = 1 pm) of DCs challenged with media
only (control), sGO or LGO. Representative images are provided for each condition (insets provide higher magnification for each sample). GO abun-
dance is measured in counts per second (cps) of Raman scattered photons per second (n = 9). Scale bar: 200 pm. (D) Representative ultra-structural
interactions of dendritic cells with sGO and LGO shown using TEM, at high magnification (scale bar: 200 nm for control, 500 nm for sGO and LGO).
(E) Representative selected area electron diffraction (SAED) pattern of each sample were obtained in respective regions circled in (D) to evidence the
crystalline nature of the material probed, hence confirming presence or absence of GO (small peak in orange profile). For clarity, the profiles of the
SAED patterns are given relative to the reference resin SAED profile, here in black. The region of the reciprocal distance of 4.7 nm™ has been high-
lighted in yellow. At this reciprocal distance, from the centre of the SAED pattern, the lattice reflection of graphene [10, 10] innate to this carbon
crystal is expected to result in a peak, as can be observed in both sGO and LGO treated samples. (F) Uptake of GO (excitation at 594 nm/emission at
620-690 nm, red) was imaged using a confocal microscope. DC plasma membranes were stained with CellMask Green plasma membrane stain
(excitation at 488 nm/emission max at 520 nm, green). Scale bars represent 10 um. (A) The data are shown as mean + STDEV (data is representative
of 1 of 3 independent experiments each with 3 intra experimental replicates). Data were analysed using two-way ANOVA with Bonferroni's post hoc
test, *p < 0.05 **p < 0.01 ***p < 0.001. (B) * above symbols versus control.

cells. Transmission electron microscopy (TEM) was therefore images, the nature of the materials found in cells (sGO) or
performed on cell sections and showed that sGO was clearly their close vicinity (LGO) was confirmed using Selected Area
located in intracellular regions of the BMDCs, whilst LGO was Electron Diffraction (SAED), which highlighted the typical elec-
aligned with the plasma membrane (Fig. 1D). In these TEM tron diffraction of graphene crystals absent in non exposed
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cells (Fig. 1E). Consistent with the TEM images (Fig. 1D), live
cell confocal microscopy exploiting the autofluorescent pro-
perties of GO showed that sGO was readily taken up by BMDCs
and localised to an intracellular vesicular compartment,
whereas LGO was more associated with the extracellular
plasma membrane (Fig. 1F).

GO has minimal impact on DC activation

DCs can express a wide range of surface proteins that reflect
their activation phenotype and function.*> Immature BMDCs
were cultured for 18 h with sGO (5 pg ml™"), LGO (5 pg m1 ™),
medium alone as a negative control or LPS (100 ng ml™") as a
positive control and expression of maturation markers CD86,
CD80, CD40, CD83, MHCII and MHCI were evaluated by flow
cytometry. sGO or LGO had little effect on expression of CD86,
CD80, CD40 or MHCII, when compared to medium alone
(Fig. 2A, B and Fig. S31). However, both sGO and LGO signifi-
cantly increased expression of the putative costimulatory mole-
cule CD83 (Fig. 2A, B and Fig. $31).>® LGO also caused a small,
but significant, increase in the expression of MHCI and MHCII
(Fig. 2B and Fig. S3f). Similar to maturation marker
expression, GO had little measurable effect on DC cytokine
secretion. sGO failed to stimulate production of the inflamma-
tory mediators TNF-a, IL-6, IL-12p40, IL-12p70, or regulatory
IL-10, when compared to medium alone (Fig. 2C). In contrast,
LGO induced a small but significant increase in DC pro-
duction of TNF-a, IL-6 and nitric oxide (NO) (Fig. 2C).
Together, these data indicate that neither sGO nor LGO dra-
matically activate BMDCs in terms of surface phenotype or
cytokine production.

GO modifies DC Ag uptake and processing

A key function of DCs is the Ag-specific activation of T cells, a
process that relies on efficient protein uptake, intracellular
processing and presentation of antigenic peptides via MHC/
peptide complexes to T cells via their surface receptors
(TCRs).>>?” To determine how GO might alter Ag-presenting
activity of DCs, we first assessed whether GO could affect
initial uptake of OVA. Taking advantage of the physicochemical
properties of GO, which allow for efficient loading of bioactive
proteins, we adsorbed OVA conjugated to the pH insensitive
fluorophore AlexaFluor 647 to sGO or LGO. BMDCs were incu-
bated with OVAppesy OF GO-OVA,res; complexes, and uptake of
fluorescent OVA assessed by flow cytometry (Fig. 3A).
Approximately 2-3 times more DCs internalised Ag when
bound to sGO or LGO than soluble OVA alone (Fig. 3B and C).
Live cell confocal microscopy showed that OVA,pes, localised
to an intracellular compartment when DCs were incubated
with OVAyrpes; alone or sGO-OVAupes; complexes (Fig. 3D).
However, less uptake was observed upon treatment with LGO-
OVAppes; (Fig. 3D), which correlated with the histogram in
Fig. 3B highlighting fluorescence on a per cell basis. Next, we
investigated the effect of GO on OVA processing using a pH-
insensitive self-quenching OVA conjugate (OVApq), which fluor-
esces upon lysosomal proteolysis (Fig. 3E). OVApqg was
adsorbed to sGO or LGO, then DCs incubated with OVApq or
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GO-OVApg complexes, and degradation of OVA assessed by
flow cytometry. DC uptake of OVApq alone resulted in its
degradation, as expected (Fig. 3F), with adsorption of OVApq to
sGO having no measurable effect on this. However, adsorption
to LGO significantly attenuated OVA degradation when com-
pared to OVApq alone (Fig. 3F). Processing of OVApq was
assessed by live cell confocal microscopy, which corroborated
the uptake and processing kinetics determined by flow cyto-
metry (Videos S1-S47). Together, these results reveal that size
is an important factor in determining GO influence over DC
internalisation and/or degradation of protein Ags.

