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ABSTRACT

Methotrexate (MTX) is an anti-proliferative drugeasfor treating inflammatory diseases
including psoriasis. Nevertheless, its use in laedl therapy is impeded due to poor
transdermal penetration.

We show that MTX coupled with gold-nanoparticlesN@%) demonstrates superior anti-
inflammatory efficacy compared to MTX-alone in amiguimod (IMQ)-induced mouse
model, significantly reducingd T cells, CD4 T cells, and neutrophils. Furthermore, it was
well tolerated upon systemic and topical adminigira In an AGR129 human xenograft
mouse model, two-week topical treatment with MTX{ENinhibited skin hyperplasia
significantly better than topical calcipotriol-betathasone (TCB) and led to profound tissue
remodeling, involving upregulation of extracellulamatrix reorganization and
downregulation of cornification and keratinizatiprocesses. The number of resident T cells
in the grafts as well as IL-17 production drasticalecreased upon MTX-GNP treatment.
While both MTX and MTX-GNPs directly prevented pfetation and induced apoptosis of
T cells, suppression of cytokine production washarsd mechanism of GNP and MTX-
GNPs.

In conclusion, MTX-GNPs influence immune and stroomnponents of the skin, leading to
potent inhibition of pathogenesis in preclinicabpasis. MTX-GNPs surpass the efficacy of
conventional MTX and standard of care, emerging@ asn-steroidal, topical alternative for

psoriasis treatment.



INTRODUCTION

Psoriasis is an autoimmune skin disease in whighmstt and immune cells, particularly
resident and circulating T cells, plasmacytoid d#idcells (pDCs) and neutrophils, play a
significant role in its pathogenesis (Nestle et @009). Targeted biologicals, such as
interleukin (IL)-17 blockers, have revolutionizegstemic treatment options, but these
biologicals are only indicated for moderate-to-seveases (Kolios et al., 2016). Standard
care for mild psoriasis includes topical corticostgs or topical calcipotriol and
betamethasone (TCB) combinations, the former aagryhe risk of long-term side effects,
including skin atrophy (Samarasekera et al., 2013).

Methotrexate (MTX) is a folate antagonist used asystemic treatment of psoriasis
along with several other inflammatory diseases (Chiad Cronstein, 2002). MTX inhibits
cell proliferation, and indirectly leads to intrdoir adenosine accumulation, which
subsequently impairs activation and migration alktecytes such as T cells, macrophages,
and neutrophils (Chan and Cronstein, 2010). Althotingre is relative tolerability at standard
dose (15mg weekly), adverse reactions may includpatotoxicity, myelosuppression,
infection, and gastrointestinal discomfort (Nastakét 2017). Localized administration can
eliminate systemic side effects; however, to datetopical formulation is not yet
commercially available due to the poor skin peremeof MTX (Avasatthi et al., 2016).

Gold nanoparticles (GNPs) facilitate drug deliveagross biological barriers and
possess immunomodulatory capacities based ongizeirand surface chemistry (de Araujo
et al., 2017). Macrophages and other phagocytis take up small sized GNPs which are
shown to impair production of proinflammatory cyieds, for example tumor necrosis factor
(TNF)-a and IL-6 (Shukla et al., 2005, Tsai et al., 2022¢nce, coupling with GNPs can

add an immunomodulatory function to the conjugabed).



Coupling of MTX to GNPs (MTX-GNPs) was reported facilitate effective
penetration through the human skin barrier ineanvivo system (Bessar et al.,, 2016).
Recently, topical administration of MTX-GNPs wasowsim to mitigate psoriatic skin
inflammation, accompanied by a decrease in pralifen and CD8 T cell numbers, in a
murine model (Fratoddi et al., 2019). However, ¢fiect of MTX-GNPs on immune cells
and human skin, as well as the detailed mechangmmd remains unknown.

Here we provide a comprehensive characterizatioth@fanti-inflammatory effect of
MTX-GNPs in two pre-clinical models of psoriasissiblg a fully murine and a human
xenotransplant model, we account for the biologdifilerences in mouse and human skin.
We demonstrate that MTX-GNPs inhibit cell proliféoa, cytokine production, and tissue

fibrosis, leading to restoration of skin immune-temstasis.



RESULTS

Systemic M T X-GNPs ar e efficacious and well tolerated in the Imiguimod (I M Q) model.

