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ABSTRACT: Encouraging results are emerging from systems dgkptoit Toll like receptor

(TLR) signaling, nanotechnology, checkpoint inhidnit and molecular imaging for cancer
immunotherapy. A major remaining challenge is depelg effective, durable and tumour-
specific immune responses without systemic toxidigre, we report a simple and versatile
system based on synergistic activation of immursparses and direct cancer cell killing by
combined TLR ligation using polylC as TLR3 and imimod (R837) as TLR7 agonist, in
combination with the model antigen ovalbumin (OVa&)d phospholipid micelles loaded with
zinc-doped iron oxide magnetic nanoparticles (MNPE)e combination of TLR agonists

triggered a strong innate immune response in tmplynodes (LNs) without systemic release of



melanoma cells expressing OVA, which was improvetth wnmune checkpoint abrogation of
the immunosuppressive programmed death-ligand (Bt the level of the cancer cells. By
magnetic resonance (MR) and nuclear imaging wedctralck the vaccine migration from the
site of injection to LNs and tumour. Overall, weoshthis synergistic TLR agonists and their
combination with MNPs and immune checkpoint bloekad have considerable potential for

preclinical and clinical development of vaccinesdancer immunotherapy.
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I ntroduction

Nanoparticles (NPs) used as delivery vehicles mflsi chemotherapy drugs have led so far to
nanomedicines that mainly decrease treatment-ibgae effects in patients.[1-3] Although
NPs have also been used as a promising platformniproving combination drug therapy,
enabling multidrug treatments that are limited bgkl of efficacy and toxicity concerns,[4]
improving the overall survival of patients with #ge systems remains a major challenge.

These cancer nanomedicines are still severelydaniity the barriers and characteristics of the



encounters with the immune system.[5,6]

As nanomedicine matures and the understanding efitimune system deepens, a growing
number of studies are beginning to focus on engimgaanomaterials that can be applied for
modulating and controlling/enhancing immune resperte improve therapies and treatments for
cancer, infectious disease, and autoimmunity.[7HI4] Advancing the development of such
immunomodulatory drug-loaded NPs targeting immue#s coffers the advantage that drug
payload delivery to even a small fraction of immuwedls may be enough to achieve robust
antitumour efficacy.[18] This is because immundscehn extensively proliferate and acquire the
capacity to generate effective antitumour respongds memory against cancer cells through
coordinated activation of innate and adaptive imenuesponses upon contact with the
immunomodulatory NP. This offers unique and intmgu possibilities for tackling metastatic
disease and developing durable, long-term defegsi@st cancer — the holy grail of cancer
research. Intrinsic imaging features of drug vedscare ideal for evaluation of drug delivery
efficiency and guiding and non-invasive monitorioigtreatment responses. Although immune
modulating gold NPs have been developed to enabtguted tomography (CT) tracking, the
amount of NP that has to be administered is tot Fog practical clinical applications.[19] Iron
oxide NPs are patrticularly well-suited for this Apgtion, for they have already been approved
for human use as MRI contrast agents and as irpplements.[20] This is because they have
excellent biodegradabilityn vivo, with the iron from NPs metabolized and incorpedainto the
body’s iron store.[21-23] However, the need forhhigP concentrations is also a challenge,
leading to efforts to synthetically enhance the negig properties of iron oxide NPs to optimize

their tracking by MRI.[24,25] Imaging aside, iroride NPs offer innovative options to harness



have shown that the interaction of phagocytes ith oxide NPs such as ferumoxytol can lead
to tumour growth inhibition.[26] Furthermore, MNIPsovide also possibilities for introducing
new mechanisms for controlling the release, celltddée, and biodistribution of these drugs
using external magnetic stimulated manipulatiorchsas magnetic field guided localization and
hyperthermia to enhance delivery and/or combinedatbeutic effects. Although none of these
mechanisms have been exploited in cancer immuragigeand in this study, a growing number
of reports are providing experimental demonstrabbithe potential of these magnetism-based
mechanisms for precision drug delivery and comlbinalttherapy in chemotherapy.[27]

For effective use of MNPs in cancer immunotherdmre is considerable potential in targeting
antigen presenting cells (APCs) such as macrophagédsdendritic cells (DCs).[28] DCs in
particular represent an ideal target because t&ge in peripheral tissues and in lymph nodes
(LNs), where they act as sentinels and serve astgivbridge between innate and adaptive
immunological responses.[29] Many of these respoiase triggered by recognition of specific
molecules by TLRs on DCs.[30-33] Hence, TLR ligan@dgonists and antagonists) are
increasingly being used in the development andnemging of synthetic vaccines to combat
infectious diseases and cancer.[[®H] However, a view that is emerging from systdyidogy
approaches to study innate immunity is that prespial and temporal control of the immune
responses is critically important. In particuldne tcellular localization of TLR receptors has
important consequences for ligand accessibility eend also have an effect on the downstream
signaling events regulating the immune responsgNRSeover, it has been shown that although
TLR agonists individually may be overlooked at agrtlow doses, the host appears to have

evolved to recognize some of these ligands togeihest combinatorial assault which triggers



the potential threat, preventing a considerablecdidn (or potentially a tumour) from being
established. Among all the TLRs, those involvedha recognition of nucleic acids such as
TLR3 and TLR7 are localized within endolysosomaimpartments and have been shown to
synergize,[41] making them ideal for targeting tigh NP delivery. Even as single adjuvants,
TLR3 and TLR7 agonists are included in the Natior@hncer Institute's ranking of
immunotherapeutic agents with the highest potential boost cancer immunotherapy
outcomes.[42Apart from targeted delivery of TLR agonists to [J&3] underlying the current
difficulty to achieve effective antitumour respossare cancer cells expressing suboptimal
tumour antigen levels.[44] The problem may be owere if the NP also delivers tumour antigen
to the LN-resident DCs so that they can activate@operly present antigen to T-cells to trigger
a high-avidity antitumour response. However, tursatan actively suppress the tumour-directed
cytotoxic T-lymphocyte (CTL) function expressingetiransmembrane protein PD-L1, which
upon binding to PD-1 expressed on the surface taded CTLs turns off the activated
lymphocytes.[45,46] Against this, one strategy wioog to generate or enhance existing tumour-
specific CD8 T-cell responses via the combinatorial use ofiglartielivery of TLR agonists
and tumour antigen and antibodies that block theLP/PD-1 T-cell inhibitory interactions (i.e.,
immune checkpoint blockade).

In order to enhance the antigenicity, immunogeyiaitd efficacy of the particle-based vaccine,
circumstantial evidence suggests it might be ingurto exploit both slow and fast delivery of
adjuvant and antigen to the target cells using bathll and large particles. Studies have shown
that although NP-enabled direct and quick delivefyvaccine components to DCs in the

draining LNs is beneficial,[12,47] rapid cell upgalkr clearance from the administration site



are sustained for several days and that the slove wéantigen-bearing DCs moving from the
skin to the LNs is also required to induce fullditee effector responses.[40,48-50] Moreover,
microparticles carrying the synthetic TLR3 agonmtlyinosinic-polycytidylic acid (polylC)
proved to be more immunogenic than nanoparticleenwinjected intranodally[51] for their
ability to form an extracellular depot that confersstained released and prolonged exposure of
the TLR3 agonist in the lymphoid tissue

Here, we set out to investigate and enhance thtumuatur efficacy of TLR agonist treatments
combining polylC with the TLR7 agonist imiquimod &&7) using a versatile and easy to
construct micellar MNP-based drug delivery systéam@ with immune checkpoint abrogation
at the level of the cancer cellScheme 1). In this new vaccine delivery system we incorp@ra
small (5 nm) ZpFe;Os NPs, which creates the opportunity for non-invasivaccine
localizationin vivo. We first optimize and significantly increase theerall magnetization of the
ZnsFes O, NPs by zinc(ll) doping, improving the spin—spitesation rate (R2), hence the MRI
detection sensitivity of the vaccine delivery védscby three to four times. Next, we show that
polylC and imiquimod form polylC-R837 complexes WwiR837 intercalation into the polylC
dsRNA structure, which provide synergistic and ctampentary antitumour effects linked to
enhanced activation of antigen presenting cellsdaratt cancer cell killing. We finally develop
and test the MNP-filled micellar system biofunctdined with polylC-R837 complexes and the
model tumour antigen ovalbumin (OVA), with the hytpesis that it would confer both fast and
sustained delivery of this cargo from the subcubaseinjection site to lymphoid tissue and
tumour due to the different tendency shown to agmpee depending on the surface

biofunctionalization. The results show that the bomation of polylC and R837 creates a very



protective antitumour immunity against the highlggeessive B16-F10(OVA) melanoma
challenge, despite its high expression of immuigbitory PD-L1. Moreover, we show that the
antitumour immunity is improved by the MNP-filledigellar system and by prevention of PD-
L1/PD-1 T-cell inhibitory interactions, for whichengenerated a B16-F10 melanoma cell line
with silenced PD-L1. Finally, we could detect difaces in the migration of the polylC-R837-
and OVA-carrying MNP-filled micelles combining MRhé SPECT/CT imaging thanks to the
significantly increased overall magnetization aighteffinity of the MNP micelle core fdtGa
radionuclide. Our results highlight the promisingsgibility of using polylC-R837 complexes,
micellar MNP-based drug delivery systems and cheicitpinhibition to generate protective
antitumour responses as a broadly applicable, wersand effective strategy for cancer
immunotherapy, in particular when they are combingtese results along with the simplicity

and versatility of the system provide an excelfesnework for future clinical translation.
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Scheme 1. Self-assembly achieved by simple physical mixifréhe vaccine and nanovaccine
components promotes effective drug synergy, deliveend imaging. Adjuvant and tumour
antigen uptake by DCs at site of injection andfardirect trafficking to LNs is able to activate
potent and long lasting immunity against the B1&{EIVA) melanoma cells, in particular when
the expression of PD-L1 is downregulated.