GO Ag delivery modifies DC activation of CD4" T cells

To determine the influence of GO on DC ability to provide
surface MHC-restricted Ag and costimulation for T cell acti-
vation, OVA alone, or OVA adsorbed to sGO or LGO (Fig. S27),
was added to immature BMDCs, which were then co-cultured
with CFSE-labelled OT-II CD4" T cells (Fig. 4A). T cell prolifer-
ation was then assessed by flow cytometry (Fig. 4B and C).
Although co-culture with naive DCs or DCs pulsed with soluble
OVA protein induced limited T cell proliferation, OVA adsorbed
to sGO or LGO resulted in comparatively more T cell division
(Fig. 4B and C). Notably, sGO-OVA DCs induced significantly
more CD4" T cell proliferation than LGO-OVA DCs (Fig. 4B and
C). In contrast to the enhanced DC induction of CD4" T cell
proliferation evident with GO adsorbed to OVA protein, GO
adsorbed to MHCII-restricted OVA peptide (OVA3z,3; OVAzz3_330;
ISQAVHAAHAEINEAGR) interfered with DC induction of OT-II
proliferation (Fig. 4D and E).

In terms of cytokines, the level of IL-2, responsible for pro-
liferation and differentiation of CD4" T cells into effector T
cells (Tefr), regulatory T cells (Tyeg) and memory T cells,’® was
significantly upregulated in DC/OT-II co-cultures containing
sGO-OVA DCs, compared to DCs exposed to OVA alone or
LGO-OVA (Fig. 5A). Th1 associated IFN-y, Th2 associated IL-4,
IL-5 and IL-13, Th17 associated IL-17A or Ty, associated IL-10
were all undetectable, regardless of culture conditions.
However, the level of secreted granzyme B, a cytotoxic protease
typically released by CD8" T cells,*® was also found to be sig-
nificantly increased in co-cultured OT-II cells with sGO-OVA or
LGO-OVA treated DCs (Fig. 5A). In addition to modulating
OVA-specific proliferation and cytokine secretion, GO when
adsorbed to OVA significantly increased DC induction of the
IL-2 receptor alpha chain CD25 on OT-II cells, and increased
expression of Foxp3 on dividing OT-II cells (Fig. S4A and Bf).
In keeping with impaired proliferation (Fig. 4D and E), OT-II
cells cultured with sGO-OVA;,3; or LGO-OVA;,; DCs showed
reduced cytokine production in comparison to those cultured
with OVA;3,3DCs (Fig. 5B).

Together, these data indicate that GO, and sGO in particu-
lar, can enhance the ability of DCs to process and/or present
protein Ag to activate CD4" T cells. In notable contrast, they
also suggest that either sGO or LGO impair DC ability to
present exogenous peptides to CD4" T cells.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02169b

Open Access Article. Published on 14 November 2022. Downloaded on 11/21/2022 4:04:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper

A

A

. 3 g i < 3 s
0?0 et wf 0?0 wd ot of PR 10t 10® ©0° o w0 o o ° o w0 1of

MHCIl| ————  MHC| ———

% of Max ——»

al

»  CD40 » CD83 —
150+ 150 100 ok
:eg ok :% ok :? 80
Q 100 b=y Io
o * Saad g 10 = O 60 L
+° - ‘Q ’0
- = . T 40
9 504 o g s0 £ %= o
ES % “Svo- = ® 20
R . i
T T T T 0 T T T T L T T T T
Media sGO LGO  LPS Media sGO LGO  LPS Media sGO LGO  LPS
*x
80 i 110+ 8
O~ Hekk ek — ek
+ + *x -
2 60 e il o G 1001 g ge
S z *x =
. . :
© 40 © 904 © 4
i : > :
220 o 80 % =5 *2
0 . . r v 70 . , r . ol ago e g .
Media sGO LGO  LPS Media sGO LGO  LPS Media sGO  LGO  LPS
C
8- 15007 800+ .
61 = 1000+ =600
— = £
E 41 £ 500 5400-
o ek E ke b3 .
£ 2 e S 200
303 o s ° ok 38
2o 2 2 S
= 54
0.1 1 = 21
0.0- o- o-
Media sGO LGO  LPS Media sGO LGO  LPS Media sGO LGO  LPS
80- - 10- - 60 .
P~ 8-
ASIJ- T o 5140
= 40 £
£ . ® 2
gm‘ = 2 220
=20 =03 o 2
o ok o o
1.5+ N o] 2
5 No.2 £
= 1.0 P z1 ik ok
0.54 "
0.0- 0.0- o
Media sGO LGO LPS Media sGO LGO LPS Media sGO LGO LPS

Fig. 2 Graphene oxide has minimal effect on BMDC activation and cytokine production. BMDCs were incubated with medium alone, sGO (5 pg
ml™Y), LGO (5 pg ml™) or LPS (100 ng ml™) for 18 h and (A) phenotypic activation analysed by flow cytometry. (B) % of CD11c* cells expressing
CD86, CD80, CD40, CD83, MHCII and MHCI, as assessed by flow cytometry (C) Levels of cytokines TNF-q, IL-6, IL-12p40, IL-10, IL-12p70, and nitric
oxide (NO), secreted into the media, as analysed by ELISA. Data are presented as mean + STDEV (data is representative of 1 of 3 independent experi-
ments each with 3 intra experimental replicates). Statistical analysis was performed by one-way ANOVA with Bonferroni's post hoc test, *p < 0.05,
**p < 0.01, ***p < 0.001 (above bars versus control).

GO Ag delivery modifies DC activation of CD8" T cells BMDCs were able to cross-present exogenous OVA Ag via

MHCI, as measured by induction of OT-I proliferation (Fig. 6B
We next examined the ability of DCs cultured with GO-OVA and C). Although sGO-OVA had little influence over the ability
complexes to stimulate CD8" T cells. OVA alone or adsorbed to  of DCs to induce OT-I proliferation compared to OVA alone,
sGO or LGO was added to immature BMDCs, which were then LGO-OVA significantly increased this aspect of CD8" T cell
co-cultured with CFSE-labelled OT-I CD8" T cells (Fig. 6A). activation (Fig. 6B and C). In contrast, LGO adsorbed to the