IMQ, the active ingredient of ALDARA® cream, is &lFlike receptor 7 agonist that upon
topical administration induces strong psoriasis-ikflammation (van der Fits et al., 2009).
Pathogenesis of this model involves neutrophiladdéc cells (DCs) angd T cells, as well
asaf T cells at later stages (Terhorst et al., 201B).our three-day application setup,
shortened and optimized to reduce toxicity, ean skemonstrates histological features of
psoriasis (Supplementary Figure Sla-d). Inflamnmatg characterized by skin infiltrating
CD45" immune cells, including CDXells and CD11binnate immune cells (Supplementary
Figure Sle and f). Immune cells in the spleen wereaarily unaffected, establishing that the
inflammatory phenotype is confined locally (Suppétary Figure S1g and h).

Initially, we evaluated the potency of conventioegstemic MTX therapy to resolve
IMQ-induced inflammation (Figure 1a). We observkdttdaily subcutaneous administration
was insufficient to diminish ear thickening at tallele doses of 1mg/kg and 2mg/kg body
weight (Figure 1b). With high-dose MTX (5mg/kg dail ear thickness decreased
significantly, however this regimen led to seridagicity, which was presented as lethargy
and severe weight loss (Figure 1b-d). Therefor@jbinhon of local inflammation with
systemic MTX administration proved intolerable teetive doses.

To enhancen vivo efficacy of tolerated MTX doses, MTX was coupledhaGNPs
(MTX-GNPs). We administered MTX subcutaneously e tolerable dose of 2mg/kg to
avoid toxicity-related complications. MTX-GNPs (2fkg MTX, 5.5mg/kg Au) significantly
decreased the inflammation-induced ear thickenntismmune infiltration (Figure 2e and f).
Animals receiving systemic GNPs alone (5.5mg/kg Alsp displayed an improvement of

ear inflammation, although the effect was signifitya less as compared to MTX-GNPs



(Figure 2e). Systemic MTX-GNPs were well toleratedhout causing obvious signs of
toxicity, such as lethargy, apathy, severe weigids| or elevation of serum alanine

transaminases (ALT) (Supplementary Figure S2a and b

Topical MTX-GNPs_significantly reduces IMQ-induced inflammation. Topical gel

formulations of MTX, GNPs, and MTX-GNPs were genmedausing the Carbopol 980
carrier. To account for limited drug permeabilisglected dosage was six times higher than
the systemic administration (Figure 2a). TopicalMlacked efficacy despite the high dose,
whereas ear inflammation subsided significantly rupopical MTX-GNPs (p=0.0001, on
days 5-7) (Figure 2b). Topical GNPs alone also arakd inflammation, however, to a
significantly lower extent than topical MTX-GNPsidEre 2b).

Weight loss and serum ALT levels were comparableragrall groups and creatinine
levels were below detection limit for all of thested topical formulation groups
(Supplementary Figure S2c and d). Nuclear magnmesonance (NMR) did not show any
traces of MTX, GNP, or MTX-GNPs in the serum of atgpical treatment group
(Supplementary Figure S3). |

Ear skin treated with MTX or GNPs displayed histital features of IMQ-induced
psoriatic phenotype, while the MTX-GNP-treated s&ppeared uninflamed, mirroring the
untreated condition (Figure 2c). Immunofluorescestaning of skin suggested both the
number of infiltrating CD45immune cells and IL-17 levels were reduced follogvMTX-

GNP treatment (Figure 2d).

Topical MTX-GNPs strongly suppress key pathogenic immune cells and restore

immunological homeostasis. We then characterized the influence of MTX-GNP tirent

on skin immune cells, using flow cytometry. Compghate the IMQ group, absolute numbers
7



of CD45 leukocytes significantly decreased upon MTX-GN&atment, mirroring the state
in untreated ears (Figure 3a and b). In the myalompartment, we observed a pronounced
effect on CD11kcells, namely Ly6G neutrophils (Figure 3c and d). Regarding the adapt
compartment, CD3T cells in the ears, includingd and CD4 T cell subsets were highly
reduced, while the numbers of CDB cells appeared less responsive at this stagelQf
induced inflammation (Figure 3e-g). Neither MTX n8NPs alone significantly decreased
the overall immune cell infiltrate. Only CD11H.y6G" neutrophils were lower in all
treatment groups compared to IMQ alone, with thghést significance for MTX-GNPs
(Figure 3d). Absolute numbers of the aforementioim@thune cell populations in the spleen
remained unaffected by topical therapy (Supplemgritegure S4).

