nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: 24 APRIL 2017 | DOI: 10.1038/NNANO.2017.56

Peptide-MHC-based nanomedicines for
autoimmunity function as T-cell receptor
microclustering devices

Santiswarup Singha', Kun Shao', Yang Yang'?*, Xavier Clemente-Casares’, Patricia Solé3,
Antonio Clemente3, Jesus Blanco?, Qin Dai4 Fayi Song* Shang Wan Liu®, Jun Yamanouchi’,
Channakeshava Sokke Umeshappa', Roopa Hebbandi Nanjundappa’, Pascal Detampels,
Matthias Amrein®, César Fandos?, Robert Tanguay’, Susan Newbigging®, Pau Serra3,
Anmar Khadra5, Warren C. W. Chan* and Pere Santamaria'3*

We have shown that nanoparticles (NPs) can be used as ligand-multimerization platforms to activate specific cellular
receptors in vivo. Nanoparticles coated with autoimmune disease-relevant peptide-major histocompatibility complexes
(pMHC) blunted autoimmune responses by triggering the differentiation and expansion of antigen-specific regulatory
T cells in vivo. Here, we define the engineering principles impacting biological activity, detail a synthesis process yielding
safe and stable compounds, and visualize how these nanomedicines interact with cognate T cells. We find that the
triggering properties of pMHC-NPs are a function of pMHC intermolecular distance and involve the sustained assembly of
large antigen receptor microclusters on murine and human cognate T cells. These compounds show no off-target toxicity
in zebrafish embryos, do not cause haematological, biochemical or histological abnormalities, and are rapidly captured by
phagocytes or processed by the hepatobiliary system. This work lays the groundwork for the design of ligand-based NP

formulations to re-program in vivo cellular responses using nanotechnology.

e have demonstrated that systemic delivery of NPs coated
\/\/ with autoimmune disease-relevant pMHC class I (ref. 1)

or class II ligands? results in the expansion of disease-
suppressing (regulatory) T lymphocytes in vivo. Specifically,
treatment of spontaneously diabetic non-obese diabetic (NOD)
mice or C57BL/6 mice affected with experimental autoimmune
encephalomyelitis (EAE, a model of multiple sclerosis) or collagen-
induced arthritis (a model of rheumatoid arthritis) with mono-
specific pMHC class I or class II-coated NPs triggered the expansion
of cognate regulatory CD8" or CD4" T cells, and restored normogly-
cemia in diabetic mice or motor function in paralytic EAE mice and
resolved joint inflammation in arthritic mice%

This therapeutic avenue exploits a new immunological paradigm
whereby disease-specific autoreactive effector/memory T cells differ-
entiate into regulatory T (Treg) cells and undergo profound expan-
sions in response to systemic pMHC-NP therapy. According to this
paradigm, any single pMHC specificity targeted in an autoimmune
disease should be able, when coated as a ligand onto NPs, to
selectively blunt autoimmune responses without impairing normal
immunity. In agreement with this, the 20 disease-relevant
PMHC-NPs tested so far have shown similar efficacy, regardless

of disease model, prevalence, or role in the disease. The NP
component is an essential ingredient of the final drug product,
rather than a vehicle for antigen delivery!'->.

Remarkably, pMHC-based nanomedicines can expand antigen-
specific regulatory T cells in vivo to levels that are several-
hundred-fold higher than the numbers of in vitro-expanded
regulatory T cells that can afford clinical responses in patients on
transfusion*®. The efficacy of this approach is complemented by a
well-defined mechanism of action, and availability of a true
biomarker of therapeutic efficacy (expansion of autoregulatory
T cells in blood)"?. However, bench-to-bedside translation of
pMHC-NP-based immunotherapy as well as application of this
approach to trigger receptors on other cells types in vivo will
require a detailed understanding of the physical/chemical
parameters impacting pharmacodynamics. Here, we define the key
synthesis variables, simplify manufacturing, discover critical roles
for ligand density in therapeutic efficacy and elucidate the mode
of binding to cognate T cells. We have engineered a novel
biocompatible pMHC-NP design that offers a powerful new tool
to expand regulatory T-cell memory to treat inflammatory disorders,
and to build next-generation ligand-based nanomedicines.
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Novel NP design with high pMHC-binding capacity

To define the key parameters governing pMHC-NP functionality,
we first coated multiple copies of the type 1 diabetes (T1D)-relevant
NRP-V7/K? pMHC class I, expressed either as a single-chain
complex in chinese hamster ovary (CHO) cells or as a two-chain
complex in bacteria, onto gold NPs (GNPs) (Supplementary
Fig. 1a,b and Supplementary Table 1). We confirmed that the bio-
logical activity of pMHC-NPs was a function of pMHC-binding
capacity (not shown).

To facilitate clinical translation, we next focused on iron oxide-
based pMHC-NPs. Small iron oxide (Fe;0,) NPs were generated
via thermal decomposition of iron(im)acetylacetonate in the
presence of surfactants®, then stablized and functionalized by the
addition of dopamine-polyethylene-glycol (DPA-PEG) linkers
(Supplementary Table 1). High pMHC valencies were obtained
using carboxyl (-COOH)- or primary amine (-NH,)-functionalized
NPs (SFP-C or SFP-N). The use of DPA-PEG linkers amenable to
pMHC ligation via click chemistry (SFP-Z, carrying azide groups),
or disulfide bonds (SFP-M or SFP-O, employing maleimide or
orthopyridyl-disulfide groups) (Fig. 1a) did not improve pMHC
binding capacity or compound stability (Supplementary Tables 1
and 2, and Supplementary Fig. 1a,b).

To overcome these limitations and the need to use surfactants,
we sought to produce functionalized water-soluble NPs in a
single-step thermal decomposition reaction of iron(ir)acetylaceto-
nate in the presence of functionalized PEG linkers (Fig. la and
Supplementary Table 1). As shown in Supplementary Table 2,
this reaction yielded Fe;O, NPs larger than SFP-NPs, referred to
as PF-C (carboxyl), PF-N (amine) and PF-M (maleimide); no
NPs formed when using methoxy-PEG-orthopyridyl disulfide
(Supplementary Tables 1 and Table 2). Figure 1 shows representa-
tive transmission electron microscopy (TEM) (Fig. 1b) and
dynamic light scattering (DLS) profiles (Fig. 1c) of the productive
designs, as well as an image of small angle electron beam diffraction
(SEBD) (Fig. 1d) documenting the Fe;O, nature of the iron oxide
core. Agarose gel electrophoresis suggested that the reaction did
not compromise the structural integrity of the functional groups
of the PEGs, based on the expected effects of these groups on
electrophoretic mobility (Fig. le). Fourier transform infrared
spectroscopy (FTIR) analysis demonstrated the presence of the
PEG backbone on all three types of PF-NP, as well as the structural
integrity of the carboxyl, primary amine and maleimide groups
(Fig. 1f). Each of these NP types had superior pMHC binding
capacity than the corresponding SFP designs, particularly PF-M
(Supplementary Table 2). PF-M NPs enabled directional
conjugation of pMHC via the carboxyterminal cysteine (Cys)
(Supplementary Fig. 1a) and magnetic purification from unconjugated
PMHC:s. Native and denaturing polyacrylamide gel electrophoresis
(PAGE) analysis of pMHC class I/II-conjugated PF-M (Fig. 1g,h
and Supplementary Fig. 1c) confirmed that virtually all pMHC
was covalently coupled to the NPs. As expected, the pMHC-
coated NPs had a slightly bigger hydrodynamic diameter than
unconjugated NPs (Fig. 1i) and were structurally and functionally
stable for up to 12 months of storage in phosphate-buffered saline
(PBS) at 4 °C (Supplementary Fig. 1d-g).

pMHC density on the NP plays a critical role

We compared the ability of various NRP-V7/K®-NP preparations to
activate cognate 8.3-CD8" T cells (NRP-V7/IGRP,¢_514-specific).
Surprisingly, 8.3-CD8" T cells produced substantially higher
amounts of interferon-gamma (IFNy) in response to SFP-NPs
carrying as few as 11 pMHCs per NP than in response to
SFP-NPs carrying 8 pMHCs per NP, over a broad range of
PMHC-NP or pMHC concentrations (Fig. 2a). This suggested
that there is a threshold of pMHC valency for agonistic activity of
SFP-NPs, lying between 9 and 11 pMHCs per NP, below which
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increases in NP concentration cannot overcome low agonistic
activity (Fig. 2a,b).