This journal is © The Royal Society of Chemistry 2022 Nanoscale
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Fig. 3 sGO and LGO enhance DC Ag uptake, while LGO impairs antigen processing. (A) Schematic illustrating the phagocytosis of fluorescently
labelled OVAare47 into BMDCs. (B—D) BMDCs were incubated with 10 pg ml™ OVA-AlexaFluor647 or GO-OVApres; complexes (5 pg: 10 pg) for
30 min. (B and C) Uptake of OVA was quantified by flow cytometry. (D) Uptake of OVAxrs47 (excitation at 633 nm/emission max at 665 nm, red) was
imaged by confocal micros copy, with CellMask Green plasma membrane stain (excitation at 488 nm/emission max at 520 nm, green). Scale bar:
20 um. (E) Schematic illustrating the processing of OVA in BMDCs. (F) BMDCs were incubated with 10 ug ml™* OVA-DQ or GO-OVApg complexes
(5 pg : 10 pg) for 30 min, then OVA processing quantified by flow cytometry, with % OVApg™ calculated by subtracting 4 °C values from 37 °C values.
(C and F) Data are presented as mean + STDEV (data is representative of 1 of 3 independent experiments each with 3 intra experimental replicates).
Statistical analysis was performed by one-way ANOVA with Bonferroni post hoc test, ***p < 0.001.

MHCI-restricted peptide OVAys; (OVApsy_264; SIINFEKL)
had little effect on DC induction of OVA,s, specific prolifer-
ation, whereas sGO significantly impaired this process (Fig. 6D
and E).

In terms of cytokines, the level of IL-2, which is also impor-
tant for CD8" T cell proliferation,*® was significantly upregu-
lated in LGO-OVA DC/OT-I co-cultures, compared to DCs
exposed to OVA alone or sGO-OVA (Fig. 7A). IFN-y and gran-
zyme B levels were also dramatically increased in co-cultures
containing LGO-OVA, but not sGO-OVA, DCs (Fig. 7A). In com-
parison, neither sGO nor LGO had a major beneficial or detri-
mental impact on DC ability to induce OVA peptide-specific
cytokine production by OT-I cells, with marginally more effect
of LGO than sGO in this regard (Fig. 7B).

Nanoscale

The presentation of the MHCI-restricted peptides by either
direct loading of DCs with OVA,s5;_564, OF cross-presentation of
peptide derived from processed OVA protein, is a critical signal
for effective CTL activation.*' BMDC expression of SIINFEKL/
H-2Kb complexes (pMHC-I) was assessed using an antibody
that recognises SIINFEKL bound to H2-Kb of MHCI, following
overnight DC culture with OVA protein or OVA,s, peptide,
alone or complexed to GO. DC culture with OVA protein, sGO-
OVA or LGO-OVA failed to significantly increased detectable
MHCI-restricted SIINFEKL, compared to DCs alone (Fig. S5A
and Bt). However, sGO adsorption to OVA,s, peptide resulted
in significantly reduced levels of SIINFEKL/H-2Kb complexes,
compared to DCs cultured with OVA,s;, alone (Fig. S5C
and D).

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 GO modifies DC induction of proliferation by CD4* T cells. (A) BMDCs were pulsed for 2 h with 10 ug OVA protein or GO-OVA complexes
(5 pg : 10 pg). BMDCs were then washed and co-cultured with CFSE labelled OT-1l CD4* T cells for 72 h. (B and C) Proliferation of OT-1l CD4* T cells
was analysed via flow cytometry. (B) Representative flow cytometry histogram showing proliferation based on CFSE expression in CD4" T cells. (C)
Proliferation was assessed by CFSE dilution. (A) BMDCs were pulsed for 2 h with 0.05 pg OVA peptide (323-339) or GO—-OVA peptide complexes
(5 pg: 0.05 pg). (D and E) BMDCs were then co-cultured with CFSE labelled OT-1l CD4* T cells for 72 h. (D) Representative flow cytometry histogram
showing proliferation based on CFSE expression in CD4" T cells. (E) Proliferation was assessed by CFSE dilution. (C and E) Data are presented as
mean + STDEV (data is representative of 1 of 3 independent experiments each with 3 intra experimental replicates). Statistical analysis was performed
by one-way ANOVA with Bonferroni’s post hoc test. ***p < 0.001 (above bars versus OVA alone control or OVAz,3 alone control).

Together, these data show that LGO can enhance the ability
of DCs to process and/or present protein or peptide Ag to acti-
vate CD8" T cells towards a CTL phenotype, while sGO has
minimal effect on these events. In comparison, both sGO and
LGO can enhance protein Ag specific CD4" T cell proliferation
and cytokine production, but interfere with peptide Ag induc-
tion of these outcomes.

This journal is © The Royal Society of Chemistry 2022

GO Ag delivery has minimal effect on DC activation and CD4"
T cell expansion in vivo

GO-OVA was administered intravenously to C57BL/6 mice to
assess the impact of GO-Ag delivery on DCs in vivo. There was
a small but significant increase in the percentage and total
number of XCR1" ¢DC1s 24 h post administration of sGO and
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Fig. 5 GO modifies DC induction of cytokine production by CD4" T cells. (A) BMDCs were pulsed for 2 h with 10 pg OVA protein or GO—OVA com-
plexes (5 pug: 10 pg). BMDCs were then washed and co-cultured with CFSE labelled OT-1l CD4* T cells for 72 h. The levels of IL-2 and granzyme B
were assessed in supernatants. (B) BMDCs were pulsed for 2 h with 5 ng OVA peptide (323-339) or GO—-OVA peptide complexes (5 pg: 5 ng). BMDCs
were then co-cultured with CFSE labelled OT-1 CD4" T cells for 72 h and levels of IL-2 and granzyme B assessed in supernatants. Data are presented
as mean + STDEV (data is representative of 1 of 3 independent experiments each with 3 intra experimental replicates). Statistical analysis was per-
formed by one-way ANOVA with Bonferroni's post hoc test. ***p < 0.001 (above bars versus naive DCs).

SGO-OVA (Fig. 8A and B). However, no significant change in
c¢DC1 activation was observed, with the intensity of CD80
remained unchanged between groups (Fig. 8C). A similar trend
was observed for CD11b* cDC2s, with the total number of
c¢DC2s significantly increased upon administration of sGO-
OVA when compared to all other groups (Fig. 8E), but no
change to activation as indicated by intensity of CD80
(Fig. 8F).