Results

Synthesis and characterization of PEGylated phospholipid-encapsulated ZnyFe;xO4 NPs:
mZnSPION and mSPION. Small (5 nm) magnetite and zinc-doped magnetic particles
(ZnFe;xO4 MNPs, ZnSPION) were prepared leveraging the needhigh MR contrast for
tracking with a desirable pathway for MNP remo&,63] after they have coordinated the

antitumour immune responses. TEM images of thegegphydrophobic F®; MNPs (SPION)



ICP-OES analyses were carried out on the ZnSPION tairmbih unambiguous determination of
the level of ZA" incorporation into the spinel structure. The yéeldcomposition of the
ZnSPION used in this study, obtained using a maitidn/Fe precursors of 0.21, waseZRe; 50,.
Thus, the applied synthetic methodology providethbexcellent control of composition and

particle size.

To study the changes, elemental makeup and thatxidstates on the surface brought about by
zinc doping, higkresolution X-ray photoelectron spectroscopy (XP&lyses were performed
on the Fe 2p, Fe 3p, Zn 2p and O 1s regions oF&@, and Znp sFe, 504 MNPs Fig. S2). The
XPS spectra of the Fe 2p region show all the claratc features of iron oxides with a mixture
of Fe&* and F&" present in their structures, such as a Fg feak with a binding energy of
710.60 eV and satellite shake-up peaks at highwtirg energiesHig. S2a).[54] The presence

of F¢* and F&" ions was confirmed through curve fitting of theJgepeaks, which could be de-
convoluted into two sub-peaks at 55.6 eV and 53.9/&8V assigned to Feand Fé' ions,[55]
respectively for the SPION/ZnSPIONFi¢g. S2b). In the SPION the distribution between
tetrahedral (A) and octahedral (B) sites i$'RB site):F&* (A site):F€* (B site) in a ratio of
1:1:1. Several studies have shown that in thesstaimhiometric zinc-doped MNPs the Zn
ions are incorporated at the A sites but not exabls— there is also substitution of Zrinto the
octahedral sites in place of Fe(B site).[56] This appears to agree with the rssof the present
study. The XPS spectra of the Fe 3p peak couldtteel o a F&/F&* ratio of 2.2 and 3.5 for
the FgO4 and ZpsFe, 0, MNPs Fig. S2b), respectively. These ratios are in good agreement
with the structures of these nanomaterials in whicgmall proportion of R®, MNPs have been

oxidized to FgOs. The higher F& content of the ZnSPION is consistent with*Fby zZrf*



one F€ " ion needs to oxidize to Feincreasing the F&Fe " ratio. The two peaks with binding
energies of 1021.4 eV and of 1044.4 éV¥g( S2c), can be attributed to Zn Zpand Zn 2py,
respectively.[57] Identification of the zinc oxidat state was possible by using the modified
Auger parametery”, defined as the difference between the kinetergies of the most intense
photoelectron (24,;) and Auger (Zn EM4sM4s) peaks plus the energy of the excitation source
(1486.6 eV for Al Ki). This calculation confirmed that zinc is in thé éidation state. The
high-resolution XPS spectrum for the O 1s regioovstd a broad asymmetric curve, which can
be de-convoluted into two well-defined peaks atdbig energy of 532.1 and 530.1 eWid.
S2d). The peak at 530.1 eV is characteristic of théatrexygen—metal (M—O—-M) lattice, whilst
the peak at 532.1 eV has been reported to indibatpresence of other oxygen specigs, (OH,
H,O or carboxylate species) and/or defect sites With oxygen coordination in Zfres.

xO4 systems.[57]

The motivation for doping magnetite NPs with®Zions was to improve the magnetic properties
for biomedical applications. The magnetizatidd) (versus applied magnetic field (H) of the
MNPs was measured at 5 K and 293 Kg( 1a,b). The MNPs exhibit superparamagnetic
behavior without hysteresis and remanence at 29anK ferromagnetic behavior with a
coercivity Hc, the applied field required to reverse magnetratiirection) of 51 Oe (R©,)
and 178 Oe (ZyeFe50,4) at 5 K. Most biomedical applications of MNPs bin&om high
saturation magnetizatioM() values. TheéVis of the prepared SPION and ZnSPION is 55 efhu g
and 76 emu grespectively at 293 K, among the highest for faigticular MNP size. It has been
shown that higher magnetization of this type ofcailoped MNPs arises from the partial

substitution of F& cations at A sites by non-magnetic atoms such &% #mich results in an



Fe'" ions at A and B sites. Since this effect is seeincrease only up to a certain percentage of
zinc (< 20 % of the total transition metal),[56]etlprepared ZgyFe, sO, ZNSPION can be
considered of very high quality and optimum for amted MRI, where a high mass
magnetization value typically leads to enhanced BiRIsitivity ¢ide infra).

Stable and water soluble micelles with encapsuldtesD, or ZnysFes0, MNPs inside
(mSPION or mzZnSPION) were prepared by self-assembbommercially available PEGylated
phospholipids (1,2-dipalmitoyl-sn-glycero-3-phosptamolamine-N-[methoxy(polyethylene
glycol)-2000) around the hydrophobic iron oxide NPgnamic light scattering (DLS) studies
show that mSPION and mZnSPION have very similaessizvith average hydrodynamic

diameters below 50 nnfr(g. 1c andFig. S3).

To elucidate the extent to which the Zn-doped MMRsvide enhanced performance as MR
imaging contrast agents compared to the magneRte We measured the longitudinal relaxation
time (T1) and transverse relaxation time) for mSPION and mZnSPION at 1.5 Tesla (T) on a
Bruker Minispec relaxometer. The longitudinal relaby (r1) and transverse relaxivityof
values were determined by calculating the slopa pfot of the inverse relaxation time against
the iron concentration. Consistent with the magad¢ion results, mZnSPIONhowed the
strongest MR contrast effect, with a relaxivityvalue of 115.06 + 17.46 mMs*, more than 3
times larger than for mSPION (31.06 + 5.39 Y.

The contrast enhancement efficacy of the magnethoconstructs was also tested ina 7 T pre-
clinical MRI scanner. The phantom images showed tha magnetic nanovaccine delivery
vehicles are effective contrast agents under ttimge for the preclinicaih vivoimaging studies

(vide infra), and that mZnSPION demonstrate superior perfocmdrg. 1d). Moreover, both



agents at higher field strengths.
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Fig. 1. Magnetic properties, MR relaxivities and MR imaging. Magnetization (M-H) curves of
the prepared SPION and ZnSPION at: (a) 293 K and (b) 5 K (magnified view). (¢) Summary of
size and magnetic properties (longitudinal (r,) and transversal (r,) relaxivity values obtained at

1.5 T). (d) T and T>-weighted phantom MR images of mSPION and mZnSPION dispersed in 2
% agar obtained using a 7 T preclinical MR scanner with the determined relaxivity values.

Double-functionalization of mZnSPION with polylC and R837. It is emerging that some

TLRs cooperate with each other to be more effedetecting imminent infection or danger and
triggering protective immune responses, so we fedusn the development of nanoconstructs
carrying two TLR ligands as adjuvants. Recently,reqgorted that the TLR3 agonist polylC can
be incorporated non-covalently to mSPION to proweddanced immune responses.[58] Since
imidazoquinolines can intercalate into the douldtersled structure of nucleic acids,[59] we
envisaged that using a polylC coated mZnSPION waaldeve co-delivery of polylC and R837

by complexing R837 molecules to polylC. After ought incubation of polylC with



(MWCO 100 kDa) centrifugal device to remove unboyiadlylC molecules. The mZnSPION-
polylC showed the UV absorption peaks at 245 nm286¥inm characteristic of poly (I:C) (data
not shown). The amount of polylC decorating the ®EHON surface was quantified by
measuring the absorbance at 260 nm after hydrolgsisrnight with 0.2 N NaOH,
ultracentrifugation (369,000 x g, 40 min) to remdkie digested nanoparticles and comparison

to a standard curve of polyIC treated in the samg. w

R837 presents fluorescence emissigg at 338 and 354 nm using an excitation wavelength o
250 nm. To elucidate if the imidazoquinoline molesuassociate with polylC the fluorescence
spectra of R837 was recorded in the presence otasmg amounts of polylC, showing
significant fluorescence quenching like upon indaition of other organic dye molecules into
dsDNA (Fig. S4a). We reasoned that potentially, R837 could alsedmdinated to unsaturated
metal sites on the iron oxide surface. By altentathe order of addition of each TLR agonist,
however, we found that the presence of the nuaeid was critical for incorporating the
imidazoquinoline molecules into the NP system. WR&37 is added to the mZnSPION-polylC
complexes and excess R837 is removed by threescgélaltrafiltration, the amount bound to
the mZnSPION-polylC complexes could be quantifindlgzing a characteristic peak of R837 at
320 nm by UV spectroscop¥ig. $Ab) and comparing with a calibration curve for R88Y¥.
contrast, when R837 was added first to the mZnSPHabklles and then polylC, only the
presence of polylC could be detected (data not sho@dnce the amount of R837 was estimated,
solutions containing free R837 + polylC (polylCrdied into the solution of R837) were
analyzed by UV-vis and compared against mZnSPIONIBeR837 — mZnSPION at the same