To confirm this observation, we used PF-NPs, which are larger
than SFP-NPs and thus have greater pMHC-coating capacity.
PMHC-PF NPs carrying 13 or fewer pMHCs per NP had very
weak or no biological activity up to ~8x 10> NPsml™, as
compared to PF-NPs displaying a much higher pMHC valency
(61 pMHCs per NP; Fig. 2c,d). This supported the idea that
the threshold of pMHC required for agonistic activity increases
with NP size (that is, from >8 pMHCs for ~8 nm SFP-NPs to
>13 pMHCs for ~20 nm PF-NPs), suggesting a role for pMHC
density. This is further illustrated in Fig. 2e,f, where we compare
the biological activity of SFP- and PF-NPs coated with a similar
number of pMHCs over a range of NP or pMHC concentrations.

We compared the maximum binding capacities and predicted
threshold valencies of NPs of different sizes, to identify a pMHC-
density threshold (Supplementary Table 3). The theoretical pMHC
density threshold lies at 0.004468 pMHCs nm >, corresponding to
11 pMHCs for an 8 nm NP or 22 pMHCs for a 20 nm NP
(a calculated intermolecular distance of ~16.88 nm). The estimated
width of the T-cell antigen receptor (TCR) complex”® based on
3D reconstruction (~12nm)° is consistent with the calculated
inter-pMHC distance of 16.88 nm to reach the agonistic threshold.
We calculate the minimum possible intermolecular distance at
~3.62 nm, which bodes well with the estimated 3-6 nm distance
spanning individual TCRs within TCRap nanoclusters; this distance
would allow a near-perfect alignment of pMHC on the NPs and
cognate TCRs on T cells (Supplementary Fig. 2a).

These hypothetical predictions based on data generated using
pMHC class I-coated NPs were tested by comparing the TCR
triggering potency of PF-NPs coated with pMHC class I monomers,
over a broad range of valencies. CD4" T cells isolated from BDC2.5-
TCR-transgenic NOD mice produced small amounts of IFNy in
response to PE-M NPs coated with up to 22 cognate (BDC2.5mi/TA%’)
pMHCs (0.0045 pMHCs nm™>; Fig. 2g). Remarkably, by plotting
the IFNy secretion data obtained at 10 and 5 ug of pMHC ml™!
(the concentrations at which the dose response effect plateaus),
we see that the magnitude of IFNy secretion increases exponentially
in response to relatively small increases in pMHC valency, starting
at ~22 pMHCs (the predicted threshold valency) and ending at
~32 pMHCs per NP (0.0065 pMHCs nm™>, herein referred to as
the ‘minimal optimal valency’) (Fig. 2h). Substantial increases in
PMHC valency/density above this minimal optimal valency do
not result in significantly higher potency (Fig. 2h).

To ascertain if these biological effects were due to differences in
TCR signalling, we transduced the Jurkat/MA (JurMA) human
T-cell line (carrying a luciferase reporter driven by nuclear factor of
activated T-cells (NFAT)-binding DNA)!? with lentiviruses encoding
the BDC2.5 TCRap and murine CD4. As shown in Fig. 2i, BDC2.5-
TCR/mCD4-JurMA cells responded rapidly (within 2 h), vigorously
and for a sustained period of time (>24 h) to BDC2.5mi/IA8”-coated
PF-M, as compared with optimal concentrations of an agonistic
anti-human CD3e mAb or phorbol 12-myristate 13-acetate (PMA)/
ionomycin, which triggered a much slower response that peaked at
14 h and progressively decreased afterwards. Notably, experiments
using PF-M NPs coated with a broad range of BDC2.5mi/IA#’ valen-
cies indicated that the magnitude of luciferase expression (a direct
read-out of TCR signalling) followed kinetics similar to those seen
with primary BDC2.5-CD4" T cells, indicating that threshold and
supra-threshold pMHC densities somehow promote cooperative
TCR signalling (Fig. 2j).

In silico-in vivo modelling experiments based on the in vitro data
and the scheme shown in Fig. 3a suggested that both pMHC density
and dose play significant roles in the regulatory T cell re-programming
and/or expanding properties of these compounds in vivo (Fig. 3b-d).
To test these predictions, we compared the type-1 regulatory
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Figure 1 | Biophysical characterization of pMHC-PF. a, Cartoon depicting NPs conjugated with pMHCs using the four different chemistries tested. OPSS,
orthopyridy! disulfide. b,c, TEM images (b) and DLS profiles (¢) of PF-C, PF-N and PF-M. d, Representative SEBD analysis of PF-M. e, Agarose gel
electrophoretic patterns of PF, PF-C, PF-N and PF-M. f, FTIR profiles of PF-C, PF-N and PF-M. The dotted lines correspond to the FTIR profiles of

COOH-PEG-COOH, mPEG=NH, and mPEG-maleimide. The peaks at 2,883 cm™' (C-H asymmetric stretching vibration), 1,106 cm™' (C-O-C vibration) and
958-960 cm™" (CH, rocking vibration) indicated the presence of PEG on all three NP types. Red arrows identify the signature signals (enlarged in insets) of
the carboxyl, NH, and maleimide groups. The reduced signal strength of C=0 stretching vibration at 1,728 cm™ of COOH on PF-C is likely to be due to binding

of some COOH groups to NPs. The unaltered primary amine (NH,) bending vibration at 1,606 cm™ and the C=0 of maleimide in-plane bending vibration at
696 cm™ indicated that these groups are exposed. gh, Native and denaturing PAGE of NRP-V7/K?-PF-M (g) and BDC2.5mi/IA&’-PF-M (h) versus soluble
pMHCs. i, DLS profiles for unconjugated (solid) and pMHC-conjugated PF-M (dashed line).

T (TR1) cell expanding properties’ using various preparations of
PE-NPs coated with BDC2.5mi/IA¥ pMHCs at minimal optimal
densities or higher (as defined in vitro, corresponding to
29-59 pMHCs per NP). These experiments demonstrated pMHC
dose-dependent effects within individual preparations, but also no
significant effects of pMHC valency across preparations (Fig. 3e,f
and Supplementary Fig. 3a). Surprisingly, however, studies using the
smaller BDC2.5mi-IA¥-SFP-NPs carrying 22-44 pMHCs per NP
indicated significantly higher TR1 expanding effects, at all doses
tested, than BDC2.5mi-IA¥-PF-NPs carrying 29-45 pMHCs per
NP (Supplementary Fig. 3b). These seemingly counterintuitive
observations suggested that, besides dose, pMHC densities greater
than the minimal optimal density do somehow enhance Treg cell
formation and/or expansion. These results were further substantiated
by producing small (11 nm) PF-NPs and testing the ability of their
BDC2.5mi-IA¥-coated counterparts to expand cognate TR1 cells
in vivo (data not shown).