To determine whether GO affects surface MHCII-restricted
Ag and subsequent T cell activation in vivo, the effect of sGO-
OVA on antigen specific T cell expansion was assessed. CD4" T
cells isolated from OT-II Ragl™~ x Pep3 were transferred to
C57BL/6] mice, prior to immunisation with OVA alone, sGO
alone, sGO-OVA or LPS + OVA. Five days post immunisation,
spleens were harvested and the level of antigen specific T cell
expansion assessed by flow cytometry. Although the relative
proportion of CD45.1" OT-II cells increased upon immunis-
ation with LPS + OVA as expected, no proportional change in
OT-1I cells was observed upon immunisation with sGO-OVA,
when compared to OVA alone (Fig. 8G). This trend was con-
firmed by quantification of the total number of CD4" CD45.1"
OT-1I cells, where sGO-OVA induced no expansion of OVA
specific T cells while LPS + OVA induced a significant expan-
sion of T cells (Fig. 8H), likely due to the significant increase
in total number of splenocytes observed with LPS + OVA
(Fig. 8I). These data suggest that sGO has minimal ability to

Nanoscale

activate splenic DC subsets or antigen specific CD4" T cell
expansion in vivo.

Discussion

With ever-increasing interest in the potential therapeutic appli-
cation of GO in disease settings, it is crucial to understand
how it affects immune cells, especially those which play a
central role in orchestrating adaptive immunity and inflam-
mation. This study aimed to determine the effect of GO of
different lateral dimensions on DC maturation and ability to
influence CD4" and CD8" T cell proliferation and cytokine pro-
duction. Using murine primary BMDCs and in vivo immunis-
ation, we found that GO has little effect on DC viability, and
limited impact on DC phenotypic activation or cytokine pro-
duction. Nevertheless, GO was able to modify DC function,
increasing uptake of the model Ag OVA, and modulating their
ability to induce Ag-specific CD4" and CD8" T cell proliferation
and cytokine production in vitro.

Understanding whether GO displays toxicity for immune
cells was an important first question, central to determining
the therapeutic potential of such materials. Consistent with
previous reports,”® we observed negligible cytotoxic effects
from exposure of sGO or LGO on BMDC viability, with some
effect only evident at high concentrations and most apparent

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 GO modifies DC induction of proliferation by CD8"* T cells. (A) BMDCs were pulsed for 2 h with 10 ug OVA protein or GO-OVA complexes
(5 pg : 10 pg). BMDCs were then washed and co-cultured with CFSE labelled OT-1 CD8* T cells for 72 h. (B and C) Proliferation of OT-I CD8* T cells
was analysed via flow cytometry. (B) Representative flow cytometry histogram showing proliferation based on CFSE expression in OT-1 CD8* T cells.
(C) Proliferation was assessed by CFSE dilution. (A) BMDCs were pulsed for 2 h with 5 ng OVA peptide (257-264) or GO—OVA peptide complexes
(5 pg : 5 ng). BMDCs were then co-cultured with CFSE labelled OT-1 CD8* T cells for 72 h. (D and E) Proliferation of OT-1 CD8* T cells was analysed
via flow cytometry. (D) Representative flow cytometry histogram showing proliferation based on CFSE expression in CD8* T cells. (E) Proliferation
was assessed by CFSE dilution. (C and E) Data are presented as mean + STDEV (data is representative of 1 of 3 independent experiments each with 3
intra experimental replicates). Statistical analysis was performed by one-way ANOVA with Bonferroni's post hoc test. **p < 0.01, ***p < 0.001 (above
bars versus OVA alone control or OVA,s7 alone control).

with LGO (Fig. 1A and B). This low-level toxicity, in keeping
with similar observations of the same material in macro-
phages*? and neutrophils*® suggests that low concentrations of
either s- or LGO minimally impact viability of these important
innate immune cells.

In terms of localisation, we were able to visualise SGO in
membrane enclosed intracellular vesicles within the cytoplasm
(Fig. 1D and F), which are likely part of the endo/lysosomal
system. In support of this suggestion, others have performed
transmission electron microscopy and confocal microscopy,

This journal is © The Royal Society of Chemistry 2022 Nanoscale
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Fig. 7 GO modifies DC induction of cytokine production by CD8* T cells. (A) BMDCs were pulsed for 2 h with 10 ug OVA protein or GO—OVA com-
plexes (5 pg: 10 pg). BMDCs were then washed and co-cultured with CFSE labelled OT-1 CD8* T cells for 72 h. The levels of IL-2, IFN-y and gran-
zyme B were assessed in supernatants. (B) BMDCs were pulsed for 2 h with 5 ng OVA peptide (257-264) or GO—-OVA peptide complexes (5 pg: 5 ng).
BMDCs were then co-cultured with CFSE labelled OT-1 CD8" T cells for 72 h. The levels of IL-2, IFN-y and granzyme B were assessed in super-
natants. Data are presented as mean + STDEV (data is representative of 1 of 3 independent experiments each with 3 intra experimental replicates).
Statistical analysis was performed by one-way ANOVA with Bonferroni’s post hoc test. ***p < 0.001 (above bars versus naive DCs). The levels of IL-4,

IL-5, IL-17A, IL-10 and IL-13 were undetectable.

which indicated that GO (similar in size to our sGO) may loca-
lise to endosomal/phagosomal compartments within murine
BMDCs or human monocyte-derived macrophages.””**** In
contrast to sGO, we observed LGO localisation at the plasma
membrane, suggesting it was inefficiently engulfed (Fig. 1F).
GO flakes with large lateral dimensions (similar to the LGO in
our study) have previously been shown to associate with the
plasma membrane of macrophages, with larger GO flakes
showing stronger adsorption to the plasma membrane of a
murine macrophage-like cell line, whereas smaller GO flakes
were readily internalised.*"*>*®

Formation of a biomolecular corona on the surface of nano-
materials has been shown to modulate their cellular uptake,
raising the question as to whether coating GO in Ag or thera-
peutic drugs may affect such processes.*” A recent study deter-
mined that proteins present in the corona are retained on
nanoparticles until they reach the lysosome in murine and
human primary DCs, which may be beneficial for MHCII
dependent Ag processing and presentation, but may disrupt
cross-presentation via MHCL*® This suggests that Ag proces-
sing and presentation may be dependent on the properties of
the graphene based material in use, which could help explain
why GO of different dimensions displayed differential ability
to influence CD4" or CD8" T cell proliferation and cytokine
production in our work.