Proliferation of relevant T cell subsets in theseaas assessed by Ki67 positivity. In all
experimental groupsd T cell proliferation was comparable to the unteelatnice, which
could be explained by earlier activation kinetiés®T cells (Figure 3h). Conversely, CD4
and CDS8 T cells showed increased proliferative capacitgrupMQ (Figure 3i and j). MTX-
GNP treatment significantly decreased the percentégroliferating CDA T cells, while its

effect on CD8 T cells was limited in this setup.

MTX-GNPs inhibit development of psoriasiform lesion in the AGR human xenogr aft

model. The human xenotransplant model is a spontaneong-tébm psoriasis model
generated by grafting symptomless skin (PN) frompsariasis patient onto AGR mice, a
triple knock-out strain of type | (A) and type IG) interferon receptors as well as
recombination activating gene 2 (R). Transplantkid slevelops psoriasis-like phenotype
within 4 to 8 weeks, through a pathogenic mechanmsediated by skin-resident human

CD3' T cells within the graft (Boyman et al., 2004, \deglio et al., 2016).



Using the AGR model, we assessed the efficiendBX-GNPs to resolve human psoriasis
in comparison to the standard of care topical be#thasone calcipotriol (TCB) (Figure 4a).
Vaseline-treated grafts displayed histologicaldesg of psoriasis on day 35 (Figure 4b, left).
The 2-week topical treatment with MTX-GNPs begimnion day 21 significantly reduced
acanthosis and papillomatosis scores, whereas TE&nient showed limited efficacy
(Figure 4b and c). While the inflammation in thesébne group heightened between day 21
and 35, daily topical administration of MTX-GNP tims time frame arrested further disease
progression, to a higher extent than TCB (Supplé¢angririgure S5d-e).

In the Vaseline treatment group, we observed higberber of CD45immune cells, mostly
localized in the dermis (Figure 4d and e). This wasarily composed of CD8T cells,
CD3" CD8 Forkhead box P3 (Foxp3jegulatory T cells (Tregs), and CD@DS Foxp3 T
cells (corresponding to conventional CD4 T cellS)ggre 4f and g), similar to lesional
psoriatic (PP) skin biopsies (Supplementary FigBfa-c). IL-17 was detected in the
epidermis and dermis, mostly localized intracefliylanot only in CD45 immune cells but
also in CD45 non-immune cells. In the TCB or MTX-GNP-treatednsgrafts, the cellular
infiltrate including IL-17-producing immune cellsaw significantly reduced or absent (Figure
4d-g). In conclusion, the development of psoriasid activity of pathogenic immune cells in

the grafted human skin was efficaciously blockeddpical MTX-GNP treatment.

MTX-GNPsdirectly inhibit T cell proliferation and cytokine production.

Further, we evaluated if the anti-inflammatory effebserved upon MTX-GNP treatment in
the AGR model is a result of direct suppressiomuohiune cells or an indirect consequence
of stromal inhibition. Upon TCR stimulation, humancells isolated from peripheral blood
mononuclear cells (PBMCs) demonstrated increasaldgration and decreased apoptosis, as

expected (Figure 5a-c). MTX alone and MTX-GNPs hathbited proliferation while GNPs
9



did not have an effect (Figure 5a and b). In lwith this, the percentage of apoptotic cells
increased upon MTX and MTX-GNPs (Figure 5c). TCRnatation additionally led to
elevated cytokine levels in the culture supernata8pecifically, Thl cytokine IFN-and
Th17 cytokine IL-17A produced significantly highepon stimulation, while levels of Th2
cytokine IL-4 and Treg cytokine IL-10 remained cargble to unstimulated condition
(Figure 5d). MTX alone did not influence cytokinevéls in the culture supernatants
however, exposure to GNP or MTX-GNPs lowered Nidhd, more significantly IL-17A

levels.

RNA sequencing reveals significant tissue remodeling in human skin upon topical

MTX-GNP application. To identify underlying stromal mechanisms of dseaodulation,

we performed RNA sequencing (RNA-seq) of PP andskIN biopsies and AGR skin grafts.
RNA-seq revealed 2894 differentially expressed ge®EGs) and various enriched
processes, including cell proliferation, keratiti@a and immune activation, between the PP
and PN biopsies (Supplementary Figure S6a). As a&de chemokines and cytokines
implicated in psoriasis pathogenesis (IL-12B, ILA23L17A, IL-13, IL-36A, CXCL1, and
CXCLB8) were significantly upregulated in PP skimglementary Figure S6b).