We have shown that class Il pMHC-NP therapy triggers (1) the con-
version of TR1-poised effector/memory T cells into TR1 cells by promot-
ing the expression of IL-10 mRNA and the upregulation of CD49b; and
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(2) the subsequent expansion of these re-programmed TR1 cells®. We
therefore reasoned that pMHC density might regulate the efficiency of
TR1 cell formation, whereas dose might control the magnitude of TR1
cell expansion. To investigate this, we measured the effects of dose and
PMHC density (above the minimal optimal density) on the levels of
CD49b expressed by the cognate (tetramer’) TRI-like CD4" cells
arising in response to therapy. Interestingly, we found a statistically
significant correlation between BDC2.5mi/IA¥ density and the
magnitude of CD49b upregulation on these cells; this effect peaked at
~0.012 pMHC nm™? (equivalent to 60 pMHC on a 20 nm PF-NP)
(Fig. 3g). Interestingly, pMHC dose had a minor, non-statistically
significant effect on this phenotype (Fig. 3h), despite its clear effect
on the TR1-expanding properties of these nanomedicines (Fig. 3e).
Thus, pMHC density and pMHC dose have separate roles in promoting
Treg conversion and expansion, respectively.

pMHC-NPs trigger sustained TCR microcluster formation
Since pMHC-NPs promote Treg cell conversion by directly
ligating TCRs on cognate T cells?, the above results suggested that
pMHC-NPs operate by inducing prolonged TCR ligation.
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Figure 2 | Effects of NP size and pMHC valency on T-cell agonistic activity and TCR signalling. a, Production of IFNy by 8.3-CD8" T cells in response to
NRP-V7/K9-SFP as a function of pMHC valency and NP numbers. b, Agonistic properties of the NRP-V7/K®-SFPs from a, as a function of pMHC
concentration in the assay. ¢,d, Production of IFNy by 8.3-CD8" T cells in response to PF conjugated with two different NRP-V7/K¢ valencies, as a function
of pMHC-NP (¢) or pMHC concentration in the assay (d). e,f, Comparison of the agonistic properties of small (SFP) versus larger (PF) NPs coated with
low NRP-V7/K valencies, as a function of pMHC—-NP (e) or pMHC concentration (f). Data in a-f correspond to the average * s.e.m. values of IFNy
secretion in triplicate wells (error bars were usually smaller than the size of the symbols used to display the data) and each panel corresponds to one
representative experiment out of at least three independent experiments. Negative controls involved the use of unconjugated or Cys-conjugated NPs at the
highest concentration of NPs (that is, 50 x 10" NPs mI™" in a), yielding zero IFNy values. g, Comparison of the agonistic properties of PF NPs conjugated with
10 different BDC2.5mi/IA%” valencies on BDC2.5-CD4" T cells, as a function of pMHC-NP (left) or pMHC concentration (right). Data shown correspond to
one experiment. Data for 5 and 10 pg of pMHC were repeated twice more with similar results. As a negative control, we used Cys-conjugated NPs at a
concentration of iron equivalent to that corresponding to 10 ug pMHC ml™" of the 10 pMHC per NP preparation (95 x 10" NPs ml™), yielding zero IFNy
values. h, Relationship between BDC2.5 mi/IA®’ valency and density on PF NPs (grouped according to sub-threshold, threshold, minimal optimal and
supra-threshold densities) and agonistic activity on BDC2.5-CD4" T cells at 10 pg ml™ (left) and 5 ug ml™ (right) (concentrations of pMHC vyielding
near-maximal agonistic activity). P values between sub-threshold/threshold versus minimal optimal valency/supra-threshold valencies were calculated via a
Mann-Whitney U test. i, Luciferase activity (average * s.e.m. of triplicates) in BDC2.5-TCR/mCD4/NFAT-luciferase-expressing JurMA cells in response to
stimulation for various periods of time with BDC2.5mi/IA%’-PF-M (12.5 ug ml™), soluble anti-hCD3e mAb (10 ug ml™) and PMA/ionomycin. RLU, relative
light units. As a negative control, we used Cys-conjugated NPs at a concentration of iron equivalent to that corresponding to 5 ug pMHC mi™ of the

10 pMHC per NP preparation (45.5 x 10" NPs ml™, yielding 1.05 RLUs. Data shown are representative of at least three independent experiments

per stimulation condition. P values between conditions were calculated via two-way ANOVA. j, Relationship between BDC2.5mi/IA8” valency and

density on PF NPs (grouped according to sub-threshold, threshold, minimal optimal and supra-threshold densities) and agonistic activity on
BDC2.5-TCR/mCD4/NFAT-luciferase-expressing JurMA cells at 5 pg mi™. P values were calculated via a Mann-Whitney U test.

It has been shown that, on naive T cells, TCRs are organized as linear ~ and culminated in internalization of the NPs in intracellular vesicles,
clusters' or nonlinear assemblies'? of up to ~200 nm in diameter/length ~ starting ~3 h after binding (Fig. 4a,b). This clustered engagement was
(nanodlusters)'?, and that pMHC ligation promotes the formation of TCR  antigen-specific as neither binding nor internalization were seen when
microclusters ranging from 300 to 800 nm (refs 12,14-16). To gain pMHC-NPs were incubated with non-cognate T cells (Fig. 4c).
insights into the pMHC density effect described above, we investigated ~ These results were substantiated by super-resolution microscopy
the geometry and kinetics of pMHC-NP binding to cognate T cells.  (Fig. 4d) and scanning electron microscopy (SEM) (Supplementary
TEM studies revealed that pMHC-NPs bind CD8" or CD4" T cells  Fig. 4a,b). Thus, pMHC-NPs function as TCR nanocluster-binding
as clusters of several NPs spanning ~100-150 nm (Fig. 4a,b). This and microcluster-triggering devices.
binding geometry was already seen within 30 min at 4 °C, was followed As Treg conversion is a direct function of pMHC density,
by cluster growth (to ~400 nm) on incubation at 37°C (Fig. 4a,b,g), we investigated whether variations in pMHC density had any effects
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Figure 3 | Autoregulatory T-cell expansion properties of BDC2.5mi/IA%’-PF-M in vivo versus pMHC valency/density and dose. a, Schematic diagram
delineating the mathematical model of NP-dependent T-cell expansion. NP binding to T cells with an affinity K causes a fraction, F, of T cells to become
activated and proliferative, and a fraction, 1 - F, to remain unaffected. b,,, binding association rate constant; b, binding dissociation rate constant. b, Model
simulations of the number of free or unbound T cells (that is, X) as a function of the total pMHC expression level on NPs (V) fitted to experimental data of
T-cell expansion induced by injecting 20 nm NPs (see e). Solid lines are the mean and dashed-dotted lines are the 90% confidence envelopes. ¢,d, Comparison
of the simulated number of T cells in response to injections by NPs of radius (r) of 4 nm versus 20 nm coated with 20 (¢) or 61 (d) pMHCs per NP.

Solid lines are the mean and dashed-dotted lines are the 90% confidence envelopes. e, Relationship between the percentages of 2.5mi/IA%” tetramer™ cells
in splenic CD4™ T cells of 10-week-old NOD mice treated with 10 injections of 7 different BDC2.5mi/IA%’-PF-M preparations (displaying 29, 36, 39, 45, 53,
59 and 61 pMHC valencies, respectively) as a function of pMHC amount per dose (0.75, 7.5, 25 and 50 pg of pMHC per dose, and n=8, 16, 10 and 1,
respectively). Data correspond to net values of tetramer” cells after subtraction of staining with a negative control tetramer (HELy4_25/1A%").