iron concentration determined by ICP-OES to enshat vaccines and nanovaccines had the



increased the size of the micelles and led to fipeearance of some aggregates, which were
clearly detected both by DLS and TEMig. S5a-c). As expected from the presence of the
negatively charged polylC molecules on the micdllerface, the zeta potential of the
mMZnSPION-polylC-R837 was more negative than forgheent mZnSPION (- 20.2 £ 1.59 mV
vs- 6.3 £ 0.95 mV) Fig. S5d). To study the stability of the system and releafspolylC and
R837, we measured the size and zeta potential @fptlepared mZnSPION-polylC-R837
immediately after purification and one week latar10 mM PBS for size measurements and in
NaCl 0.09 % for zeta potential. The size and nggatieta potential of the functionalized
micelles did not change significantly, which is s@tent with retention of polylC on the surface
of mZnSPION Fig. S6). To study the release of R837, at designed timiatp 10 mM PBS
solutions of mZnSPION-polylC-R837 were subjectedulivafiltration using a NanoSep 100k
(MWCO 100 kDa) centrifugal device and the UV-visesfra of the retentate and filtrate
recovered from each device was measured to quahefyraction of released R837. Analyzing

the absorbance at 320 nm shows the release of f83.757).

mZnSPI ON-polyl C-R837 complexes are effectively internalized and localize within the
target endosomal compartments of antigen presenting cells. The uptake and fate of
mZnSPION-polylC-R837 complexes incorporating rhoaeemB-modified DPPE phospholipid
(< 5 %), was analyzed by fluorescence microscoggolracker Green was used to selectively
stain late endosomes and lysosomes. Live cell soopy studies showed that after 1 h
incubation mZnSPION-polylC-R837 complexes are amlized with LysoTrackerHig. S8a).

This is an important result because it is widelgegited that TLR3 and TLR7 localize to and



TLR7 to co-localize with TLR3-containing compartn®ef61] Flow cytometry studies showed
that the cellular uptake of mZnSPION-polylC-R837iste fast, being taken up by macrophages

even after 1 h exposurEif. S8b).

Synergistic activation of antigen presenting cells and melanoma cell killing by polyl C-R837
and mZnSPION-polyl C-R837. R837 and polylC have both generated intensedst@n cancer
research owing to their potent antitumoural aagsit which arise from diverse and cooperative
mechanisms of action.[62,63]

First, we investigated the immunostimulatory prdjesrin the murine macrophage cell line
J774A.1 and in bone marrow derived dendritic céBMDCs). We demonstrate a strong
synergistic pro-inflammatory activation of the JA7# cells and of BMDCs over a range of
polylC and R837 concentrations and ratiésg( S9). However, secretion of cytokines by
macrophages and DCs showed different sensitivitgtimulation with R837 and the polylC-
R837 combination. Macrophages responded lessnulstiion with R837 but strongly to the co-
stimulation Fig. S9a). DCs became highly stimulated even with low R88centrations (0.5-5
png/mL) and showed less synergistic activation ystomulation with the TLR3 agonisf(g.

S9b).

Next, BMDCs and J774A.1 macrophages wstinulated with the TLR agonists at fixed
concentration, free and coating mZnSPION, singlg aombined Fig. 2). In macrophages,
stimulation with polylC-R837 and mZnSPION-polylC-BB synergistically enhanced IL-6

production to a similar extenFig. 2a). In contrast, release of pro-inflammatory IL-&ddh-12



R837 complexes compared with the free TLR agofiists 2b). Although mZnSPION showed
slightly higher toxicity than mSPIONF(g. 2c), the mZnSPION did not alter the viability of
macrophages and BMDCs at the concentrations usedefbactivation (iron concentrations <
0.15 mM Fe). The enhanced activity of mZnSPION-R837 compared to free polylC-R837
is also reflected in its cytotoxicityF{g. 2d). To test whether delivery by mZnSPION also
affected BMDC maturation, we analyzed the surfageession of co-stimulatory molecules and
maturation receptors (CD80, CD86 and CCRFg.( 2e). Increased expression of the co-
stimulatory molecules CD80 and CD86 is requiredffidiractivation of T-cells and induction of
anti-tumour T-cell functions.[64] DCs co-stimulatedh free polylC and R837 and mZnSPION-
polylC-R837 complexes showed comparable high esmpeslevels of CD80 and CDS86.
Stimulation with uncoated mZnSPION resulted in baeeactivation levels equal to those
observed in untreated BMDCs. By contrast, the esgpoa levels of the chemokine receptor
CCR7 which regulates cell migration[65] was lowerBMDCs stimulated with mZnSPION-
polylC-R837 complexes than in those stimulated wide polylC-R837. Although the link
between TLR signaling and zinc homeostasis haeen fully investigated, this result seems
consistent with previous studies suggesting thettease in free zinc in DCs is involved in at
least some DC maturation events and may affect tfagnitude of adaptive immune

responses.[66]
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Fig. 2. mZnSPION-polylC-R837 enhances immunostimulatamyctions in macrophages and
DCs compared to polylC-R837. J774A.1 macrophagpesBMDCs were incubated for 24 h with
the indicated formulations. Cytokine release in JaJ4A.1 macrophagemd (b) BMDCs. (c)
Analysis of the cytotoxicity of mSPION and mzZnSPIOMN J774A.1 macrophages. (d) Cell
viability of J774A.1 macrophages and BMDCs. (e)dfee expression levels of maturation
markers (CD80, CD86 and CCR7) expressed as the fheamascence intensity of each marker
in BMDCs (CD11¢ MHC-II cells) Data are representative of three independent erpats.
****pP<(0.0001, **P<0.001, **P<0.01, *P<0.05, ns =am significant by one-way ANOVA
followed by Tukey's test.



DCs, for which studying immunostimulatory functioissof special relevance, R837 and polylC
can exert additional effects against tumour cél&67—69] To investigate the potential direct
killing of the cancer cells, B16-F10(OVA) cells weincubated with different concentrations of
polylC, R837 and combinations of polylC and R83i744 h, 48 h and 72 h. The results showed
that only R837 has the ability to kill the B16-FO3(A) melanoma cells. Moreover, the
combinations of polylC and R837 afforded cytotowigdrofiles comparable to those of R837
alone Fig. S10). These results suggest that ‘off-target’ R837 anoles interacting with B16-
F10(OVA) melanoma cells can potentially contribute the overall antitumoural activity.
Hence, this system unfolds as highly attractive reinforcing antitumour responses through

encounters with both immune cells and cancer cells.

Immunization with polyl C-R837 drives effective immune responses which are enhanced by
the mZnSPION and mSPION delivery vehicles. Clinical use of TLR agonists has been limited
mainly by difficulties to restrict their systemicdisttibution and toxicity due to off-target
activity.[34] To study the adjuvanticity, effica@ndin vivo effects of polylC-R837, C57BL/6
mice were immunized in the hind hock (lateral thregion just above the ankle) with low doses
of these adjuvants (3 pug polylC/mouse, 1 pg R83usmpfree and complexed to mZnSPION (5
pg mZnSPION/mouse). We observed minimal systemaxdysstion of IL-6 Fig. 3a). By
contrast, 24 h after immunization, both polylC-R&3&l mZnSPION-polylC-R837 were able to

activate DCs and NKs in the spleen and draining (fNg. 3b, c).
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group).” P<0.001,” P<0.01, P<0.05, ns = non-significant by one-way ANOVA falled by
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and significantly improves adaptive immune respsneempared to administration of free
OVA.[70] In the present study, we assessed theckefdé co-administration of mzZnSPION-
polylC-R837 adjuvant and mSPION-OVA. In these ssdmice were immunized twice (day O
and 14) with low doses of antigen (5 pg of OVA/m®uand adjuvant (< 4 pg/mouse). The
production of OVA-specific IgG, IgG1 and IgG2c dadies in blood sera collected on days 0,
14, 28 and 35 was evaluated by ELISA. On day l4entieated with mSPION-OVA and
mMZnSPION-polylC-R837 already showed the higheselewf total IgG and IgG1 antibodies,
and OVA-specific IgG2c titers increased by morenth&o log orders compared to mice treated
with the nanoparticle-free vaccine&ig. 4a). Thus, the polylC-R837 adjuvant and OVA
administered by the mZnSPION and mSPION vehiclésited a more balanced Thl1l/Th2
response enhancing both IgG1 and IgG2c titers. iBhrelevant since 1gG2 antibody isotypes
have been implicated in enhanced protection in bddttious diseases and cancer.[71]
Moreover, the results showed that the combinatibrpalylC with R837 acts as a potent
adjuvant, as the total IgG, IgG1 and, in particulgGG2c titers were significantly increased with
respect to vaccination with OVA alone (100 to 1606@) when OVA or mSPION-OVA were
co-administered with polylC-R837 or mZnSPION-polyRB37 complexes. In addition,
compared with our recently developed mSPION-CpGuadjt system,[70] which was tested
under identical experimental conditions and sigalffitly enhanced the adjuvanticity of CpG,
immunization with polylC-R837 (and even more sohwihZnSPION) led to higher OVA-
specific antibody titers, further demonstrating te&ong adjuvanticity of this specific

combination of TLR agonists.