Regarding the AGR grafts, we first performed unbia&ene Orthology (GO) pathway
analysis to reveal treatment-specific effects aldgjical processes. Within the TCB specific
pathways, upregulation of innate and inflammat@sponses as well as downregulation of
keratinocyte differentiation were the most prominéfigure 6a). On the other hand, upon
MTX-GNPs, pathways related to tissue remodeling adind healing were upregulated,

while cell proliferation processes were downregdatFigure 6b). Positive regulation of cell

10



migration and downregulation of keratinization aaanification were the pathways enriched
upon both therapies (Figure 6a and b).

We have compared TCB and MTX-GNP treatment to \iasdteated controls
concerning expression levels of major psoriasiateel cytokines. As expected, treated skin
expressed lower levels of pro-inflammatory sigraish as S100A8, S1009, IL1B, IL36G,
compared to Vaseline control (Figure 6c, highlighteThe effect of TCB treatment on
immune-related gene expression was stronger cochgar®TX-GNP. However, we have
observed a downregulation of TNF, a major driverpsbriatic inflammation, only upon
topical MTX-GNP treatment. IL-17A transcript wastelgtable in the PP skin from the donor
patients, however, were below detection limit in §iih post-transplantation. Therefore, we
assessed the expression of these cytokine genthe ipost-transplantation skin using real
time quantitative PCR (RT-PCR) (Supplementary Feg&6f) and focused our RNA-seq
analysis to stromal derived gene expression.

In particular, three gene groups were differentiafixpressed upon MTX-GNP
treatment; keratins, histones and matrix proteg$egure 6d and e). Keratins were
downregulated by both of the treatments, as showrG® analysis, which explains the
curbed epidermal hyperplasia observed in histo{&gyure 4b). Histone gene expression was
solely decreased in MTX-GNP treated skin. Expressad several matrix proteases was
upregulated by both treatments but more signifigantMTX-GNP treatment arm. Overall,
the trend of gene expression changes between Wasahd MTX-GNP reflected the trend

between PP and PN skin (Figure 6e).
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DISCUSSION

Here, usingin vivo murine psoriasis-like and human xenograft modeisg
characterized the therapeutic effect of a topicAlP@&oupled MTX formulation, which
efficiently mitigates psoriasis development andaes local immune homeostasis. MTX-
GNPs reduce proliferation and keratinocyte difféision and directly act on immune cells
by blocking T cell proliferation, promoting apopi®sand diminishing Thl and Th17
cytokine production.

In the fully murine IMQ-model, infiltration of botlED11b-expressing innate cells and
T cells were reduced upon MTX-GNP treatment wite thost prominent effect on the
neutrophilsyd T cells and CD4 T cells. This was accompaniedigyyificant decrease in ear
thickness. Importantly, upon both systemic anddalpadministration, MTX-GNPs were well
tolerated at the effective doses.

Although the IMQ-model is quick and involves keyfeetor cells of psoriasis
pathogenesis, it has limited translational poténtiadrug assessment studies, due to vast
anatomical and immunological difference between seoand human skin (Hawkes et al.,
2017). Murine skin bears thinner interfolliculariggrmis and more hair follicles (Pasparakis
et al., 2014), which are crucial determinants oh slomposition, such as immune privilege
and drug entry sites (Kabashima et al., 2019). &fbeg, our xenograft AGR model is more
suitable to assess therapeutic efficacy in humanaig skin. We demonstrated that psoriatic
skin grafts in the AGR model harbored tissue-residecell subsets including CD4, CD8 and
and regulatory T cells, akin to lesional psorids@psies from patients (PP), underlining the
validity of this model for psoriasis research (B@amet al., 2004, Raeber et al., 2018). A
two-week topical MTX-GNP treatment of the humamnsgrafts prevented the development
of psoriatic phenotype and the therapeutic effee$ womparable to systemic treatment with

anti-TNF-a biologicals, as previously published by our gro{gouchaud et al., 2013,
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Boyman et al., 2004). We have shown that 14-daicébpreatment with MTX-GNP inhibits
psoriasis development in the AGR xenograft model.olir knowledge, no other treatment
modality, topical or systemic, has been administeneshown to be effective in a therapeutic
setting in this xenotransplantation model. After XAGNP treatment, the skin was
histologically similar to healthy-appearing nonibesl biopsies (PN) from patients. We
demonstrated that the number of above-mentioneduimencells as well as IL-17 levels were
significantly reduced compared to psoriatic graftshe Vaseline control group. RT-PCR
analysis ofll17a mRNA revealed a similar trend for the transcripéibregulation of IL-17
upon MTX-GNP treatment, which overall suggesteihamunomodulatory activity.