See Supplementary Fig. 3 for additional details. f, The magnitude of CD4" Treg expansion in response to 10 injections of various preparations of
BDC2.5mi/IA%”-PF-M is dissociated from pMHC valency and density. Data correspond to net values of tetramer™ cells after subtraction of staining with a
negative control tetramer (HEL14-25/1A%7). Data correspond to 5, 2, 9, 6, 4, 5 and 4 mice per pMHC-NP batch (carrying 29, 36, 39, 45, 53, 59 and 61
PMHCs, respectively). gh, Per cent increase in the mean fluorescence intensity of CD49b on BDC2.5mi/IA®” tetramer® cells expanded in vivo by different
BDC2.5mi/IA8”-NP preparations as a function of pMHC density (g) (n=8, 6, 2, 21, 4 and 5 mice, respectively) and dose (h) (n=8, 16, 10 and 1 mice,
respectively). P values in e-h were calculated by Pearson’s correlation test. NS, statistically not significant.
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Figure 4 | Sustained binding and clustering of pMHC-NPs on cognate T cells as a function of pMHC density, and sterile internalization by macrophages
or DCs. ab, 2D TEM images of BDC2.5mi-CD4" (a) or 8.3-CD8" T cells (b) incubated with BDC2.5mi/IA%’- or NRP-V7/K-PF-M, respectively, coated at
supra-threshold pMHC densities (46 pMHCs per NP). The two right panels in a and the four right panels in b show the presence of NPs in intracellular
vesicles after a 3 h incubation at 37 °C. ¢, 2D TEM images of BDC2.5mi-CD4" and 8.3-CD8" T cells incubated with non-cognate NRP-V7/K%-PF-M and
BDC2.5mi/IA8”-PF-M, respectively. d, Left 3D image: super-resolution microscopy of 8.3-CD8" T cells incubated with NRP-V7/K%-PF-M-Alexa-647 at 4 °C
for 30 min. Middle and right 2D images: T cells incubated at 4 °C for 30 min and at 4 °C for 30 min followed by 37 °C for 1 h. The histogram plot shows
that the NP clusters increase in diameter with incubation time and temperature (179.1+ 4.6 nm to 401.7 £ 4.2 nm; n =100 clusters per condition; P values
were calculated by a Mann-Whitney U test). Red, NRP-V7/K9-PF-M-Alexa-647; blue, DAPI. e,f, 2D TEM images of BDC2.5mi-CD4" T cells incubated with
BDC2.5mi/IA8”-PF-M preparations carrying sub-threshold (10 pMHCs per NP; ) or threshold (24 pMHCs per NP; f) pMHC densities. Four left panels in
e and f show absence (e) or presence (f) of microclusters on the T-cell membrane. Two right panels in e and f show presence of intracellular vesicles.
The red arrows in a,b,ef show that they are NPs or clusters of NPs. g, Average size of microclusters in cells cultured in the presence of pMHC-NPs coated
at sub-threshold (59.5 = 6.5 nm) (n =59 clusters on 9 cells), threshold (271.2 £17.3 nm) (n =57 clusters on 12 cells) and supra-threshold valencies

(370 £21.3 nm) (n =60 clusters on 15 cells). P values were calculated by a Mann-Whitney U test. h, pMHC-PF-M do not trigger cytokine/chemokine
secretion by splenic CD11b" or CD11c”* cells. Data correspond to cells from four BDC2.5mi/IA8”-PF-M-treated and four untreated mice, analysed in two
independent experiments. None of the differences were statistically significant.

on TCR microcluster formation. We compared BDC2.5mi-IA*-NPs  bound to and were eventually internalized by cognate CD4"
carrying pMHCs at sub-threshold, threshold and supra-threshold T cells but without forming clusters (Fig. 4e,g). In contrast, NPs
densities. Remarkably, NPs coated at sub-threshold densities coated at threshold densities readily triggered the formation of
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Figure 5 | Binding to, and agonistic properties of human autoimmune disease-relevant pMHC-NPs on human cognate TR1-like/poised CD4* T-cell
clones. a, Left: pMHC tetramer flow cytometry profiles of human peripheral blood mononuclear cells (PBMCs) on successive culture with PPl;¢_g0cksss)
peptide, plate-bound PPl;¢-gocksss)/DRB1*0401 pMHC monomers, and anti-CD28 plus IL-2. Right: T-cell clone generated from a PHA-P/rhiL-2 stimulated
cell sorted from the tetramer” population on the left. b, Relative levels of CD49b and LAG-3 mRNA on 23 teramer” clones versus three tetramer™ clones and

bulk peripheral blood CD4" T cells.

¢, Flow cytometric analyses of CD49b and LAG-3 protein expression on tetramer” (double-positive) versus tetramer

clones (single CD49b"). d, Secretion of various cytokines by two tetramer” clones (left and middle) and three tetramer™ clones (right) in response to anti-CD3
and anti-CD28 mAb-coated beads. e, TEM of human TR1-like/poised cells incubated with PPl;¢_g0(ksssy/ DRB1*0401-PF-Ms or control (Cys-conjugated) PF-Ms.
Arrows point to representative nanoparticle clusters. f, Secretion of cytokines by clone no. 16 and clone no. 9 cells in response to cognate pMHC-NPs.

g, Upregulation of TR1 cell-relevant transcripts by clone no. 16 in response to cognate pMHC-NPs versus baseline levels in unstimulated cells.

clusters, and the sizes of these clusters increased using NPs coated at
supra-threshold densities (Fig. 4a,f,g). Therefore, pMHC density
controls Treg cell conversion by promoting the sustained assembly
of TCR microclusters, leading to rapid, robust and prolonged TCR
signalling (Supplementary Fig. 2b).

The inability of peptide-coated NPs or microparticles (without the
MHC component) to trigger TR1 cell formation in various
autoimmune disease models?, coupled to the inability of clodronate
liposome treatment (which largely deletes macrophages but also den-
dritic cells (DCs)"’) to suppress pMHC class II-NP-induced TR1 cell
formation (Supplementary Fig. 4c), indicates that this process is
antigen-presenting cell (APC)-independent. This, however, does not
exclude a role for APCs in the uptake and degradation of these

NATURE NANOTECHNOLOGY | VOL 12 | JULY 2017 | www.nature.com/naturenanotechnology

compounds. SEM of peritoneal macrophages and bone marrow-
derived DCs revealed the presence of isolated (non-clustered)
pMHC-NPs on the surface of macrophages and DCs
(Supplementary Fig. 4d—f). Remarkably, TEM imaging demonstrated
that macrophages and, to a lesser extent, DCs rapidly internalized both
PMHC-coated and uncoated NPs, even at 4 °C, into endocytic vesicles
(Supplementary Fig. 4g). Thus, unlike T cells, phagocytes rapidly pha-
gocytose pMHC-NPs in a pMHC-independent manner without
membrane retention or cluster formation. Importantly, ex vivo
PMHC-NP challenge experiments using splenic CD11b" and
CD11c" cells from pMHC-NP-treated and untreated NOD mice
further indicated that pMHC-NP binding is a ‘sterile‘ event that
does not trigger cytokine/chemokine release (Fig. 4h).
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Figure 6 | Pharmacokinetics and toxicology of pMHC class 1I-PF-Ms in NOD mice. a, Representative tissue-specific (liver) fluorescence decay curves for
pMHC conjugated and unconjugated PF-M, and derivation of the corresponding tissue-specific half-life times (n =3 mice per treatment type and time point).
b, Biochemical read-outs in plasma and total levels of protein in urine (last panel) (n =5 mice per treatment type and time point). Cohorts of NOD mice
(n=5 mice per treatment type and time point) were injected with one dose of pMHC-conjugated NP (200 pg Fe) or PBS, and blood samples were collected
at different time points. ¢, Haematological read-outs from the same samples collected for b. P values in b,c were calculated via two-way ANOVA.

Only P values < 0.05 are shown. All other read-outs were statistically not significant.

To investigate if human TR1-poised CD4" T cells bind and
respond to pMHC class II-PF-NPs like their murine conterparts,
we generated human TR1-poised CD4" T-cell clones specific for
the preproinsulin (PPI);4_goksss)/DRB1*0401 pMHC by passaging
peptide-challenged peripheral blood CD4" T cells of a T1D patient
on pMHC-coated plates. Single pMHC-tetramer-positive and
-negative cells were then sorted and expanded by stimulation with
phytohemagglutinin-P and rhIL-2 (Fig. 5a). Quantitative reverse
transcription-polymerase chain reaction (RT-PCR) revealed that
23/23 tetramer” clones expressed several fold higher levels of
CD49%b and especially LAG-3, than their three tetramer™ counter-
parts or peripheral blood CD4" T cells (Fig. 5b). Additional flow
cytometry studies with two tetramer” clones and the three tetramer™
clones revealed that the former co-expressed both CD49b and LAG-3
on the cell surface (Fig. 5c), consistent with a TR1-poised pheno-
type'®'°. In addition, anti-CD3/anti-CD28 mAb challenge triggered
the secretion of high levels of the TR1 cytokines granulocyte-macro-
phage colony-stimulating factor (GM-CSF), IFNy, IL-10, TNFa and
IL-5 (refs 18,19), but not cytokines expressed by Thl, Th2, Th9 or
Th17 cells (IL-2, IL-4, IL-9 or IL-17) (Fig. 5d, left). None of the
three tetramer™ clones displayed this phenotype (Fig. 5d, right).
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TEM of cells cultured in the presence of PPI;s_goksss)/ DRB1*0401-
PF-NPs revealed a pMHC-NP-binding geometry and kinetics similar
to those observed for mouse CD4" T cells (Fig. 5¢). This was associated
with secretion of GM-CSF, IFNy and TNFa, albeit not IL-5 or IL-10
(Fig. 5f), consistent with the costimulation-dependent secretion of
IL-10 in mouse TR1-like CD4" T cells?. Further pMHC-NP exposure
resulted in the upregulation of the TRI cell transcrips c-MAF, IL-21,
IL-10, IFNy, CD49b and LAG-3 (Fig. 5g).