able to drive antigen-specific CD&-cell responses in mice, comparing the magnitofdthis
response against the simple mixtures (OVA + polR&37). Each week we monitored the
frequency of OVAs7.264 (SIINFEKL)-specific CD8 T-cells by H-2Kb/SIINFEKL dextramer
staining and flow cytometric analysis. After 7 dayice immunized with mZnSPION-polyIC-
R837 and mSPION-OVA exhibited the highest frequené€ycirculating SIINFEKL-specific
CD8' T-cells in the bloodRig. 4b). As can be expected, these levels were loweragnid, but
remained higher for the mice immunized with mzZnSRi@blylC-R837 and mSPION-OVA. On
day 35 (experimental end point), the frequenciesiulating OVA-specific CD8 T-cells in
peripheral blood, spleen and draining LNs were lsimior mice immunized with OVA +
polylC-R837 and mSPION-OVA + mZnSPION-polylC-R8@Fig. 4c). Taken together, these
results demonstrate that combination of polylC &887 is a robust and effective adjuvant
inducing both cellular and humoral immune resporde®ry low doses following a prime-boost
regimen. In addition, it avoids a strong and pogthytharmful systemic inflammatory response,

and its efficacy is significantly enhanced by thean8PION system.
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using the mZnSPION and mSPION vehicles and by prevention of PD-L1/PD-1 T-cell
inhibitory interactions. Considering the very encouraging development oémotellular and
humoral responses using small drug and nanopadides, we next evaluated the efficacy of the
vaccines and nanovaccines in the syngeneic melanuodal with the B16-F10 melanoma cells
expressing OVA. This tumour model is highly aggmessand poorly immunogenic but
susceptible to be recognized and killed by highliayiOVA,s7.264(SIINFEKL)-specific CD8 T-
cells.[72] Mice were s.c. immunized on days 0 addath the different vaccines. On day 21,
mice were challenged with 3 x 1®16-F10(OVA) melanoma cells and tumour growth was
monitored until the tumour volume reached the knait the established endpoifig. 5a). First,

to determine the efficacy of the TLR3 and TLR7 agbadjuvant combination, we compared
immunization with OVA + polylC, OVA + R837, OVA +qtylC-R837 and a control group that
was immunized with 10 mM PBS. Compared to the RB&tinent, the immunization with each
of TLR agonists combined with OVA significantly dged the tumour growth (Figure 5b).
Vaccination with OVA + polylC-R837 significantly mbited tumour growth and improved
survival compared to immunization with tumour aatigand single TLR agonists at the same
concentrationKig. 5b-f). Strikingly, most mice immunized with OVA + poly4R837 remained
free of visible tumour for several months post-tumohallenge despite the low doses of antigen
and adjuvant administere#i@. 5f). Next, we carried out studies to evaluate whetlser of the
nanoparticle vehicles (mZnSPION and mSPION) leadsnproved anti-melanoma vaccination
adopting a similar treatment schedtég( 5g). The prophylactic effect of the vehicles aloneswa
null. More than two months (70 days) after the iastunization mSPION-OVA combined with

mZnSPION-polylC-R837 achieved 100 % tumour rejectidnimals with a complete rejection



the left back (contralateral to the first tumoungnlation), and tumour growth was monitored on

both sidesAll the mice rejected the tumour re-challenge. Thomsnunizations with and without

nanoparticles showed remarkable tumour protectisth, many animals (100 % in the case of

immunization with mSPION-OVA + mZnSPION-polylC-R83&nd 60 % in the case of OVA +

polylC-R837 immunizations) tumour-free until thedeof the experiment, 115 days after the

boost Fig. 5h, i).
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vehicles. (a) Treatment scheme. C57BL/6J mite ) were s.c. challenged with 3 x°1B16-
F10(OVA) cells/mice seven days after the last vaetodn with the indicated formulations (5 pg
of OVA, 4 ug of polylC and 2 pg of R837 per mougé}) Average and individual tumour
growth curves and Kaplan—Meier survival curves.Tigdgatment scheme. C57BL/6J mice<5)
were s.c. challenged with 3 x °1B16-F10(OVA) cells/mice seven days and seventys deier
the last vaccination with the indicated formulasqmwaccines and vehicles: 5 ug of OVA, 12 ug
of polylC, 3.5 pg of R837, 1ig mZnSPION and 5hg mSPION; nanovaccines: mZnSPION(10
Hg)-polylC(8 pg)-R837(2.5 ng), mSPION(55 ug)-OVA(E)). (i, h) Tumour growth and
Kaplan—Meier survival curves. CR = fraction of cdetp tumour rejection.

To analyze the magnitude and quality of the memasponse generated in the mice that
survived free of disease until the end of the eixpent (day 129), the COST cell population in
the spleen was analyzed. Remarkably, antigen-spetitells elicited by the polylC-R837-
containing vaccines persisted even 115 days dieebbost. The T cell memory compartment
can be subdivided into two populations, central mgnCD8 T cells (T.) and effector memory
(Tem).[73] The frequency of &, and T, population was similar in the mice immunized waiid
without nanoparticle delivery vehicleBi@. S11a). However, analysis of the.J subset revealed
that immunization with mZnSPION-polylC-R837 + mSRI@VA leads to an increased
population of SIINFEKL-specific d,, compared to mice immunized with polylC + R837 + OV
(Fig. S11b). To evaluate the quality of CDB cell responses, cellular extracts from spleerewe
culturedex vivoand incubated with the antigenic peptide SIINFEKL5 h, and the IFN-and
TNF-a intracellular production, as well as the degranotamarker CD107a, were analyzed by
flow cytometry. The data demonstrated that mice imized with the nanoparticles generate T
lymphocytes with enhanced cytolytic activity (Fi§llc,d). Taken together, these results
indicate development of a potent and long lastmgwmor immunity, in which the NPs improve

both the magnitude and the quality of the memospoese.



treatment.[74] To date, the most effective immureckpoint inhibitors are monoclonal
antibodies that bind to either PD-1 or PD-L1.[75leTB16-F10(OVA) melanoma model used in
our in vivo functional experiments showed a high PD-L1 basgression Fig. S12), thus
indicating that this tumour model is susceptibleoorejected by PD-L1 checkpoint blockade-
based treatmentbklence, we next evaluated the potential to imprbeetherapeutic efficacy by a

combination therapy which prevents PD-L1/PD-1 T-zdlibitory interactions.

However, there are several limitations in the usePD-L1 blocking antibodies. The short
duration of the induced responses requires suageastibody administrations for the treatment
to be effective. Moreover PD-L1, is expressed owagety of immune cellular populations,
including T- and B-lymphocytes, dendritic cells, er@hages, mesenchymal stem cells, natural
killer cells and bone marrow-derived mast cellg[78] where blockade can result in
uncontrolled auto-reactivity and significant toxyci To overcome these limitations, we have
developed a genetically modified B16-F10(OVA) dele with a downregulated expression of
PD-L1 through the CRISPR/Cas9 gene editing systelmeated within lentiviral particlesHig.
S12).[78] This novel technology allows the permaneigruption of the target gene based
uniquely on two components: a short sequence optEmentary RNA to guide the recognition
of the target gene and the enzyme caspase 9 fgetéar DNA cleavage.[79] The use of
lentivirus for its delivery enables to diminish tetrimental effects arising from the sustained
expression of caspase 9.[80] Lentivirus were predun 293T cells and purified to use them as

a tool for the targeted disruption of the PD-L1 g@mB16-F10(OVA) cellsn vitro.



immunization assayFHg. S13). As expected, the permanent PD-L1 checkpoint Kalde
enhanced the efficacy of vaccination with OVA +y6FR837, with now 100 % of the animals

free of tumour at the end of the experiment (11lysddter the last immunization).

Finally, we carried out a preliminary study to exse this system in the setting of therapeutic
vaccination. For this, C57BL/6 mice inoculated sithoeously with 3 x f0B16-F10(OVA)
cells were vaccinated with OVA and polylC-R837 freein conjugation with the magnetic
micelles on days 4, 7 and 11 and tumour growth meaasured for 18 days. To compare the
adjuvant effects of polylC-R837 and nanopatrticléigies another group of mice was treated
with mzZnSPION and mSPION-OVA. Results showed sigaiit tumour growth inhibition with
all three treatments. Notably, OVA + polylC-R83%&drand mzZnSPION + mSPION-OVA
provided comparable tumour growth inhibition, whitinther demonstrates the strong adjuvant
effects of the nanoparticles. Treatment with mZiE8¥polylC-R837 and mSPION-OVA
provided the most potent tumour growth inhibitidfig, 6). However, one week after the last
treatment tumour necrosis and early ulcerationssigare detected in some mice, and therefore

studies to tackle control of the established turadayr multi-modal approaches are underway.
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Detection of different migration of nanovaccine components to tumour and draining LNs
combining MR and SPECT/CT imaging. Finally, given the excellent antitumour results
obtained in response to immunization with mZnSPI@MC-R837 and mSPION-OVA, we
studied their migration from the s.c. site of itjec combining MR and SPECT/CT imaging in
B16-F10(OVA) tumour bearing mice. The relaxometstudies showed that mzZnSPION
provides 3-4 times better sensitivity &s contrast agent than the mSPION, and therefore are
more suitable for MRI tracking at the low concetitnas used in the immunization studies. To

investigate the potential of tracking by MRI thegnaition of mZnSPION-polylC-R837 from the



into C57BL/6 mice, and after tumour establishmemnSPION-polylC-R837 (100 puL, [Fe] =6
mM) was injected into the peritumoural region. MRiages were acquired prior to the
administration of mZnSPION-polylC-R837 and 24 h a8l h post-injection. Despite greatly
enhanced magnetic properties, we could not deteked signals due to migration and reduction
in T, values in the tumour or draining LN (right inguihndN, Fig. 7a). Instead, MRI showed that
both 24 h and 48 h post-injection the mZnSPION-{&R837 remained mainly at the injection
site Fig. 7c). To investigate if the polylC-R837 coating affe¢he migration kinetics of the
delivery vehicles, a group of mice were adminigletbe “naked” mZnSPION. Notably,
administration of “naked” mZnSPION results in retioie of T, values in the draining LNs 24 h

post-injection Fig. 7b).