Addressing this hypothesis, we usedvitro assays and proved that MTX-GNPs
directly act on immune cells. In the presence of XM3NPs, TCR-stimulated T cells
displayed reduced proliferation, impaired cytokipeduction, and increased apoptosis.
While MTX alone also exhibited anti-proliferativacipro-apoptotic effects on T cells, GNPs
did not influence cell survival or proliferation,uto lowered cytokine production, most
significantly IL-17. This indicates that GNPs nomly facilitate drug delivery but also
enhance anti-inflammatory properties. Quwitro data provides a mechanistic explanation to
thein vivo effect of GNPs on the IMQ-induced inflammationves| as reduced mRNA and
protein levels of IL-17 in the AGR model.

Immune pathology in the human xenograft model weecevely suppressed upon both
the TCB and MTX-GNP therapy, while MTX-GNP treatghfts had a significantly lower
histopathological disease score. A major functibM®X is to interfere with proliferation of
keratinocytes (Weinstein et al., 1990), therefoeeshypothesized that suppression of stromal
cells can be an important mechanism to explaindifference between the efficacy of the
two treatments. In line with this, we demonstratedt MTX-GNPs induced a strong

downregulation of anabolic and proliferative pra=ssin skin grafts, while TCB did not.
13



Additionally, we discovered that topical MTX-GNPacrease the expression of genes
involved in extracellular matrix (ECM) breakdowndareorganization, including members of
matrix metalloprotease (MMP), a disintegrin and alleproteinase (ADAM), a disintegrin
and metalloproteinase with thrombospondin motif®AMTS) family proteases. It is well-
established that ECM buildup and crosstalk withellscduring inflammation can enhance
pathogenesis, impede resolution, and foster fisragvelopment (Bonnans et al., 2014,
Kaisho and Akira, 2003, McFadden et al., 2012, Taath Gao, 2004). In the same context,
matrix proteases can limit inflammation and tisdiwosis via ECM degradation. We
propose that the enhanced ECM breakdown upon MTXRG@&Matment in the AGR model
serves as an additional mechanism to resolve inflaton. In line with this, severah vivo
studies with diabetic mouse and liver injury ratdals have shown that GNPs support wound
healing and inhibit fibrosis (Chen et al., 2012, Carvalho et al., 2018), which provides a
possible explanation to tissue-remodeling funcodrMTX-GNPs. Overall, the therapeutic
potency of MTX-GNPs with its multifactorial mode attion exceeds TCB, the standard of
care, and MTX in the studied models. Identificatimi exact mechanisms, both
immunomodulatory and stromal, needs further ingasiton, including clinical assessments.
In conclusion, MTX-GNPs can potentially extend noadlpractice for the non-steroidal
topical treatment of psoriasis and various inflatanaskin disorders, such #&sdradenitis
suppurativa, neutrophil-mediated autoimmune and allergic déoses as well as tissue

remodeling dysfunctions and keloid formations.
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MATERIAL AND METHODS

Animals. C57BL/6 female mice purchased from Charles Rivabdratories and AGR129

mice were bred in house homozygously (Boyman et28l04). Animals were maintained
under specific pathogen-free conditions and alkexpents were performed with 8-12-week-

old male or female mice.

Compounds: Systemic and topical formulations for MTX, GNPsIafiTX-GNPs as well as

the carrier Carbopol 98@ere provided by Midatech Pharma, Abingdon, UnKa&thdom.

In vivo Imiguimod (IM Q) model: Ear inflammation was induced by daily applicatidr60-

70mg ALDARA® (5% IMQ, MEDA Pharma, Switzerland) fdhree consecutive days.
Animal wellbeing was evaluated daily with weightasarement by an electronic scale. Daily
ear thickness measurements were recorded usingital dnicrometer (Mitutoyo®, Japan).
Systemic therapies were administered as subcutane@gactions (200ul) and topical
therapies as 75ul gel per ear at doses indicateédeirfigures. After 7 consecutive days of
treatments, serum was collected for creatinine adnine transaminase (ALT)

measurements.