Nanoscale

During maturation, DCs can upregulate a wide range of
surface and costimulatory molecules (including MHCI and II,
CD40 and CD80) and secrete a variety of cytokines, the com-
bination of which dictates the character of the subsequent
adaptive T cell response.***” We have shown that neither
SGO nor LGO induced marked DC maturation, with both
failing to trigger dramatic upregulation of MHCI, MHCII, or
co-stimulatory molecules, which is in contrast to some pre-
vious reports,””** but in agreement with others,?®3%444°
These contrasting reports may relate to the purity of the GO
used, as DCs are exquisitely sensitive to even trace amounts
of contaminants such as endotoxin.”® As GO also has an
innate ability to interfere with the detection wavelength of
chromogenic LAL assays, we used a TNF-o expression test
(TET) to give a more sensitive, quantitative method for asses-
sing endotoxin contamination in graphene based materials.>"
We would suggest that this kind of sensitive approach to
determine endotoxin levels is critical for studies assessing
the impact of GO on highly endotoxin-sensitive innate
immune cells. In addition to endotoxin, experimental factors
that might explain conflicting reports about DC activation by
GO include the size and thickness of the materials, their
surface chemistry such as the type and amount of oxygen
containing surface groups, the concentration added to
culture, the type of culture used (primary vs. cell line) or the

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 GO has minimal effect on DC and T cell activation in vivo. (A—F) C57BL/6J mice were intravenously administered vehicle, OVA, sGO or sGO—
OVA (50 pyg GO and 100 pg OVA). After 24 h spleens were harvested and splenic dendritic cell activation assessed by flow cytometry. (A-C)
Percentage, total number and CD80 expression of XCR1* cDCl1s. (D-F) Percentage, total number and CD80 expression of CD11b* cDC2s. (G—I) OVA
responsive CD4™ T cells (OT-IIs) were transferred to C57BL/6J mice, the following day mice were intravenously administered OVA, sGO, sGO-OVA
or LPS + OVA (250 pg LPS). After 5 days spleens were harvested and OT-II proliferation assessed by flow cytometry. (G) Representative flow cytome-
try plots of antigen specific and polyclonal CD4* T cell populations. (H) Total number of antigen specific OT-II cells. (I) Total humber of splenocytes.
Data are presented as mean + STDEV (n = 3—4). Statistical analysis was performed by one-way ANOVA with Bonferroni's post hoc test. *p < 0.05, **p
< 0.01, ***p < 0.001.
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length of exposure, all of which could influence viability and/
or activation of DCs.

Although we observed little evidence of DC activation by
low-endotoxin GO, we did identify a significant increase in
CD83 expression by DCs exposed to GO, independent of its
lateral dimensions (Fig. 2A, B and S27). CD83 is a member of
the immunoglobulin (Ig) superfamily, blockade of which can
inhibit CD4" T cell responses both in vitro and in vivo.>>>* In
this way, up-regulation of CD83 expression by both sGO and
LGO could help explain why DCs exposed to GO-OVA com-
plexes were able to induce such strong proliferation of CD4"
OT-II cells (Fig. 2A, B and 4B, C). CD83 deficient mice show
defective CD4" T cell development, with CD8" T cells
unaffected,> which may relate to why we observed less influ-
ence of GO-OVA complexes on CD8" OT-I cell proliferation.
However, it has been suggested that CD83 can provide an
important co-stimulatory signal for human CD8" T cells, and
down regulation of CD83 on human monocyte derived DCs
results in reduced activation of human CD8" T cells.”>® Thus
GO upregulation of CD83 could provide an important costimu-
latory signal for full activation of Ag-specific CD4" and/or CD8"
T cells, which may prove useful in cancer and infectious dis-
eases. However, the mechanism by which GO induces DC
CDS83 expression, independent of lateral dimension and cellu-
lar localisation, remains unknown. Further, given this indi-
cation that some aspects of DC activation can be initiated by
GO, it would be interesting to undertake a broader assessment
of DC activation by sGO and LGO using a more objective
approach, such as RNA sequencing.

The varying functions of CD4" T cells are achieved through
the differentiation of naive CD4" T cells into specialised phe-
notypes.®” There are four dominant phenotypes: IFN-y produ-
cing Th1 cells, IL-4 producing Th2 cells, IL-17 producing Th17
cells and regulatory T cells. DCs pulsed with GO-OVA induced
significant Ag specific expansion of CD4" OT-II cells (Fig. 4B
and C). Unexpectedly, we identified a Foxp3' population
within proliferating (CFSE*™) cells (Fig. S3Bt). This transcrip-
tion factor is often associated with the development of conven-
tional regulatory T cells.”® This lack of CD4" T cell effector acti-
vation alongside the induction of Tyeg in vitro is most likely a
reflection of minimal DC maturation in response to GO.**°!
We were however unable to detect IL-10, a cytokine commonly
associated with these cells,”” instead identifying their pro-
duction of granzyme B. Although granzyme B and cytotoxic
granules are typically associated with CD8" CTLs, cytolytic
activity of CD4" T cells during infection has been suggested in
recent years.®® Other studies have also shown that the activity
of ‘CD4" CTLs’ is enhanced when naive T cells are incubated
under neutral (Th0) conditions, similar to those observed with
GO-OVA.** Additionally, IL-2 signalling is essential for CD4"
CTL induction, as well as Eomes expression, which in turn pro-
motes granzyme B and perforin production.®® In our experi-
ments, GO-OVA activated DCs significantly induced CD4" T
cell IL-2 production, suggesting that adsorption of Ag to GO
may promote a CD4" CTL cell population that unconvention-
ally expresses the regulatory transcription factor Foxp3. It
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remains to be determined whether these CD4" T cells possess
cytotoxic or regulatory ability.