Collectively, these data indicate that human autoimmune disease-
relevant pMHC-NPs bind to cognate human patient-derived TR1-
poised CD4" T cells as clusters that remain on the plasma membrane
for a sustained period of time and trigger the upregulation of TR1 cell
transcripts without triggering IL-10 secretion. Together with the
ability of human T1D-relevant pMHC class II-NPs to trigger the for-
mation and expansion of human TR1-like CD4" T cells in humanized
mice?, these new data provide further compelling evidence supporting
the translational significance of these compounds.

Biodistribution, pharmacokinetics and toxicology of PF-NPs
Exposure of NRP-V7/KY-PF-NPs with mouse serum at 37°C
in vitro resulted in a rapid loss of activity (~40%) during the first
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hour, followed by a much slower decline afterwards (~5% h™")
(Supplementary Fig. 5a), suggesting that the pMHC coat is subject
to proteolytic degradation or masking by plasma components.
Comparison of the rates of accumulation and clearance of fluoro-
chrome-labelled pMHC, PF-NPs and pMHC-PE-NPs in vivo
indicated that they are distributed systemically (Fig. 6a and
Supplementary Fig. 5b-d). However, whereas pMHC delivered
either as monomers or as PF-NP conjugates are consistently
enriched in the kidney, PF-NPs are preferentially enriched in the
liver and gut (Supplementary Fig. 5d). This suggests that the NP
component can be excreted via the hepatobiliary system?°-?2. The
fluorescence signal observed in the kidney and urine likely
corresponds to free fluorochome (Cyto670) or to proteolytic
fragments of pMHC released from the pMHC coat by serum
proteases, as suggested by the data in Supplementary Fig. 5a.
Fluorescence intensity decay in different organs followed one-phase
exponential kinetics (Fig. 6a) and were consistent with very short
half-lives for the pMHC and the NP components of pMHC-PF-
NPs (especially in the liver and blood for the pMHC, and in
phagocyte-rich organs such as the liver, lungs, kidneys and lymph
nodes for the NPs) (Fig. 6a).

To investigate possible off-target effects, we performed a zebra-
fish embryo development screen using PF-M and pMHC-PF-M.
No mortality or morphological (17 endpoints) or touch response
abnormalities were seen over a broad range of concentrations
(Supplementary Fig. 6). Furthermore, intravenous delivery of
pMHC-PE-M did not increase the serum concentrations of a
broad range of cytokines and chemokines versus sham-treated
controls (human injectable saline) within 8h after injection,
indicating that they do not induce a ‘cytokine storm’
(Supplementary Fig. 7a). pMHC-PF-NPs also failed to induce
significant changes in a broad range of serum biochemical and
haematological parameters or abnormalities in the urine versus
PBS-treated mice (Fig. 6b,c and Supplementary Table 4).

Multi-organ histopathology did not reveal significant abnormal-
ities, as compared to PBS (Supplementary Table 5). Likewise, ultra-
structural studies of the kidneys of mice treated with pMHC-PF-M
or ferumoxytol (a FDA-approved iron oxide NP, IONP) versus PBS
demonstrated the lack of NP accumulation in the glomeruli or
structural abnormalities (Supplementary Fig. 7b).

Conclusion
We have described a novel and simple manufacturing process that
consistently yields highly stable and potent iron oxide-based
Treg-triggering/expanding nanomedicines. These pMHC-PF-NP
preparations are biocompatible, devoid of off-target effects, and
have no appreciable systemic or organ-specific toxicity. Whereas
the NP component of these compounds functions as a ligand
multimerization platform that is essential for biological activity,
the directionally positioned ligands provide cell-targeting specificity.
It has been established that the biodistribution profile, blood
residence time, proclivity for organ accumulation, biodegradability,
bystander immune-stimulatory activity and toxic potential of
NP-based compounds are a function of several parameters, including
the chemical nature of the NP core?. Tron oxide NPs offer key
advantages over other inorganic or organic NP types. They are
rapidly taken up by phagocytes?*?, are biodegradable, recycled
into normal iron metabolism pathways and thus do not accumulate
in tissues?®. The PF-NP design aimed not only to simplify the
manufacturing of a high-capacity NP in a novel single-step reaction,
but also to maximize the pharmacodynamic properties of
pMHC-NPs without compromising safety. The circulating half-life
of IONPs decreases with NP size, and pegylation increases their
plasma half-life. The size and circulating half-life of our pegylated
PF-M design (44 nm hydrodynamic diameter, ~10 h) fall between
the values of clinically approved dextran-coated IONPs such as
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Ferumoxide and Ferumoxtran-10 (80-150 nm versus 20-40 nm,
respectively), which have circulating half-lives of <0.5h to ~30 h,
respectively?”?%. Another safety concern relates to the ability of
NP-based compounds to activate phagocytes, leading to non-
specific cytokine secretion. This has been documented for gold
colloids, dendrimers, polymers and lipid nanoparticles among
others*=**, pMHC-PF-NPs do not promote cytokine/chemokine
secretion by CD11b" or CD11c" cells, do not impair these cells
responsiveness to innate immune stimuli such as lipopolysaccharides,
and do not trigger a cytokine storm in vivo.

Using these compounds, we have defined the fundamental
principles guiding the optimal design of pMHC-NP formulations
aimed at expanding autoantigen-specific regulatory T cells in vivo.
The optimal pMHC-NP design consists of small particles coated
with pMHC monomers at high densities. Whereas pMHC density
is responsible for the Treg-triggering potency of these compounds,
total pMHC dose is associated with their Treg-expanding
properties. The binding geometry of these compounds to cognate
T cells accounts for the observed pMHC-density effects. Closely
apposed pMHC monomers on the NP surface would facilitate the
repeated re-engagement of transiently dissociated pMHC mono-
mers on individual NPs, thus delaying TCR internalization and
lengthening the half-life values (#;,,s) of individual TCR-pMHC
interactions'>**. The cytoskeletal rearrangemetns triggered by the
resulting signalling events would then promote the sustained assem-
bly of proximal pMHC-NP-TCR units into large TCR microclus-
ters®, further amplifying the duration and magnitude of TCR
signalling!%. High pMHC densities would also facilitate the coopera-
tive propagation of conformational changes and associated down-
stream signalling events from pMHC-bound TCRs to their
unbound neighbours*-*, both within and between individual NPs
on membrane clusters®. This interpretation, based on both exper-
imental data and in silico mathematical and biophysical modelling,
is compatible with both the kinetic proofreading?® and serial TCR
engagement models*! of T-cell activation. The discovery that
PMHC density is responsible for the remarkable and unanticipated
immunotherapeutic effect caused by the supra-physiological recep-
tor triggering properties of these compounds defines a critical
design principle for ligand-based NP compounds that is likely to
be applicable to other areas of biology.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods
Mice. NOD/Lt mice were from the Jackson Lab (Bar Harbor, ME). 17.4a/8.3f

(8.3-NOD) and BDC2.5-NOD mice (expressing transgenic T-cell receptors for
IGRP,06_214 or NRP-V7/K? and 2.5 mi/IA¥, respectively) have been described’2-,
The experiments described herein were not blinded and were approved by the
University of Calgary Animal Care Committee and by the Faculty of Medicine and
Pharmacy Animal Care Committee at the University of Toronto. No samples of
animals were excluded from the analyses reported.