AGR model: Keratome biopsies of PN were obtained from conegnpatients and were
transplanted onto the back of AGR129 mice, as ptsly described (Boyman et al., 2004).
Vaseline (Unilever, US), topical calcipotriol 0.0§fg and betamethasone dipropionate
0.5mg/g (TCB, Daivobet® gel, Leo Pharma, Denmadt) MTX-GNP gel was topically
applied daily onto the grafts from day 21 post$g@antation until termination on day 35.

Grafted skin was harvested for histological evatmand RNA sequencing.

In vitro T cell stimulation: PBMCs from 5 healthy donors were isolated via FFigadient.

CD3" cells were positively selected using Pan T callason Kit (Miltenyi Biotec Swiss

15



AG, Switzerland) according to manufacturer’s instians. Isolated T cells were labeled with
CellTrace Violet (ThermoFisher Scientific, USA) a7°C for 20 minutes. T cells were
stimulated for 4 days with anti-CD3 and anti-CD28&ilaodies, coated on 96 well Flat bottom
plates, in the absence or presence of 100uM of MIKX-GNPs, or GNPs with equivalent
MTX or Au concentration. After stimulation, cytolkinlevels in the supernatants were
measured by FACS using Legendplex Human Th CytoRereel (Biolegend UK Ltd, United
Kingdom) according to manufacturer’'s instructioRsoliferation and apoptosis assessment

of cells were performed by FACS.

EACS: Mouse ears were digested to obtain single ceppenusions (Bouchaud et al., 2013).
Single cell suspensions of mouse ears, spleensplated T cells were stained in phosphate
buffered saline containing 1% FCS and 2mM EDTA. fherintranuclear staining, cells were
fixed and permeabilized after surface stainingpatiog to manufacturer’s instructions using
the Foxp3/ Transcription Factor Staining kit (eRiesce, ThermoFisher Scientific, USA).
For the assessment of apoptosis Fixable Viabilitye DeFluof™ 780 (eBioscience,
ThermoFisher Scientific, USA, Catalog No: 65-0865-tvas added to the staining mixture
of fluorescence-conjugated antibodies. Detailedotisantibodies and providers can be found

in the supplementary materials (Table S1).

Histology, Confocal Laser Scanning Microscopy (CLSM): Mouse ears or human skin

grafts were embedded in Optimal Cutting Temperattoenpound (TissueTek, Sakura
Finetec, USA) and stored at ‘8D until use. 7um sections were air dried, fixedhwis
Paraformaldehyde, and stained with H&E based onndsta protocols. For
immunofluorescence staining, PFA-fixed sectionsewilocked with PBS containing 5%
BSA, 0.1% Triton X prior to antibody staining. Mausnd human skin were stained with

primary conjugated or unconjugated antibodies. Afduor647 or AlexaFluor594 conjugated
16



anti-rabbit antibodies were used as the secondarigaaly. Images were acquired on Leica
SP8 STED Inverse 3X CLSM, using HC PL APO CS2 2@xnersion or 63X oil objectives.
Detailed list of antibodies and providers can hanfibin the supplementary materials (Table

S2).

Histology, CLSM quantifications: In human skin samples 10 representative histolbgica

fields were selected for the quantification of abasis and papillomatosis index (Bouchaud
et al.,, 2013, Fraki et al.,, 1983). In the AGR xeaonsplantation experiments CD3, CDS,
CD3+CD8-Foxp3+, CD3+CD8-Foxp3-, CD45+, and CD45#t1cells were independently

guantified by two blinded investigators. For eachamtified population, 12-16 images of

whole graft skin were selected.

RNA sequencing and data analysis: Total RNA was isolated from human punch biopsies,

and AGR skin grafts with RNeasy Fibrous Tissue Miii (QIAGEN, Germany). The
quality and quantity of RNA was assessed by Tapmiddt Library was prepared with
SMARTer Stranded Total RNA-Seq Kit - Pico Mammali#it (Clontech, USA) and
sequenced on a NovaSeq S1 Flowcell in single edttd®ode. Adapters and low-quality
tails were trimmed from reads prior to read alignm&TAR aligner (v2.6.1c) (Dobin et al.,
2013) was used to align the RNA-seq dataset to rAblsggenome build GRCh38.p10
(Release 91). Gene expression counts were caldulatie feature counts from Bioconductor
package Rsubread (v1.32.1) (Liao et al., 2013).eAegwas considered expressed if, in at
least one comparison group, it had more than 1@Gitsoim more than half of the samples.
Differential expressed genes were detected usingdBductior package DESeqg2 (v1.22.1)
(Aad et al., 2014). Genes with p-valged.01 and log2 fold change 0.5 were considered
significant in this study. Overrepresentation asislyof Gene Ontology categories was

performed using Bioconductor package clusterpnoif8.10.1).
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For Heatmap analysis, mean normalized counts di gasup was normalized against the
mean normalized counts of the Vaseline control grolihe relative expression levels
obtained from normalization is expressed as log#. the floating bar plots, normalized

counts of each sample from different groups arevsha log2 scale.