Harnessing the ability of DCs to induce Ag-specific CD8" T
cell immunity via cross-presentation is required for develop-
ment of effective vaccines or therapies against many infectious
diseases and cancer.®*®® Our data suggests that LGO may
possess the ability to enhance DC ability to induce OVA-
specific CD8" T cell activation (Fig. 6B, C and 7A). This has
been seen with treatment of DCs with other nanomaterials -
y-PGA nanoparticles,”” PLGA nanoparticles,’® polyethyl-
eneimine nanoparticles®® or poly(propylene sulphide) nano-
particles’® promoting OVA cross-presentation in DCs. However,
GO has the added benefit of being easily functionalised, with
the advantage of biologics adhering to the surface of the
material as opposed to being encapsulated, likely allowing
more efficient APC uptake. With regards to graphene based
materials as Ag carriers, it has been shown that OVA adsorbed
to GO can efficiently be internalised by the murine DC cell line
DC2.4 and induce OT-1 CD8" T cell proliferation and cytokine
secretion.** We observed that LGO was beneficial for inducing
CD8" T cell responses, whereas sGO promoted CD4" T cell
responses, likely due to the efficiency of cross presentation
being negatively affected by rapid lysosomal degradation of
antigens.”" In contrast, Tkach and colleagues showed that GO
suppresses OVA presentation to CD8" T cells, with GO pre-
treatment inhibiting DC activation of OVA-specific B3Z T cells,
dependent on DC down regulation of the immunoproteasome
subunit LMP7, which is responsible for Ag processing for
MHCI presentation.>” It is possible that pre-treatment with GO
prior to Ag exposure may affect DC maturation and MHCI Ag-
processing machinery. The effect of GO on Ag cross-presen-
tation remains to be fully understood.

Although all of our work was carried out with pure, low-
endotoxin GO, its remarkable adsorbance features may
provide a tractable system for modification of DC functional-
ity in a bespoke manner. For example, GO functionalisation
with adjuvants such as the TLR agonists CpG-oligodeoxynu-
cleotides and poly(I:C) could further enhance the Thl and
CTL promoting ability of DCs, while use of tolerogenic sub-
stances such as vitamin D3 or dexamethasone could favour
DC regulatory ability.”>””® Two recent studies have suggested
that GO with adjuvant is able to modulate adaptive immunity
more readily. The first of these showed that, when decorated
with carnosine and OVA, GO is able to significantly induce
an OVA-specific antibody response, as well as increasing
splenic populations of polyclonal T cells when compared to
GO-OVA alone.”® The second study focussed on Alum, an alu-
minium-base adjuvant. When complexed to GO-OVA, Alum
was able to induce robust T cell responses and inhibit
tumour growth in an E.G7 lymphoma model.** These studies
suggest that GO may be able to not only boost Ag specific
responses, but modulate the adjuvanticity of various bio-
logics. Further work is required to systematically address the
full potential of GO functionalisation to provoke immuno-
genic vs. tolerogenic DC ability and its downstream effects on
adaptive immunity.
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In summary, these novel data provide a foundation for
future work to define the impact of GO on other DC types
in vitro, or following direct administration of GO-Ag complexes
in vivo. We have identified that low-endotoxin GO, irrespective
of its lateral dimensions, induces minimal phenotypic acti-
vation of, or cytokine secretion by, DCs. However, GO dimen-
sions influence its uptake by DCs, and differentially affect DC
processing and/or presentation of Ag to CD4" and CD8' T
cells. When complexed with sGO, the model protein Ag OVA
could still be effectively processed and presented by DCs to
CD4" OT-II cells, inducing proliferation, Foxp3 expression and
granzyme B secretion. In contrast, LGO-OVA complexes were
able to promote CD8" T cell activation and cytokine pro-
duction. Of note, GO had different effects on DC ability to
present peptide Ag to CD4" vs. CD8" T cells. While CD8" T cell
peptide-specific proliferation and cytokine production were
generally only marginally influenced by GO, CD4" T cell
peptide-specific responses were dramatically impaired. This
indicates that, while GO enhances DC processing and/or pres-
entation of protein Ag to either CD4" or CD8" T cells, it has
little impact on presentation of peptides via MHCI, and
actively interferes with presentation of peptides via MHCII.
Whether this interference occurs intra- or extra-cellularly
remains to be determined. Irrespective, these data will be
important to consider for future vaccines or therapies incor-
porating GO, strongly suggesting that protein, not peptide, Ags
will be most effective for CD4" and CD8" T cell activation.

Overall, our data show that GO can play a fundamental role
in DC activation and ability to influence diverse aspects of T
cell effector function, likely dependent on lateral size, concen-
tration, endotoxin contamination and cellular localisation, all
of which need to be taken into account when assessing the
effect of GO on immune competent cells. Together, these
results promote the use of GO for development of novel
protein Ag-based vaccines and therapies that could be ben-
eficial for diverse diseases, infections and cancer.

Experimental
Graphene oxide synthesis

LGO, endotoxin-free, for immunology was produced from
graphite powder with a modified Hummers’ method, in
sterile, non-pyrogenic environment, as reported elsewhere,
obtaining a brownish aqueous dispersion of GO.>*> All the
reagents were purchased from Merck-Sigma Aldrich, UK.
Concentration of LGO was estimated by freeze-drying aliquots
and weighing the dry powder. sGO was produced from LGO
dispersion by 5 minutes treatment in a water bath sonicator
(80 W, 45 kHz; VWR, UK). Remaining larger debris flakes were
removed by centrifugation at 13 000g for 5 minutes.

Endotoxin assessment

Endotoxin were assessed using a TNF-a expression test (TET)
as reported previously,*® enabling selective and sensitive endo-
toxin detection. In brief the assessment was composed of two
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steps: (i) cytotoxicity test to determine non-toxic dose of GO
for human monocyte-derived macrophages; (ii) ELISA quantifi-
cation of TNF-a secretion after exposure of human monocyte-
derived macrophages at a non-cytotoxic dose of GO.

Ag adsorption to graphene oxide

OVA protein (10 pg; Invivogen), OVA peptides (5 ng; Invivogen),
OVA-AF647 (10 pg; Invitrogen) or OVA-DQ (10 pg; Invitrogen)
were adsorbed to 5 pg sGO or LGO. GO and Ag were incubated
at room temperature for 7 h. Complexes were then centrifuged
at 13 000g for 30 minutes at 4 °C. Excess Ag in the supernatant
was discarded, and the GO complex pellet washed twice with
H,O (endotoxin free, Sigma), and resuspended in 50 pl H,O
(endotoxin free, Sigma) per 5 pg GO. BCA protein assays
(Pierce, Thermofisher) were performed as per the manufac-
turer’s protocol in order to generate adsorbance isotherms and
assess the amount of protein bound per pg GO.