PMHC production. Recombinant pMHC class I were produced by re-folding MHC
class I heavy and light chains expressed in bacteria in the presence of peptide,
followed by purification via gel filtration and anion exchange chromatography*>4¢,
or by expressing glycine-serine (GS) linker-tethered single-chain MHC class I
complexes in mycoplasma-free lentiviral-transduced freestyle chinese hamster ovary
(CHO) cells*”. Recombinant pMHC class II were produced in CHO cells transduced
with lentiviruses encoding a monocistronic message in which the peptide-MHCp
and MHCa chains were separated by a ribosome skipping P2A-coding sequence®s.
The secreted proteins were purified using strep-tag and/or nickel columns and
used for NP coating or biotinylated to produce pMHC tetramers using
fluorochrome-conjugated streptavidin (Supplementary Figs 1b and 5a).

PMHC tetramer staining. Phycoerythrin (PE)-conjugated TUM/K?, NRP-V7/K¢,
IGRP,06_514/K9, HEL, 4 5,/IA® and BDC2.5mi/IA® tetramers were prepared using
biotinylated pMHC monomers and used to stain peripheral T cells as described***.

NP synthesis. Gold nanoparticles (GNPs) were synthesized by chemical reduction
of chloroauric acid (HAuCl,) with sodium citrate as described’'. The SEP series iron
oxide (Fe;0,) NPs were produced by thermal decomposition of iron acetylacetonate
in organic solvents in the presence of surfactants, then rendered solvent in aqueous
buffers by pegylation®*>** using different dopamine-conjugated PEGs (DPA-PEG,
3.5 kDa) (Supplementary Table 1; Jenkem Tech). The monodisperse SFP NPs were
stored in water. The concentration of iron was determined spectrophotometrically
at 410 nm in 2 N hydrochloric acid (HCl). Based on the structure and diameter
of SFP NPs®%, SFP solutions containing 1 mg of iron contain 5 x 10'* NPs.

We subsequently developed a new iron oxide NP design to produce, also by
thermal decomposition but in a single step, pegylated iron oxide NPs in the absence
of surfactants (PF series). PEG molecules were used as an in situ surface-coating
agent. In a typical reaction, 3 g PEG (2 kDa) was melted in a 50 ml round bottom
flask at 100 °C and then mixed with 7 ml of benzyl ether and 2 mmol Fe(acac);. The
reaction was stirred for 1 h and heated to 260 °C with reflux for 2 h. The mixture was
cooled to room temperature and mixed with 30 ml water. Insoluble materials were
removed by centrifugation at 2,000¢ for 30 min. We were able to generate iron oxide
NPs with most, albeit not all of the PEG molecules tested (Supplementary Table 1).
The size of the iron oxide NPs varied depending on the functional groups
(Supplementary Tables 1 and 2). The NPs could be readily purified using magnetic
(MACS) columns (Miltenyi Biotec) or an IMag cell separation system (BD
BioSciences). The purified iron oxide NPs were stored in water at room temperature
or 4 °C without any detectable aggregation. NP concentration was calculated as
described above.

PMHC conjugation to NPs. pMHC conjugation to NPs produced with PEG
linkers carrying distal primary amine (-NH,) or carboxyl (-COOH) groups

was achieved via the formation of amide bonds in the presence of
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC).

To conjugate pMHC to maleimide-functionalized NPs (SFP-M and PF-M;
Supplementary Table 2), pMHC molecules engineered to encode a free C-terminal
Cys were mixed with NPs in 40 mM phosphate buffer, pH 6.0, containing 2 mM
ethylenediaminetetraacetic acid (EDTA), 150 mM NacCl, and incubated overnight at
room temperature. Click chemistry was used to conjugate pMHC to NPs
functionalized with azide groups (SFP-Z; Supplementary Table 2 and Supplementary
Fig. 2a). pMHCs were incubated with dibenzocyclooctyne-N-hydroxysuccinimidyl
ester (DBCO-NHS, Click Chemistry Tools) for 2 h at room temperature. Free DBCO
molecules were removed by dialysis. pMHC-DBCO conjugates were incubated
with SFP-Z for 2 h. Unconjugated pMHCs in the different reactions were removed
by dialysis against PBS, pH 7.4, at 4 °C through 300 kDa cut-off membranes
(Spectrum Labs). Alternatively, pMHC-conjugated NPs were purified by magnetic
separation. The conjugated NPs were concentrated by ultrafiltration through
Amicon Ultra-15 (100 kDa cut-off) and stored in PBS.

NP characterization. The size and dispersity of unconjugated and pMHC-
conjugated NPs were assessed via TEM (Hitachi H7650) and DLS

(Zetasizer, Malvern). The chemical nature of the iron oxide core of the PF series of
NPs was evaluated using SEBD. The surface properties were evaluated with FTIR
using a Nicolet FTIR spectrophotometer on an attenuated total reflection mode.
Pegylated and pMHC-NPs were also analysed via 0.8% agarose gel electrophoresis,
native- and denaturing 10% SDS-PAGE.

PMHC valency measurements. To quantify pMHC valency, we measured the
pMHC concentration of the pMHC-NP preparations using different
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approaches, including Bradford assay (Thermo Scientific), amino acid analysis
(high-performance liquid chromatography (HPLC)-based quantification of

17 different amino acids in hydrolysed pMHC-NP) (University of Toronto) and
dot-enzyme-linked immunosorbent assay (dot-ELISA), and the values converted to
ratios of pMHC molecular number to NP number. Briefly, in the dot-ELISA
approach, pMHC-conjugated and unconjugated NPs and pMHC monomer
solutions (as standards) were serially diluted in PBS and adsorbed to a
polyvinylidene fluoride membrane in a multiwell filter plate. The plate was
incubated with pMHC-specific primary antibodies (Abs) (that is, anti-p2M and
anti-K? for pMHC class I-NPs, clones 2M2 and SF1-1.1, respectively; BioLegend),
followed by horseradish peroxidase (HRP)- or alkaline phosphatase (AP)-
conjugated secondary Abs. On development of the colour reactions, the absorbance
of the supernatants was measured at 450 nm. Because the values generated by these
different methods were similar (Supplementary Fig. 8), the Bradford assay (using
unconjugated NPs as blanks) became the method of choice.

Endotoxin-free pMHC-NP production and endotoxin measurements. All
glassware were baked in a drying oven at 200 °C for 2 h. All high-speed centrifuge
tubes, rubber stoppers, containers and stir bars were pre-treated with 2 M NaOH
overnight, and rinsed with endotoxin-free water prior to being used. Buffers were
prepared in endotoxin-free water (Cellgro, Fisher Scientific). Processing, conjugation
and purification of NPs were carried out in a laminar flow hood. And gloves were
sprayed with 70% ethanol. The levels of endotoxin in pMHC, NPs and pMHC-NPs
were monitored using a chromogenic LAL endotoxin assay kit (Genscript)®*3.
These steps effectively reduced levels of endotoxin in pMHC-NPs to <0.01 EU ml™"
(assay detection limit; EU, endotoxin units).

TCR signalling in TCR/mCDA-transfected JurMA cells. The TCRa and

TCRB cDNAs encoding the BDC2.5-TCR were generated from BDC2.5-CD4"
T-cell-derived mRNA using the 5> RACE System for Rapid Amplification of cDNA
Ends, version 2.0 kit (Thermo Fisher Scientific), and subcloned as a P2A-tethered
single open-reading frame into a retroviral vector upstream of an IRES-eGFP
cassette. The human CD3"/TCRpB-JurMA reporter cell line (expressing
NFAT-driven luciferase) was transduced with retroviruses encoding murine CD4
and BDC2.5-TCRaf. eGFP and mCD4 double-positive cells were sorted by flow
cytometry and stained with PE-labelled BDC2.5/IA¥ pMHC tetramers to

confirm specificity.