Statistics. Mice were randomly assigned to experimental groapsl results are shown as
mean + SD, or group means, as stated. Comparistwoofroups were done by unpaired,
parametric two-tailed Student’s t test. If multiptgoups were statistically compared,
unpaired One Way Anova or Two-Way Anova was perfatmas reported, followed by
Tukey’s multiple comparison test. RNA-sequencintadaas analyzed using Bioconductior

package DESeq2 (Aad et al., 2014).

Study approval: All animal experimentations were approved by thentGnal Veterinary

Office (ZH187/16) and performed in accordance wite Swiss Animal Laws. Ethical
approval for human samples (skin grafts, biopsaes, blood) was obtained by the Cantonal
Ethics Committee Zurich (2018-01413) and perfornmedccordance. All patients has given

written, informed consent before their participatio the study.
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FIGURE LEGENDS

Figure 1. Efficacy of systemic MTX and MTX-GNP in the IMQ modd. (a) Experimental scheme.
(b) Left, representative plot of two independent ekpents depicting ear thickness of untreated (n =
4), IMQ-treated (n = 5), and systemic MTX-therapy= 4 for 1mg/kg, 2mg/kg, 5mg/kg) receiving
animals. Right, corresponding statistical analy&sand d) Weight changes of different treatment
groups in the MTX dose escalation (n = 4-5) calimdaas % weight change from pretreatment weight
and recorded dailyc] and plotted for day 7dj. (e) Left, ear thickness of untreated (n = 8), IMQ-
treated (n = 9), and systemic therapy (n = 12 fdiXn = 8 for GNP, and n = 7 for MTX-GNP)
receiving animals. Right, corresponding statistaradlysis (f) Quantification of CD45(c), CD3' (d)

and CD11b (e) cell populations in the ears of untreated (n =11} IMQ-treated (n = 11), and
systemic MTX (n = 7-9), GNP (n = 4-7), or MTX-GNR £ 4-6) therapy receiving animals on day 7.
Data are pooled from b{d) or 3 € andf) independent experiments and shown as re38b (-€)

or mean {). Data are analyzed by either One-Wdyafdf) or Two-Way Anovalf, c ande). ns =

non-significant, * p<0.05, ** p<0.01, *** p<0.00%*** p<0.0001.

Figure 2. Efficacy of topical MTX-GNP in the IMQ model. (a) Experimental schemeb) Left, ear
thickness of untreated (n = 8), IMQ-treated (n ¥ B2d topical therapy (n = 7 for Carbopol 980 gel
carrier, n = 8 for MTX gel, n = 9 for GNP, and nS%=for MTX-GNP) receiving animals. Right,
corresponding statistical analysis:d) Representative H&Ec] and immunofluorescencd)(staining

of ear skin harvested on day t) Scale bar = 200umd) CD45 (red), IL-17 (green), and DAPI
(blue). Scale bar = 100um. Data are pooled fromd@pendent experiments and shown as mean
SD. Data are analyzed by Two-Way Anova. ns = ngnicant, * p<0.05, ** p<0.01, *** p<0.001,

wk 020.0001.

Figure 3. Flow cytometry analysis of skin immune landscape upon topical therapies on day 7.
(a) Representative pseudocolor plots ab)l quantification of CD45cell population in ears.c)

Quantification of total CD1Ibcell populations anddj Ly6G" and Ly6G cell composition of
23



CD11b cells. €) Quantification of CD3 cell population andf) apf andyd T cell composition of
CD3' T cells. @) Quantification of CD4 and CD8 T cell composition ofi CD3" T cells. f-j)
Ki67" cell percentage ofyd" (h), CD4 (i) and CDS8 (j) T cell subsets. Data are pooled from 3

independent experiments and represented as metmaf@aanalyzed by either One-Way ¢, e and

h-j) or Two-Way Anovad, f andg). ns = non-significant.