Animal models

OT-1 x Rag-1~~ and OT-II x Rag-1~'~ male mice were bred at
the Biological Services Facility, University of Manchester
in specific-pathogen-free conditions. Male OT-II Ragl_/ T ox
Pep3 mice were bred at the Biological Services Facility,
University of Manchester; Pep3 (B6.SJL-Ptprc® Pepc®/Boy]) mice
which carry the pan leukocyte marker CD45.1 (The Jackson
Laboratory, USA) were bred with male OT-II x Rag-1~'~ mice.
Male and female C57BL/6] mice were purchased from Envigo,
UK. All animals used were aged between 6-8 weeks of age. All
animals were housed in a 12/12 h light/dark cycle with food
and water provided ad libitum. All animals were euthanized in
accordance with the Animals (Scientific Procedures) Act 1986,
and performed under the ethical approval of the Home Office,
UK (P44492AC9).

Murine bone marrow derived dendritic cells (BMDCs)

2 x 10° bone marrow cells were cultured in Fisher bacteriologi-
cal Petri dishes in 10 ml of complete medium (RPMI 1640 sup-
plemented with glutamine, penicillin, streptomycin, 10% heat-
inactivated fetal calf serum, and GM-CSF (20 ng ml™,
Peprotech)). At day 3, 6 and 8 media was changed to replenish
GM-CSF. Cells were harvested on day 10 and subsequent
experiments carried out in complete medium supplemented
with GM-CSF (5 ng m1™").

Dendritic cell stimulations

BMDCs were seeded at 2 x 10° per well of a 24 well plate (1.04
x 10° cells per cm?). BMDCs were then cultured for 18 h with
media, LGO (1-50 pg ml™"), sGO (1-50 pug ml™*), LPS (100 ng
ml™") or GO-Ag complexes.

OVA-AF647 uptake assay. To assess Ag uptake BMDCs were
stimulated with sGO-OVA-AF647 for 30 minutes at 37 °C and
4 °C.

DQ-OVA processing assay. To assess Ag processing sGO-
DQ-OVA was added to BMDCs for 20 minutes at 37 °C and
4 °C. The positive signal obtained at 4 °C was subtracted from
that obtained at 37 °C.
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Confocal Raman mapping

BMDCs were grown at 2 x 10° cells per ml on sterile glass cov-
erslips in 6 well culture plates with 5 pg ml™" LGO or sGO.
After 18 h slides were washed with PBS and cells fixed with ice-
cold methanol. Raman imaging of BMDCs was completed with
a DXRi Raman mapping system (Thermo Fisher Scientific,
UK). Raman spectroscopy measurements were completed with
the following parameters: 4 = 633 nm, 0.4 mW, area size =
0.3 mm?, spatial resolution = 1 um. Raman shift range for
intensity collection = 1000-2000 cm™". The instrument had an
energy resolution of 2.5 cm™". Raman maps are presented as
an overlap between the Raman map highlighting GO location
and the bright field view of the cell culture presenting cell
shape and locations on the coverslip.

Transmission electron microscopy and electron diffraction

BMDCs were grown at 2 x 10° cells per ml onto sterile ACLAR®
fluorinated-chlorinated resin films, in 6 well culture plates.
After 24 h incubation, cells were exposed to LGO or sGO at
5 ug ml™'; non exposed cells were included as negative control.
After 24 h exposure, cells were washed with PBS and then fixed
with 4% paraformaldehyde/5% glutaraldehyde (Merck, Sigma-
Aldrich, UK) in 0.2 M HEPES (Merck, Sigma-Aldrich, UK)
buffered water for 4 h. Each specimen was washed 3 times
with deionized water (5 min each), submitted to a second fix-
ation with ferrocyanide reduced osmium tetroxide (OsO,)
(Agar Scientific, UK) for 2 h, rinsed with deionized water, and
dehydrated in a series of ethanol (Thermo Fisher Scientific,
UK) grades (30%, 50%, 70%, 90% and 100%) for 15 min at
each grade. This was followed by 2 final washes in 100%
acetone (Thermo Fisher Scientific, UK) for 15 min each.
Specimens were infiltrated with polypropylene TAAB 812 hard
resin (TAAB Laboratories Ltd, UK) in acetone at increasing con-
centrations (25%, 50%, 75% and 100%). Specimens were left
in neat resin for 6 h at room temperature. Following this step,
specimens were cured at 60 °C for 48 h to allow for resin
polymerization. TEM imaging was performed on ultrathin sec-
tions (approximately 60-70 nm thickness) obtained using an
Ultracut E ultratome (Reichert-Jung, Austria) and a diamond
knife (Diatome 45°, Leica, UK), collected onto coatless
200 mesh thin copper 3.05 mm grids (Electron Microscopy
Services, UK) and observed under T-12 Biotwin TEM (Techni,
Netherlands) equipped with an Orius CCD SC100 camera
(GATAN, UK) at 100 keV.

Electron diffraction. Electron diffraction was used as a mean
to confirm the crystalline nature of the materials present in
cell ultrathin sections. Selected Area Electron Diffraction
(SAED) was performed on a Talos 200X (FEI, Eindhoven, NL)
operating at 80 keV and using electron dose rates ranging
between 45 e~ A™' s7! and 84 e~ A™' s”'. TEM images and
SAED patterns were acquired using a FEI Ceta CMOS camera
on an area of 3.14 x 1072 pm? and 0.5 pm?® corresponding to
the selected area apertures of 10 pm or 40 pm, respectively. An
acquisition time of 1 s was used for the collection of TEM
images and SAED patterns. However, for the acquisition of
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SAED patterns with a 10 pm selected area aperture, the acqui-
sition time was set to of 8 s.

Confocal microscopy

BMDCs were plated out at 5 x 10° cells per quadrant in a
Cellview cell culture dish (627870; Greiner Bio-One Ltd). Cells
were treated with vehicle, sGO or LGO (5 pug ml™*). Cell mem-
branes were then stained with CellMask Green plasma mem-
brane stain (C37608, dilution 1:2500, 488/520 nm; Thermo
Scientific). Live cell imaging was performed as described pre-
viously.”” Briefly, GO autofluorescence was detected using
CLSM Zeiss 880, objective 40x using 594 nm excitation wave-
length and 620-690 nm emission wavelengths. Images and
videos were subsequently processed using ZEN, the Zeiss
microscope software.