To measure NFAT-driven expression of luciferase, wild-type and BDC2.5/mCD4"
JurMA cells were plated at 500,000 cells per well in 200 pl of Dulbecco’s modified
eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% foetal bovine
serum (FBS) (Sigma-Aldrich) in the presence or absence of 20 ng ml™' PMA plus
0.5 uM Tonomycin (Sigma-Aldrich), 10 pg ml™ of anti-hCD3e mAb (OKT3, BD
Biosciences) or 12.5 pg ml™" of BDC2.5/IA%¥-coated PE-M. Cells were washed three
times with PBS and 10° cells lysed in 20 pl cell culture lysis reagent (Promega) and
incubated with 100 pl of luciferase assay reagent (Promega) in opaque white plates
(Greiner Bio One International GmbH) using a Veritas Microplate Luminometer
(Promega) with injectors. Luciferase activity was expressed as relative luminescence
units (RLUs), normalized to the luciferase activity of non-stimulated cells.

PMHC-NP therapy of NOD mice. Cohorts of 10-week-old female NOD mice were
injected intravenously with pMHC-coated NPs in PBS twice a week for 5 weeks.
Increases in the size of tetramer” CD8" or CD4" T-cell pools in blood, spleen, lymph
nodes and/or marrow, as well as their phenotypic properties, were assessed by flow
cytometry as described’?.

Clodronate liposome treatment. NOD.Ltj mice were injected intraperitoneally with
PBS or clodronate liposomes (0.01 ml per g body-weight, following the
manufacturer’s instructions; www.ClodronateLiposome.com) on days -4 and -1
relative to the initiation of BDC2.5mi/IA-PEM treatment (7.5 ug pMHC per dose).
The mice were treated twice a week for 5 weeks with both clodronate liposomes or
PBS and pMHC-NPs. To measure the efficiency of phagocyte-depletion,
haemolysed and collagenase D-treated spleens were stained with CD11c- and
F4/80-specific mAbs. As described previously, clodronate liposome treatment
depleted both macrophages (82 + 4% depletion) and DCs (46 + 7% depletion)>®*”.

Mathematical modelling. Assumptions, derivations, as well as parameter values and
distributions, obtained by applying Markov Chain Monte Carlo simulations, can be
found in Supplementary Section ‘Mathematical material’.

Agonistic activity of pMHC-NPs in vitro. FACS-sorted splenic CD8" or CD4" cells
from TCR-transgenic mice (2.5 x 10° cells ml™") were incubated with a range of
PMHC-conjugated or control NP concentrations for 24-48 h at 37 °C. The
supernatants were assayed for IFNy by ELISA.

Responsiveness of human T-cell clones was assessed by culturing 5 x 10° T
cells in 48-well plates, in 500 pl of complete RPMI-1640 media containing
anti-CD3/anti-CD28 mAb-coated beads (Life Technologies; at a bead-to-cell ratio of
1:1), PPI;5_99(sssy/ DRB1*0401-coated PF-M (50 pg of pMHC/ml) or an identical
number of control, Cys-coated PF-M. On day 2, supernatants were collected for
cytokine analyses by Luminex and cell pellets harvested for RNA extraction. In other
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experiments, T-cell clones were incubated with PPI;s_gq(sss)/DRB1¥*0401-coated
PF-M or Cys-coated PF-M for up to 5 days. Cells were collected on days 0, 2, 3, 4 and
5 and used for RNA extraction.

Flow cytometry. 5 x 10* T cells were resuspended in 50 pl of FACS buffer containing
4 ul FcR blocking reagent (Miltenyi Biotec), incubated for 15 min at room
temperature and further incubated with anti-CD4-FITC (clone OKT4),
anti-CD45RA-V450 (BD Biosciences), anti-CD49b-APC (Biolegend) and
anti-LAG-3-PE (R&D) antibodies for 30 min on ice or at 37 °C, respectively.

Cells were washed, resuspended in 200 pl FACS buffer and analysed with a
FACSCanto II (Becton Dickinson). All stainings were done in the presence of an
anti-CD16/CD32 mAb (2.4G2; BD Pharmingen) to block FcRs. Analysis was done
using Flow]Jo software.

Human T-cell clones were stained with FITC-conjugated anti-CD4 (OKT4,
BioLegend), APC-conjugated anti-CD19 (HIB19, BD Pharmingen), PerCP-conjugated
polyclonal goat anti-LAG-3 IgG (R&D), biotin-conjugated anti-CD49b (AK7, Pierce
Antibodies, Thermo Scientific), and EF450-conjugated streptavidin (eBioscience).

TEM. Human T-cell clones, thioglycollate-induced peritoneal macrophages, bone
marrow-derived DCs or BDC2.5-CD4" and 8.3-CD8" T cells (5 x 10° ml™!) were
incubated with PPI;6_go(sss)/DRB1*0401-coated PF-M, BDC2.5mi/IA%- and NRP-
V7/K* coated PE-M NPs for 30 min at 4 °C (15-20 pg ml™ of pMHC). The cultures
were further incubated at 37 °C for the indicated lengths of time, washed with cold
PBS, fixed and sectioned (70 nm) for TEM imaging with a Hitachi H7650.

Super-resolution microscopy. 8.3-CD8" T cells were incubated with NRP-V7/K%-
PF-M-Alexa-647 NPs at 4 °C for 30 min or at 37 °C for another hour. Cells were
washed three times with cold PBS pH 7.4, then fixed in 2% paraformaldehyde (PFA)
for 15 min on ice. After washing, cells were stained with 1 pg ml™" DAPI at room
temperature for 5 min, mounted and observed under a super-resolution microscope
(ELYRA 131, Zeiss). Image processing and quantitative analysis of cluster diameter
was done with ZEN 2012 software (n = 100).

SEM and X-ray spectrometry. Cells were plated on a coverslip and incubated
with unconjugated or Cys-conjugated PF-M, BDC2.5mi/IA%”-PE-M or NRP-V7/K*-
PF-M at 4 °C for 30 min with/without additional 60 or 180 min incubations at 37 °C.
After washing with 0.05 M cacodylate buffer pH 7.4, samples were fixed with 2.5%
glutaraldehyde at 4 °C overnight, subjected to sequential dehydration in graded
ethanol and immersed in hexamethyldisilazane for 3 min for drying. The samples
were observed under an XL30 SEM (Philips) by gold coating. Element analysis was
carried out using energy-dispersive X-ray spectrometry (EDS).

Generation of pMHC-PF-M-specific human TR1-poised cell clones. PBMCs,
obtained from individuals recruited under informed consent approved by the
Institutional Review Board at Hospital Clinic, were isolated from heparinized blood
by gradient centrifugation and resuspended at 5 x 10° ml™" in complete RPMI-1640
(Gibco) media supplemented with 10% human AB serum (Linus). The cells were
cultured in 24-well plates in the presence of human pre-proInsulin (PPI) 76-90(S88)
peptide (SLQPLALEGSLQSRG) at 10 pg ml ™. A stimulation control culture

was performed with 2 ul ml™" Pediacel (Sanofi-Pasteur), a penta-vaccine. After
7-10 days, cells were washed, and cultured for 5 days in wells coated, at high density,
with avidin and biotinylated PPI;s_go(sss)/DRB1¥*0401 monomer. Finally, cells were
cultured for 5 additional days in the presence of 1 pg ml™" of soluble anti-hCD28
mAb (BD Pharmingen). A low dose of interleukin-2 (2.5 units ml™) (R&D) was
added on day 2. Presence of antigen-specific T cells in the CD4"8"CD25" T-cell
subpopulation was evaluated by flow cytometry after staining with PE-labelled
PPI;6_90(sss)/DRB1*0401 tetramer. Tetramer” CD4" T cells were single-cell sorted
into 96-well plates using a FACSAriall sorter (Becton Dickinson). Individual cells
were expanded into clones for 15 days by stimulation with irradiated PBMCs

(10 per well) in RPMI-1640 media with 1 ug ml™* phytohemagglutinin-P (PHA-P)
(Sigma) and 100 U ml™" of human interleukin-2. On day 15, tetramer™ clones were
expanded by re-stimulation with irradiated PBMCs (10° per well) in RPMI-1640
media containing PHA-P and interleukin-2.