Due to sensitivity limitations of MR imaging, wedialabelled the nanovaccines witfGa for
SPECT/CT imaging. We previously demonstrated dffect’Ga radiolabeling of “naked”
mSPION.[70] Here, we demonstrate that zinc dopmd) l@ofunctionalization with polylC-R837
or OVA does not affect the efficiency of radiolabgl protocol Fig. S14a). We assessed the
stability of the®’Ga-labelled mZnSPION-polylC-R837 by quantifyiffa release in PBS at 37
°C. The studies showed good stability, with lessth2 % of the bountiGa being released over
24 h in the presence of a large excess of DOTAattie(at DOTA:NP molar ratio of 1 x 10).
The radiolabelled mSPION-OVA system showed comparaiability Eig. Sl4b). The
radiolabeling stability analysis confirmed that th@noparticles were stable when challenged,
and therefore suitable fam vivo tracking of both nanovaccine components.

Consistent with the MRI studies, SPECT/CT imagesd envivoanalysis of mice injected with

®’Ga-labelled mZnSPION-polylC-R83Fig. 7d-g) showed that the particles remain mostly at



in different organs revealed that 24 h post-in@@ttisome migration had occurred to the tumour

and to the inguinal and axillary LNs (0.02-0.37%%4he injected dosé&ig. 79).

Notably, ®’Ga-labelled mSPION-OVA system migrated faster shgwilear accumulation in
draining LNs and in LNs distant from the injectisite already 3 h post-injection. mSPION-
OVA was also detected in the tumour at 24 h ant 49g. 8). Moreover, even when tféGa-
labelled mMSPION-OVA was injected into the left hindck of mice, the accumulation ¥fGa-
labelled mSPION-OVA in LNs and tumour is higher rthior peritumourally injected’Ga-
labelled mZnSPION-polylC-R83F(g. S15 andFig. 7). A similar migration pattern was found
in tumour-free miceKig. S16).

Overall, combination of MRI and SPECT/CT imaging/eals differences in the migration
capacity of the nanovaccine components. In the 0d$seSPION-OVA a higher proportion of
nanoparticles can enter directly the lymph to pevihigher accumulation in LNs and tumour
within the first hours of administration, wheredse tmZnSPION-polylC-R837 system is
effective at creating a depot at the site of inggctfrom which the adjuvant nanoparticles can
migrate more slowly to draining LNs and tumourthis way we propose that the nanopatrticles
allow antigen to be processed quickly to initiateell priming events within the first hours of
administration and are able to sustain the resgomser longer periods. The slow release of pro-
inflammatory stimuli by mZnSPION-polylC-R837 proeisl a way to enhance endocytic antigen
uptake by DCs in the skin, initially leading to $o©of DC motility as shown by the
downregulation of CCR7Hg. 2€). This can be followed by a characteristic matoraperiod

whereby the slow moving wave of DCs regain theirbiity and undergo a switch of



eventually migrating to LNs to induce full-fledgetfector responses.[50]
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before and at different time points after s.c.atin of mZnSPION-polylC-R837 (T, tumous,;
injected sample). SPECT/CT images andvivoanalysis of mice injected witffGa labelled
mZnSPION-polylC-R837. Tumour bearing mice were étge with radiolabelled micelles into



selected harvested organs, (f) SPECT/CT imageeoh#rvested organs and (g) biodistribution
expressed as percent injected dose per orgaretted sample; T, tumour; bLN, brachial LN;
aLN, axillary LN; Lu, lungs; L, liver; S, spleen;, Kidneys; iLN, iliac LN; sLN, sciatic LN;
inLN, inguinal LN; pLN, popliteal LN. Data presedt@s mean £ SEM. n = 2-5 mice per group.
*P<0.05 by t test (unpaired).
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Fig. 8. SPECT/CT images of melanoma tumour bearing mice after s.c. injection of 67Ga labelled
mSPION-OVA (20.7 pg of SPION, 41.0 MBq) into the flank. (a, d) 3 h, (b, €) 24 h and (c, f) 48 h
post-injection. (a-c) dorsal and (d-f) lateral views of in vivo images at different time points are
shown. (g, h) SPECT/CT image of the harvested organs and biodistribution expressed as percent
injected dose per organ. I, injected sampleT, tumour; bLN, brachial LN; alLN, axillary LN; Lu,
lungs; L, liver; S, spleen; K, kidneys; iLN, iliac LN; sLN, sciatic LN; inLN, inguinal LN; pLN,
popliteal LN.



Discussion

TLR agonists, by activating a broad range of innateune cells and directly killing different
types of cancer cells including melanoma cellserotfnique mechanisms of maximizing anti-
tumour immunity. However, high doses are often neguto elicit a strong enough response,
leading to unacceptable toxicity. Studies have shtvat scientifically rational combinations of
TLR agonists can synergistically activate immungpomses,[38,39,81] offering the potential to
achieve strong antitumour immune responses usinghmower doses. There is growing
evidence that in targeted delivery of TLR agonistsd tumour antigen both nano and
microparticle-based systems can provide enhancethimour immunity compared to the free
drugs.[8,16,51,82,83] This suggests that optimizing anti-cancer efficacy of TLR-targeted
therapeutics may require using delivery systems phamote and combine different ways of
interaction with antigen presenting cells at bdié site of injection and target tissue, exploiting
the dynamic nature of nanoparticlesvivo (e.g. initial size, biofunctionalisation, aggragat
etc.). However, this aspect has not been investigab far. Our data demonstrate that the
combination of polylC and imiquimod synergizes toeate a potent adjuvant for the
development of effective antitumour vaccines, ghgi robust T-cell and antibody responses to
tumour antigen at low doses and avoiding systemjavant toxicity and morbidity. We have
shown that the antitumour immune responses gemevath this combination of TLR agonists
co-administered with tumour antigen can be sigaiftty enhanced by targeted delivery using
micelles filled with 5 nm MNPs, which help to regté the trafficking and processing of antigen
and adjuvant by antigen presenting cells, and BLPIPD-1 immune checkpoint inhibition. We
optimized the magnetic properties of the MNPs bgtiadled zinc(ll) doping, and carried out

organic chemistry-free radiolabeling witfGa for enhancingn vivo multimodal imaging (MRI



subcutaneous site of injection to draining LNs dachour due to differences in size and

biofunctionalisation.

TLR agonists have been extensively investigated viaecine formulations with promising
results. However, they have been used mainly asimgly and as a monotherapy, limiting their
efficacy and giving rise to systemic toxicity. Angpthese drugs those targeting endosomally
localized TLR3, TLR9 and TLR7/8 are ideal candidafer benefiting from nanoparticle
delivery. Herein, we investigated the effect ofamiivation of TLR3 and TLR7 using polylC and
imiquimod, respectively; two drugs with demonstdasstitumour efficacy when used as single
drugs and with considerable potential to complemeamd/or synergize in their antitumour
functions due to their known mechanisms of actifmus, all TLRs signal through the myeloid
differentiation primary response protein 88 (MyD&®&pendent pathway, except TLR3 that
primarily uses the toll/interleukin-1 receptor damaontaining adapter-inducing interfer@n-
(TRIF)-dependent pathway.[84] Moreover, polylC & only a TLR3 ligand but also a MDA5S
agonist.[85] This makes polylC of great interestaapotential anti-cancer agent. TLR3 and
MDAS are expressed both by immune cells and by eaocells and studies have demonstrated
distinct yet complementary roles for MDA5 and TLR3olylC-mediated activation of DCs and
NK cells and pro-apoptotic activity against tumaells, leading to profound antitumoural
effects in different tumourslhe main antitumoural activity of imiquimod is deiv by TLR7-
mediated induction of pro-inflammatory cytokinebemokines and other mediators by DCs to
induce a profound T-helper (Thl)-weighted antitunabucellular immune response.[62]

However, several studies have shown that imiquigioidances also antigen-specific activation



exerts Bcl-2- and caspase-dependent pro-apoptdtista against some tumour cells. [95-97]