Invitro T cell activation

T cell isolation. Spleens and lymph nodes were isolated
from OT-I x Rag-1~'~ and OT-II x Rag-1~'~ mice and homogen-
ised through a 70 pm cell strainer (Fisher Scientific). Red
blood cells were then lysed from splenic samples using RBC
lysis buffer (Sigma). CD8" OT I and CD4" OT II cells were iso-
lated via positive selection using CD8" (Ly-2) and CD4" (L3T3)
Microbeads (Miltenyi Biotec) according to manufacturer’s
instructions, respectively. Cells were then labelled with CFSE
at 37 °C for 10 minutes before being cultured with pre-stimu-
lated BMDCs.

BMDC-T cell stimulation. BMDCs were seeded at a density
of 2 x 10° cells per ml (1.04 x 10° cells per cm?). For OT-II
assays BMDCs were pre-stimulated for 2 h with endotoxin free
OVA protein (10 pg ml™) or OVA;,3_330 peptide (5 ng ml™),
alone or adsorbed to sGO or LGO before washing. 50000
BMDCs were cultures with 100 000 OT-II cells. For OT-I stimu-
lation, BMDCs were prestimulated for 2 h with endotoxin free
OVA protein (150 mg ml™") or were pre-treated or OVA,s7_s64
peptide (5 ng ml™"), alone or adsorbed to sGO or LGO before
washing. 50 000 BMDCs were incubated with 50 000 T cells
and T cell proliferation and activation was assessed after 3
days.

In vivo immunisation

Myeloid activation and antigen presentation. Female C57BL/
6] mice, 6-8 weeks of age were subcutaneously immunized
with the indicated vaccines at 0 h in the right dorsal back,
medial to the inguinal lymph node. 24 h post administration,
animals were euthanized and draining inguinal lymph node
and spleens harvested for flow cytometric analysis.

In vivo antigen specific functional assays

T cell isolation. Spleens were isolated from OT-II Ragl ™~ x
Pep3 male mice, homogenised through a 70 pm strainer and
incubated in RBC lysis buffer (Lonza) to generate an RBC-free
single cell suspension. T cells were isolated using mouse CD8a
(Ly-2) MicroBeads (Miltenyi Biotec), according to manufac-
turer’s instructions.
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T cell administration. 1 x 10° CD4" OT-II cells were trans-
ferred into male 7-week-old C57BL/6] mice via intravenous
injection.

Antigen administration. 24 h post transfer of T cells, C57BL/
6] were intravenously immunized with the indicated vaccines
in the right dorsal back, medial to the inguinal lymph node. 5
days post administration, animals were euthanized and
spleens harvested for flow cytometric analysis.

Flow cytometry

All cells were first stained with Zombie UV viability dye
(BioLegend) for 15 minutes at room temperature. DC acti-
vation, antigen uptake and presentation were characterised
using the antibodies listed in ESI Table S1} for 30 minutes in
the presence of FcR-Block (2.4G2). T cell proliferation and acti-
vation was characterised using the antibodies listed in ESI
Table S2.f Intracellular staining was performed with the
eBioscience FoxP3 staining kit (Invitrogen). Samples were
acquired through the BD LSRFortessa™ flow cytometer (BD
Biosciences) using BD FACSDiva software and all analysis was
carried out wusing FlowJo v.10 software (Tree Star).
Fluorescence minus one (FMO) control samples were used to
validate flow cytometric data.

Greiss reaction

The Greiss reaction was carried out to measure nitric oxide
(NO). The reaction solution was made immediately prior to the
assay from a 1: 1 ratio of sulfanilamide (1%; Sigma $9251) and
naphthylethylenediamine dihydrochloride (0.1%; Sigma
N9125) both in 2.5% phosphoric acid. 50 pl of reaction solu-
tion was added to 50 pl of DC supernatant and the resulting
colour change was measured at a wavelength of 570 nm and
interpolated using a standard curve of NaNO, serial dilutions.

Cytokine ELISA (enzyme linked immunosorbent assay)

Cytokines (Granzyme B, IFN-y, IL-2, IL-4, IL-5, IL-6, IL-10,
IL-12p40, IL-12p70, IL-13, IL-17A, TNF-a) were quantified
using R&D Systems Duoset ELISA kits and BioLegend ELISA
standard sets as per the manufacturer’s instructions. Briefly,
96 well plates (Thermo-nunc) were coated with primary cyto-
kine-specific antibody and left to incubate at 4 °C overnight.
Plates were washed in PBS/0.1% Tween (PBS-T) (Sigma) and
blocked with PBS/10% BSA (Sigma) and incubated at room
temperature for 60 minutes. Plates were washed again with
PBS-T. 50 pl sample supernatant and recombinant protein
standards were added in duplicate and the plates were incu-
bated at 4 °C overnight or room temperature for 2 h. Plates
were washed with PBST and 50 pl biotinylated antibody was
added per well and incubated at room temperature for 2 h.
Plates were then washed with PBS-T before addition of horse-
radish-peroxidase conjugated streptavidin (R&D Systems).
Following incubation at room temperature for 30 minutes all
plates were washed thoroughly with PBS-T prior to the
addition of 50 pl of 1-Step™ Ultra TMB-ELISA Substrate
Solution (Thermo Fisher) to each well. The resulting reaction
and colour change was stopped with 50 pl H,SO, per well. The
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final optical density was measured at 450 nm, with correction
of a reference wavelength, 570 nm by a spectrophotometer
(i-Tecan) and sample concentrations (x) determined via interp-
olation of a 4-parameter logistic (4-PL) standard curve.

Statistical analysis

Statistical analysis was completed in Graph-Pad Prism soft-
ware. Normal distribution was assessed via a D’Agostino-
Pearson’s test. One-way ANOVAs with Bonferroni’s post hoc
multiple comparisons were performed to compare the means
of each group to each other. Statistical significance was deter-
mined as p < 0.05.

Abbreviations
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