Cytokine/chemokine secretion by macrophages and DCs. Ten-week-old NOD
mice were left untreated or were treated with 10 doses of BDC2.5mi/IA% PF-M NPs
(20 pg pMHC per dose; 2 doses per week for 5 weeks). Splenic CD11b* and CD11c¢*
cells were isolated from collagenase D-digested cell suspensions (2 mg ml™}, Roche
Diagnostics) using CD11c microbeads (Militenyi Biotec) or CD11b magnetic
particles (BD Biosciences). Cells (10°) were cultured for 3 days with BDC2.5mi/
TA¥"PF-M NPs (20 ug pMHC ml™) or vehicle alone. The supernatants were
analysed using Multiplexing LASER Bead Assay technology (Eve Technologies).

Quantitative RT-PCR. RNA was subjected to QRT-PCR using primers specific for
human IL-21 (Forward: CCAAGGTCAAGATCGCCACA; Reverse:
GGCAGAAATTCAGGGACCAAG), IL-10 (Forward:
AAGACCCAGACATCAAGGCG; Reverse: AATCGATGACAGCGCCGTAG),
IFNy (Forward: CAGGTCATTCAGATGTAGCGGA; Reverse:
TCTGTCACTCTCCTCTTTCCAA), c-Maf (Forward:

GAGAAGTTGGTGAGCAGCGG; Reverse: GCGAGTGGGCTCAGTTATGAA),
LAG-3 (Forward: CCTCACTGTTCTGGGTCTGG; Reverse:
CAGCGTACACTGTCAAGGGA), and CD49b (Forward:
CGGGCAAATTATACCGGCCA; Reverse: GGAGCCAATCTGGTCACCTC).

Stability of pMHC-NPs in mouse serum. NRP-V7/K-NPs were incubated with
serum for 0, 1, 2 and 4 h at 37 °C, washed in PBS through 100KD amicon
ultrafiltration units and incubated with cognate 8.3-CD8" T cells (5 x 10* per well)
for 48 h at 37 °C (2.2 pg of pMHC per well) in 96 U-bottomed well plates. The
IFNYy content in the culture supernatants was measured by ELISA.

Biodistribution of pMHC, unconjugated NPs and pMHC-conjugated NPs.
pMHC and pMHC-NPs were labelled with Cyto670-NHS ester in 0.2 M
dicarbonate buffer, pH 9.5 for 1.5 h at room temperature, purified by Amicon
Ultral5 (30 kDa) and re-suspended in PBS, pH 7.2. Unconjugated NPs were
incubated with free cysteine overnight, washed via ultrafiltration (10 kDa) and
labelled with cyto670 as above. Cohorts of 8-week-old male NOD mice were injected
with fluorochrome-labelled pMHC, -NP or -pMHC-NPs. Blood and the indicated
organs were harvested at 1, 4, 8 and 24 h after treatment. Fluorescence intensity of
tissue samples was measured using a Carestream Multispectral MS Fx Pro in vivo
imager under fluorescent excitation of 650 nm and emission wavelength at 750 nm.
Images were subject to normalized background subtraction in Image], followed by
mean fluorescence intensity measurements for each organ area. The mean
fluorescence intensity was subtracted from the organs of control mice given PBS
injections. Absolute fluorescence intensity values in different organs were
normalized to the total cumulative fluorescence intensity of all organs combined, for
each time point analysed.

Half-life measurements. Cohorts of 8-week-old male NOD mice were injected
with cyto670-labelled pMHC-NPs or NPs, and tissues collected at 1, 4, 8 and 24 h
post-injection. The half-life times in individual tissues were then calculated
according to tissue-specific one phase exponential decay curves using Graphpad
Prism software.

Zebrafish embryo development toxicity screen. PBS in PF-M or pMHC-PF-M was
exchanged to embryo medium (5.0 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,

0.33 mM MgSO4 NaHCO; to pH 7.4) prior to making stock solutions for testing.
At 4 h post-fertilization, embryo chorions were removed enzymatically and the
embryos transferred to individual wells of a 96-well plate with 100 pl of prepared
NP solution®. Embryos were exposed to 50, 10, 1 ug ml™ of each NP preparation
(normalized to Fe content) and to an embryo medium control (N =24 embryos
(wells) per treatment, 1 plate per NP type). The static NP exposure was maintained at
28 °C until 24 h post-fertilization (h.p.f.), at which time developmental progress and
mortality were assayed. At 120 h.p.f,, embryos were assessed for their escape
response to a gentle touch with a blunt probe to the head and tail region. They were
then euthanized by tricaine overdose and scored for mortality and morphological
malformations. For malformation statistics, only embryos that survived were
accounted for. Seventeen morphological endpoints were evaluated®%.

Serum cytokine ‘storm’ effect assessment. Pre-diabetic 10-week-old NOD mice
were treated with BDC2.5mi/TA®-NPs (10 ug pMHC), an equivalent amount of
unconjugated NPs or human injectable saline as a sham injection control. Serum
samples were taken before and 8 h after treatment and used to measure 32 different
cytokines and chemokines via Luminex.

Haematology, biochemistry and histological analyses. Cohorts of 8-week-old
NOD male mice were treated with 200 pl PBS, pH 7.4, or with a single dose of
unconjugated or pMHC-conjugated PF-M containing 200 ug Fe in 200 ul PBS,
pH?7.4. Mice were sacrificed 1, 3, 10, 30 and 100 days after injection. On intravenous
administration, the animals were monitored for signs of complications (for example,
weight loss, dehydration, lethargy, and so on). Mice were anaesthetized and blood
collected via cardiopuncture into microvette tubes containing lithium/heparin and
K3 EDTA for blood biochemistry and haematology, respectively. The urine was
collected in concerts of bladder voiding on euthanasia, and puncturing the bladder
post-mortem. Haematological analyses were performed by the Centre for Modeling
Human Disease (CMHD, Toronto, Canada) within 24 h using a Hemavet 950FS
analyser. The biochemistry analyses were done by IDEXX Laboratories using a
Beckman Coulter Olympus AU5811 analyser. Urine analysis was performed by
dispensing 10 ul per spot of the urine samples on colorimetric Chemstrip 5 OB
(Roche). Liver, kidney, spleen, femurs, brain and axillary/bronchial/inguinal lymph
nodes were also collected post-mortem on days 10, 30 and 100 after treatment, and
processed for haemotoxylin and eosin (H&E) staining and histopathology.

TEM of kidney. Cohorts of 10-week-old mice were injected with pMHC-NPs

(n = 3; 25 pg of iron per dose, twice a week for 5 weeks) or Ferumoxytol (Faraheme;
n =3, also at 25 g of iron per dose, twice a week for 5 weeks). One day after the last
dose, mice were sacrificed and their kidneys sectioned for TEM. A third cohort of mice
(n = 3) was injected with a single dose of pMHC-NPs (200 pg of iron) and sacrificed
4 h later to collect the kidneys. Images were captured using a Hitachi H7650 TEM.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nnano.2017.56
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dbo!: 10.1038/NNANO.2017.56

ARTICLES

Statistical analyses. Quantitative data were compared by Student’s -test (for n > 30)
or Mann-Whitney U test (for n <30). Qualitative data were compared via
Chi-Square test on contigency tables. Pearson correlation was used to establish
correlations between two values. Two-way ANOVA tests were used to determine
how a response was affected by two variables. Sample sizes were calculated based on
available data and the intrinsic experimental variability of the different assays used.
Statistical significance was assumed at P <0.05.

Data availability. The data that support the plots within this paper and other
findings of the study are available from the corresponding author upon
reasonable request.
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