Our data confirm that combinations of polylC and3R8provide synergistic activation of
macrophages and dendritic cells, which show diffesensitivity to each individually and when

combined, and that R837 could directly kill thegetr melanoma cells. Indeed, this has made

imiquimod useful for melanoma treatmg8,99] while other studies showed that not every

cancer cell line can be killed by poly[€7] However, the polylC-R837 complexes in small
doses enabled generation of strong immune activadiolymphoid tissue without inducing
potentially toxic systemic cytokine release. Weleated the effectiveness of vaccination with
and without nanoparticle vehicles on the inductbmntitumour immunity in an aggressive and
poorly immunogenic mouse melanoma model using BliG-Relanoma cells expressing OVA
and the immune inhibitory transmembrane proteinlRDit has been shown that an optimal
anti-cancer treatment regime for the TLR7 agoR&48 (resiquimod) requires the possibility for
sustained stimulation, which was achieved usindesyof repeated R848 injection.[108¢re,
instead we used the slow migration of the mZnSPEONAC-R837 system from the s.c.
injection site to LNs and tumour to achieve thetangd activation of APCs. On the other hand,
it is known that a low antigen dose is requiredyémerate the high-avidity T-cells that provide
more potent responses against tumours and pathdmenis has been proven difficult to induce
these T-cells through vaccination.[101,102] Sevewathors have reported efficacy of anti-
tumour prophylactic and/or therapeutic vaccinehywétduced antigen doses in the range of 10-
100 pg/mouse.[12,103-109] Here, we demonstratedimbined effect of using polylC-R837 as
potent adjuvant and mSPION for OVA delivery. Micamunized with 5 pg of OVA and

polylC-R837 delivered by the MNP-filled micellesviédoped long term protection against the



days after the last immunization, which is consistth a strong memory effect.

Another paradigm in immunology is that kinetics aftigen and DC migration are key
parameters with regard to T-cell and anti-tumouspomses, adaptive immunity and
tolerance.[48,110The data presented here extend recent findingsaooparticle delivery of
TLR agonists to an effective combination of TLR agts. In the context of TLR agonist and
antigen delivery, it may be important to considée tdifferent migration and dynamic
aggregation of the nanoparticlesvivo. Currently it is not known which type of particlase
preferred for generating the most effective antaumimmunity, namely, those that are small
and passively traffic to LNs or those that by belagger can exploit uptake by DCs in the
periphery to reach the LNs, or whether the bestli®are obtained by specific combinations of
the two. The mZnSPION-polylC-R837 system displayeare tendency to aggregate, and by
combination of MRl and SPECT/CT imaging we showleat tare retained longer at the site of
injection with a small percentage of particles reag the draining LNs. On the other hand, the
MSPION-OVA system aggregated less, migrated fdsten the injection site and provided

higher accumulation in the LNs at least until 4@dst-injection.

Although checkpoint inhibitors are an importantakthirough, this therapy does not show any
clinical benefit in most patients (70%-80%), andughnow the focus is on combination

immunotherapy approaches [1]1]2] It has been recently shown that combined adtnation

of poly-IC and anti-PD-L1 mAb into tumour-bearingca is able to generate potent immune
responses resulting in the complete eradicatioemarkable reduction of tumour growth.[113]

The study suggested that this type of combinatiamunotherapy treatment would work even in

cases where no reliable tumour associated anticggrable of eliciting effective antitumour T-



C57BL/6 is very inefficacious and it only workséombination therapies.[114Ye explored the
potential of a combination treatment bringing imnzation with OVA + polylC-R837 together
with the B16-F10(OVA) melanoma cell with silence®-B1. PD-L1 blockade achieves the
same effects than knocking out PD-L1 in cancesas demonstrated previously.[78] However,
while administration of blocking antibodies may bBawncontrolled systemic effects, here we
focused on the specific effects over cancer ceitbomut affecting other factors such as antigen
presentation in peripheral tissu@irectly evaluating the relative roles of PD-L1 eggsion by
the tumour and host cells in the suppression aftantour immune responses is emerging as a
central and controversial unknown to be able toeustdnd and predict the therapeutic benefit
from antibodies interfering with PD-L1 activity.[2LAlthough it should be of no surprise that
we observed enhanced protection against the tuctmallenge with 100 % rate of response to
the treatment, even for the nanoparticle-free vess;iit is an important result. It provides
support for the combinatorial immunotherapy apphoasing the checkpoint inhibitors and
potentially quick clinical translation. Hence, themunotherapy treatment described here uses
drugs that are already used clinically or are eulyaundergoing clinical testing.

Many nanosystems used for application in cancedéfieult to synthesize. The preparation of
mMZnSPION-polylC-R837 is fully by self-assembly, nitking the formation of liposomal
formulations. This provides a further framework foture clinical translation. Moreover, while
the present work shows effective long term protectigainst a syngeneic aggressive melanoma
challenge with a simple system, this system offiws possibility for tackling control of
established tumours by multi-pronged strategies e¢lploit further the magnetic properties of

the delivery vehicles (e.g. hyperthermia, magn#éticguided drug delivery), and/or are



delay tumour growth and synergize with anti-canvaarcines.
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Materials and methods

Synthesis and characterization of SPION and ZnSPION. The hydrophobic magnetic

nanoparticles, (SPION and ZnSPION ({Ba.)Fe0Os x < 0.5)) were prepared adopting
previously described precedures.[116,117] The gifethe MNPs was determined by
transmission electron microscopy (TEM) on a JEOMIE11 electron microscope operating at
200kV. The samples were prepared by depositingpp df MNPs onto a copper specimen grid
coated with a holey carbon filnElectron Microscopy SciendesSamples were prepared by
dissolving 1 mg of nanoparticles in THF to a fimaincentration of 0.1 mg/mL. At least 300
particles were measured using the Image J softteadetermine MNP size. The Fe and Zn
concentration in the samples was determined by QERS- analysis carried out by the SGlker
analytical facility of the University of the Basq@»untry (UPV/EHU; Leioa, Spain). ICP-OES
was carried out using a Perkin Elmer Optima 530Q &¥iploying an RF forward power of 1400
W, with argon gas flows of 15, 0.2 and 0.75 L/mim plasma, auxiliary and nebulizer flows,

respectively. Using a peristaltic pump, sample tsmhs were taken up into a Gen Tip cross-Flow



axial mode. The selected wavelengths (238.024,5829.259.939 nm) were analyzed in fully
guant mode (three points per unit wavelength). Wgeaof calibration standards were prepared
using single element 1000 mg/L stock solutiofstier Scientific UK LTPand a Merck multi
element standard (ICP Multi element standard swiutil CertiPUFR®, Merk) was employed as a
reference standard. XPS experiments were perfoimedSPECS Sage HR 100 spectrometer
with a non-monochromatic X-ray source (aluminum lie of 1486.6 eV energy and 350 W).
The samples were placed perpendicular to the agrabyds and calibrated using the;3dine of

Ag with a full width at half maximum (FWHM) of 14V. The selected resolution for the spectra
was 10 eV of Pass Energy and 0.15 eV/step. Measmtsmvere made in an ultra high vacuum
(UHV) chamber at a pressure below 8%tfbar. Magnetic measurements were carried out in a
7T SQUID magnetometer at the Magnetic Measurenfeergice of the University of the Basque

Country (UPVEHU; Leioa, Spain).

Synthesis and characterization of mZnSPION(-polylC-R837) and mSPION(-OVA).
mMmSPION, mSPION-OVA and rhodamine-labelled micellegre prepared as described
previously.[58,70,118] For the synthesis of mZnSR)@ifferent ZnSPION-to-lipid ratios were
used to optimize the micelling process and the gnitgs (e.g. size). The reported results were
obtained with micelles prepared with a oleic aadted ZnSPION:DPPE-mPEG(2000) weight
ratio of 1:5. The micelle size and zeta potential analysis wassomed with a NanoSizer
(Malvern Nano-ZsUK). For size measurements samples were dilutedater, and for zeta-
potential measurements in nanopure water with NBe@ %. The results are a mean of at least
three measurements matching quality criteria. Rellgxmeasurements were carried out ag7

on a Bruker Minispec mg60 instrument operating.47 I. T; andT, values were measured for



respectively. The relaxivity values, andr,, were calculated through linear least squarasditt
of 1/relaxation time (9 versusthe iron concentration ([Fe] mM). The MRI phantom
experiments were carried out on a Bruker Biospet With a 12 cm gradient capable of
delivering 400 mT/m using a 40 mm volume cdy-weighted images were acquired by using
Bruker's MSME (Multi slice Spin echo) sequence. €hbo time (TE) values were varied in 128
steps ranging from 10 ms to 1280 ms and a repetiitnoe (TR) of 15 sT; maps were obtained
by using a spin echo sequence. Images were acaatited different TR values 150, 500, 1000,
1500, 2200, 3000, 4000, 5200, 7.600, 17500 ms)dath were acquired with: 256 x 256 points
and a Field of View of 3 cm x 3 cm, slice thickne$sl.5 mm, no gap between slices and one
average. Th@; andT, map images were calculated using the Bruker'svizioa 5.1 software

via the Levenbergiargardt method

For biofunctionalisation with the TLR agonistgophilized polylC and imiquimodligvivoger)
were resuspended in endotoxin-free water to a fawacentration of 1000 pug/mL and 500
png/mL, respectively. Double-functionalized MNPs werepared through a two-step process.
The mZnSPION solution (500 nM of nanoparticle) waigzed with the poly(l:C) solution (156
ug/mL) and the mixture was stirred overnight at 7pth at room temperature. The unbound
poly(I:C) were removed with three cycles (1500 % gnin) of ultrafiltration with NanoSep 100k
(MWCO 100 kDa) centrifugal deviceR#ll Life SciencesThen, the formed mZnSPION-polyIC
micelles were resuspended in imiquimod solutionO(29/mL), keeping the final volume
constant. These mixtures were stirred and purdedescribed for the polylC adjuvant. The final
pellet was resuspended in the same initial voluhm@aoopure water or 10 mM PBS and stored

at 4 °C. The quantification of bound imiquimod waerformed by UV-visible spectroscopy



imiquimod. Once the amount of R837 was estimatédtisas containing free polylC + R837
(polylC titrated into the solution of R837) werealyzed by UV-vis and compared against
MZnSPION-polylC-R837 — mZnSPION at the same ironcentration determined by ICP-OES
to ensure that vaccines and nanovaccines had tine semount of polylC-R837. Release
experiments were carried out incubating the mZn8RPpBC-R837 sample in 10 mM PBS under
continuous stirring. Released drugs were analyzgdUN absorption spectroscopy after
ultrafiltration with NanoSep 100k (MWCO 100 kDa)tefugal devices. UV absorption spectra
were acquired using a NanoDrop ND 1000 (version23.%BpectrophotometemNanoDrop
Technologies Fluorescence experiments to assess the intemaofi imiquimod with polylC
were conducted in a Fluoromiter Fluorolog-TSP@oriba-Jovine Ivong by irradiating the
samples with an excitation wavelength of 250 nmMTiages, ICP-OES analysis and DLS
measurements of the (biofunctionalised) samplese veaquired as described above for the

“naked” MNP-filled micelles.

Localization of intracellular micelles by confocal microscopy and flow cytometry. The
J774.A1 murine macrophage cell line was purchasau the ATCC and cultured in DMEM
supplemented with 10 % FBS, 1 % L-glutamine (adinirGibco, Life Technologi¢sand 1 %
penicillin-streptomycin (P/SSigma Aldrich), and maintained in a humid atmosphere at 37 °C
and 5 % CQ@ For confocal microscopy imaginthe J744.A1 cells were seeded in poly-lysine-
coated 35 mm glass bottom dish&%a(Tek in 2 mL of complete DMEM medium. Then, cells
were incubated for 1 h at 37 °C and 5 % ,00® media containing rhodamine-labelled
mZnSPION-polylC-R837 (25 nM of nanoparticle), 1 pMysoTracker Green DND-26

(Invitrogen and 3 drops of NucRed® Live 647 ReadyProbes® Batagife Technologies All



magnification oil lens. Fluorescence images wel@rain sequential mode at the excitation
wavelengths of 488 nm, 561 nm and 633 nm for LyaoKer Green DND-26, rhodamine B or
NucRed® Live 647 ReadyProbes® Reagent, respectiviglg thickness of each optical slice
was set at 3 um for each color channel. Transmittgd images were also acquired. Image
analysis was performed using the software Zeiss UB¥slge Browser. In the case of uptake
studies by flow cytometry, J774.A1 cells were piate 96-well plates (1 x Focells/well) and
allowed to adhere overnight in DMEM medium supplated as described before. Fluorescent
MNPs were diluted in medium and added to cells,civiwere maintained at 37 °C, 5% CO2
during 1 h, 3 h or 24 h. Then, the medium was reedaand cells were transferred to cytometer
tubes by gentle pipetting in sterile PBS and pe&lt®tn by centrifugation (580 x g, 5 min, 4 °C).
Cells were resuspended in a final volume of gDMf FACS buffer (1% BSA in 10 mM PBS).
Rhodamine uptake was measured using a FACS CaifitmMIcytometer BD bioscience and
the data were analysed using the FlowJo, LCC softw 74A.1 cells were electronically gated
based on the forward and side scatter parametergsha@nnot-single events left out based on
forward area and height scatter parameters. Rhaodasignal coming from the MNPs-filled

micelles was analysed within this population.

Cytotoxicity and cytokine production studies. To assess cytokine production at 24 h, J774.A1
cells were seeded at 2.5 1€ells/well (100 pL per well) in flat bottom 96-wellates and
allowed to adhere overnight. Then, medium was resd@and cells were left untreated or treated
with the immunostimulatory formulations and theresponding controls, diluted accordingly in
medium, in triplicate After 24 h, cell supernatant was removed and frolmrnsubsequent

cytokine analysis and cytotoxicity assayde infra). The B16-F10(OVA) murine skin melanoma



gifted by the group of Dr. Pablo Sarobe (CenteApplied Medical Research, CIMA, Pamplona,
Spain). These cells were cultured in RPMI-16U0nzg supplemented with 10 % FBS, 1 % L-
glutamine and 1 % P/S, and maintained in a hunmsphere at 37 °C and 5 % £€d0 assess
cell viability at 24 h, 48 h and 72 h, cells weeeded at 7 x £p2.5 x 16 and 1.5 x 1d
cells/well (100 pL/well), respectively, in flat dom 96-well plates and allowed to adhere
overnight.Media was removed from each well prior to adding @ of each sample, properly
diluted in cell culture media, per well and in tigate. To determine cell viability, 100 pL/well
of MTT reagentRoch@ diluted in media to a final concentration of 0rB§/mL was added after
removal of the supernatant. After 1 h incubatiorBat°C, the reagent was removed and 200
pnL/well of DMSO were added to solubilize formazagstals. Finally the optical density of the
samples was measured in a TECAN Genios Pro 96/38piate reader at 550 nm and data

was represented as the percentage of cell susavapared to control wells.

BMDC maturation assay. BMDCs were prepared as described previously.[708 Vhrious
immunostimulatory formulations (100 pL per well,pappriately diluted in complete RPMI-
1640) were added to the DC containing wells (2 ® d€lls per well in 96-well plates) and
incubated for 24 h in a humid atmosphere at 37n€ 2% CQ, following which supernatants
were recovered and frozen for later testing of kiyies. For maturation markers expression, after
24 h incubation with the various formulations, BM®@ere washed with PBS, incubated with
anti-CD16/CD32 BD Biosciences and then stained with fluorophore-labelled ardiles
against CD11c, MHC-II, CD80, CD86 and CCRBidlegend, following the manufacturer’s
instructions. Finally, cells were washed with FAGGffer, resuspended in 200 pL of FACS

buffer and analyzed by flow cytometry. The DC papioin was defined as CDI1MHC-II,



were included in each assay.

Quantification of cytokines and antibody production by ELISA. IL-6 and IL-12 were
measured in cell supernatants using sandwich ELlitHAwing the manufacturer’s instructions
(murine IL-6 mini EDK ELISA kit, R&D Systemsmurine IL-12 mini EDK ELISA Kkits,
Peprotech. A 4-parameter sigmoidal (logistic) standard euwas used to quantify cytokines
(GraphPad Prism 5 software). Results are expressedean =+ SEM in pg/mL or ng/mL. Anti-
OVA 1gG1, IgG2c and IgGt antibodies were measureblood serum using indirect ELISA. Flat
bottom 96 well EIA/RIA platesGorning were covered with 50 puL/well of OVA diluted in BB
to a final concentration of 0.04 mg/mL. The sampbésblood serum were obtained from
immunized mice by facial vein puncture and ceng&d at 13000 x g for 5 min to remove the
cellular content of the blood. The concentratiohardigen-specific antibodies were determined
with HRP-conjugated anti-mouse IgG1, IgG2c and Ig@tibodies BioRad diluted 1:4000,
1:10000 and 1:500 in PBS, respectively. The resuéiee expressed as the jpgalue of the
reciprocal of the endpoint dilution which gave anical density (O.D.) of 0.2 or above, after the
subtraction of the background levels. In both EAI$pes, the measurement of each sample was
conducted in duplicate. Absorbance measurements waried out in a TECAN Genios Pro

96/384 microplate reader at 450-550 nm.

In vivo immunization and cancer immunotherapy studies. Animals were cared for and
handled in compliance with the Guidelines for Accoodation and Care of Animals (European
Convention for the Protection of Vertebrate Animidksed for Experimental and Other Scientific

Purposes) and internal guidelines, and all the xeatal procedures were approved by the



dietad libitum

For the analysis of innate immune responses, CHBI¢male mice (6-8 weeks old) were
vaccinated with the various formulations dilutedABS by injection (40 pL/mouse) into the
hock (3 pg polylC/mouse, 1 pg imiquimod/mouse a®dpy ZnSPION/mouse). After 24 h, the
spleen and inguinal and popliteal LNs were harkatal processed as described previously[70]
for further analysis of the maturation of DC and NKllular populations. Briefly, 1 x %0
cells/well diluted in RPMI-1640 were seeded in av88l plate and divided into two different
staining panels. For the DC maturation analysilis egere stained as described in thevitro
BMDC maturation assays, analyzing this time an tamthl maturation marker, CD40
(Biolegend. NKs cells were stained with CD3, NKp46 and CDEftibodies, and the
corresponding isotype contr@iplegend. The NK population was defined as CD&p46, and

CD69 expression was analyzed into this gated ptipuala

For assessing adaptive immune resporisesivo, C57BL/6J mice (6-8 weeks old) were
immunized on day 0 (prime) and 14 (boost) withdifeerent formulations injected s.c. into both
flanks (100uL/flank). Blood extraction was carried out by fdoi@in puncture at the indicated
time points pre- and post- injection. Immunizati@ssessed in independent experiments with 5
ng OVA/mouse and adjuvant doses ranging from 3-4 poty(l:C)/mouse, 0.5-1.3 ug
imiqguimod/mouse administered alone or with miceltlivery vehicles at 6-10 pg/mouse
ZnSPION and 45-55 pg/mouse SPION produced siméaults. Three weeks after the last
immunization, mice were analyzed for the percergagfeSIINFEKL-specific CD8 T-cells in

blood, spleen and inguinal LNs, by staining with&&nd CD3 antibodieB(olegend to define



the OVA specific T-cell percentage in each orgamterest.

For prophylactic tumour challenge studies, vacedaE57BL/6J female mice (6-8 weeks old)
were challenged one week after the last immunizably s.c. injection of 3 x £0B16-
F10(OVA) tumour cells. Mycoplasma tediofizg was carried out prior to injection to ensure
that cells were free of contaminatiofumours were measured every two to three days avith
digital caliper and volumes (V) were calculated \aAs(mm®) = [(short diametef) x (long
diameter)]/2. Mice were considered tumour-free ludéirmal lesions were visible or palpable.
For survival rate evaluation, mice were kept ustkrifice was necessary once the tumour
reached a diameter af 15 mm or when tumour necrosis or ulceration s@gmgseared. 63 days
after the first tumour challenge, healthy mice were. re-challenged with 3 x 1@B16-
F10(OVA) cells. Immunizations with OVA + polylC-R83and mZnSPION-polylC-R837 were

carried out in independent experiments three times.

Effector memoryand central memorg€D8" T cell populations were defined as CD@®D62L"

and CD44CD62L, respectively, inside the CD&nd CD8 double positive population. OVA
specific T-cell percentage in this population waslgzed as previously described. To study
intracellular IFNy and TNFe and the expression of the degranulation marker10f cells/well
were placed in a 96-well plate in 10Q of RPMI-1640 medium in the presence of BD Golgi
Stop, the anti-CD107a antibody (LAMP-1 protein) al@ ug/mL SIINFEKL in RPMI-1640
medium. After 5 h of incubation at 37 °C, cells eevashed twice and stained with the surface
markers (CD3 and CD8). Then, cells were fixed aedmeabilised (BD Cytofix/Cytoperm
fixation and permeabilisation kit), after which ratellular cytokine staining was performed

(anti-INF+y and -TNFe antibodies). T cells were gated based on doub#tipe for CD3 and



cell percentage of total CD3CD8" T cells. Isotype controls were included in intladar
cytokine analysis by flow cytometry assay and weot included in the figures for clarity
purposes. Results were expressed as mean + SEMmoic& per group of immunization,

analysed individually and compared to unstimulatedls.

For creating the B16-F10(OVA) with knock-down exgs®n of PD-L1 (B16-F10(OVAAPD-
L1), lentiviral particles for silencing the expregmss of PD-L1 were produced in 293T as
described previously.[78Tell culture supernatants were harvested, filtatedugh 0.45 pm
filter and ultracentrifuged for lentivector purifiton. Lentiviral particles were titrated and used
to transduce B16-F10(OVA) cells. Knockdown cellsr@veelected by antibiotic pressure with
increasing concentrations of puromycin. Similarty the prophylactic immunization assays
described above, C57BL/6J female mice (6-8 weektswére challenged one week after the last
immunization by s.c. injection of 3 x 1816-F10(OVA)APD-L1 cells. In this case, however,
due to the slower tumour growth the re-challenge earied out with 1.5 x 2B16-F10(OVA)

APD-L1 cells/mouse 35 days after the first challenge

Imaging studies. Tumours were left to settle and grow until thenaéder reached around 7 - 12

mm before imaging acquisition.

For MR in vivo experiments, at the beginning of the experimenisge mwere immunized with

mZnSPION-pIC-R837 at a concentration of 6 mM Feé (10 of sample were s.c. injected in the
tumour vicinity. Images were acquired at times pmgection, 24 h and 48 h post-injection to
analyze accumulation of nanoparticles. Animals varesthetized prior to imaging using 3.5 %

isofluorane and maintained at 1.5 — 2.5 % isoflaram 100 % O2 and at a constant body



Bruker Biospec systenB(uker Biospin GmbHEttlingen, Germany) using the BGA12-S mini
imaging gradient and 40 mm inner diameter transati¢ive mouse body volumetric coil. Axial
gradient echo experiments were performed with tbkowing parameters: A respiration
synchronized (TR = one respiration cycle) FLASHwste, TE = 3 ms, FOV = 28 mm x 28
mm, Matrix = 256 x 256, Slice Thickness = 0.75 miinSlices= 32 and 2 averages. Axiat
weighted images were acquired using the followiagameters: A respiration synchronized (TR
= 4 respiration cycles) Multi Slice Multi Echo (M3 sequence, TE = 8, 16, 24, 32, 40, 48, 56,
64 ms; FOV = 28 mm X 28 mm, Matrix = 128 x 128c8lirhickness = 0.75 mm, N Slices= 9
and 2 averages. The images were fitted into LewgrlBkargardt method to calculaiie values

using Bruker's Paravision 5.1 software.

To carry outin vivo SPECT/CT studies, MNPs were labelled with {Batt67. Radiolabelling
was carried out using ¥Ga citrate solution purchased from Molypharma (8p#specific
activity =1.4 TBgfimol), which was first converted intd’GaCk. Briefly, the ®‘Ga citrate
solution was passed through a light silica colurantritige (Sep-PakyWaterg to selectively
retain the radiometal. The cartridge was washeth witrapure water (10 mL) antiGa was
finally eluted with HCI 0.1 M solution. The eluatas collected in different 100L fractions,
and only those containing the maximum activity @nication were used in subsequent labeling
experiments. The elutédGa chloride solution (100L, c.a. 110 MBq) was then mixed with 100
uL of mZnSPION-pIC-R837 or mSPION-OVA micelles satut and diluted up to final volume
of 400 puL in acetate buffer (pH = 3.8 = 0.1). After incuioat at 70 °C during 30 min, the
reaction crude was cooled down to room temperatiee labelled MNPs were separated via

centrifugal filtration (3354 x g for 10 min) usingmiconUltracel 100k (MWCO 100 kDa)



from the filter by the addition of PBS (1Qd). The total radioactivity in the filtrates and
retentates was measured in a CRC-25R dose calilf2apintec, USA) in order to determine
the incorporation efficiency. For stability studieme batch of’Ga-mzZnSPION-pIC-R837 or
mMmSPION-OVA was fractioned in different aliquots, ialn were incubated in the presence of
DOTA chelating agent (c.a. 4@noles of DOTA per mole of nanoparticle) at 37 AE different
time points, the samples were filtered in ordeséparate the NPs from th&a complexed to
DOTA, and radioactivity in the retentate and in filgate was measured with the CRC-25R
dose calibrator. The dissociation BiGa (expressed in percentage) from the radiolabelled
micelles at each time point was calculated asdtie between the amount of radioactivity in the
filter and the starting amount of radioactivity.rfo vivo imaging studies, tumour bearing mice
were immunized witlf’Ga-labelled mZnSPION-pIR-R837 or mSPION-OVA disgohin PBS

to a concentration of 1.2 or 6 mM Fe, respectivBf/uL of sample/mouse were s.c. injected in
the tumour vicinity, in the ventral flank or in ténd hock. Animals were anesthetized prior to
imaging using 3.5 % isofluorane and maintained.at-12.5 % isoflurane in 100 %,@uring the
whole acquisition. Whole-body SPECT/CT scans weamgueed at 3 h, 24 h and 48 h post-
injection using the eXplore speCZT CT preclinicabging systemGE Healthcare USA). With
the full ring detector, 360° of data were acquitid rotating the collimator 45° (45 steps,
1°/step). Data were collected in an energy acdgoisivindow from 125-150 keV to 84-102
keV and acquisition times from 60 min (80 s/stepidb min (60 s/step). An 8-slit collimator was
used with a field of view of 32 and 78 mm in thangaxial and axial directions, respectively.
After each SPECT scan, CT acquisitions were perdrio provide anatomical information on

each animal. The CT acquisition consisted of 22Qvsiin 0.88° increments around the animal



images were reconstructed using the OSEM iteradigerithm (5 and 15 subsets, 3 and 5
iterations) into 128 x 128 x 32 array with a vos&le of 0.4 x 0.4 x 2.46 mm, and were not
corrected for scatter and attenuation. The CT imagere reconstructed using a cone beam
filtered back-projection Feldkamp algorithm into748 437 x 523 array with a voxel size of 0.2
x 0.2 x 0.2 mm. At the end of the scanning procedtine mice were culled by cervical
dislocation and organs of interest removed. Analgdithe injected dose percentage per organ
was performed by measuring their activity with a2AARD22470 Automatic Gamma Counter

(PerkinElmey.

Statistical analysis. Data presented as mean £ SEM. The differences batthe control and the
experimental groups were assessed using two-tarpdired Student’s t tests and the differences
among groups > 2 by one-way or two-way ANOVA (Grapt Prism, GraphPad Software, La

Jolla, CA). P values of less than 0.05 were comsttlstatistically significant.
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