Figure 4. Effect of topical MTX-GNP on the AGR modéd of psoriasis. (a) Experimental scheme.
(b) Representative H&E staining of skin grafts hatedson day 35. Scale bar = 100pm) (
Quantification of acanthosis (left) and papillonsasoindex (right) upon Vaseline (n = 4), TCB (n =
5), or MTX-GNP (n = 5) treatmentsd{g) Representative immunofluorescence staining of Wasel
TCB, and MTX-GNP treated transplant skin on day 8&B. CD45 (green, arrowhead), IL-17
(magenta, asterisk), and DAPI (blued) Quantification of CD45and CD45IL-17" cells from the
immunofluorescence imaged) (CD3 (green, arrowhead), Foxp3 (magenta, asteriSK3 (red,
arrow), and DAPI (blue).g) Quantification of CD3 CD3'CD8", CD3'CD8Foxp3 and CD3CD8
Foxp3 cells from the immunofluorescence images. Bottarages display the indicated squares in
higher magnification. Scale bar = 100um (top), &@jum (bottom). Data are pooled from 3
independent experiments and shown as mean. Datanatgzed by One-Way Anova. ns = non-

significant.

Figure 5. MTX-GNPs directly inhibit T cell proliferation and cytokine production. (a)

Representative histograms of CTV staining of CBAd CD8 T cells following 4-day culture with
media or with coated anti-CD3, anti-CD28 stimulatimgether with media, MTX, GNP or MTX-
GNP. p andc) Percentage obj proliferating and € apoptotic CD3, CD4" and CD8 T cells at day
4 upon indicated culture conditiond)(Concentration of IFNs IL-17A, IL-4 and IL-10 in the

supernatant of cultured T cells.
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Figure 6. Transcriptomic profile of the psoriatic skin grafts. (a and b) Enriched biological
processes upon TCB)(or MTX-GNP () treatment compared to Vaseline. Red bars: upatigual
blue bars: downregulation, filled bars: common patys between two therapies.dndd) DEGs in
TCB and MTX-GNP treatment normalized to Vaseliggithmune related genes and)) (gene sets
involved in keratin synthesis, histone modificatiamd matrix proteases productios) Normalized
expression of selected DEGs from Vaseline, TCB Mi&-GNP treated grafts and, PP and PN skin

biopsies.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1. The threeday IMQ model. (a) Experimental scheme.b)
Representative H&E staining of untreated (left) &@-treated (right) ear skin on day 7. Scale bar =
100um. €) Top, ear thickness of untreated (n = 8) and IM&ted (n = 12) animals. Bottom,
corresponding statistical analysid) (Top, weight changes of untreated (n = 8) or IM€éxated (n =
12) animals were calculated as % weight change fpoetreatment weight and recorded daily.
Bottom, statistical analysis of weight differenadsthe two groups between days 3-&hj CD45,
CD3" and CD11bcells in the earse(andf) and spleeng andh) of untreated (n = 8-10) and IMQ-
treated (n = 9) animals. CDand CD11b cells are pre-gated on CD4population. Representative
pseudocolor plotse(and g) and quantification of population$ &nd h). Data are pooled from 4
independent experiments and shown as me8b (€ andd) or mean f(andh). Data are analyzed by
either Student’s t test (two tailed) §nd h) or Two-Way Anova ¢ andd). ns = non-significant, *

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Supplementary Figure S2. Toxicity of systemic and topical MTX, MTX-GNP, and GNP
therapies in the IMQ-model. (a and c) Weight changes of different treatment groups in (dje
systemic (n = 8-15) anat)(topical (n = 7-15) MTX-GNP experiments, calcuthtes % weight change
from pretreatment weight and recorded daily (ledf)d plotted for day 7 (right{b andd) Serum
alanine transaminase (ALT) levels from thg $ystemic (n = 3-11) andi) topical (n = 6-11) MTX-
GNP experiments in the IMQ model. Data are pootechf3 independent experiments and shown as

meant SD @andc) or meanl§ andd). Data are analyzed by One-Way Anova. ns = nonH{signt.

Supplementary Figure S3. *H NMR analysis of systemic bioavailability of topical therapiesin

the IMQ mode. (a andb) '"H NMR (nuclear magnetic resonance) spectra of sesnpbntaining 1
(25 pg/mL, yellow), 10 (25Qug/mL, orange) and 100 doses (2%@fmL, blue) of MTX dissolved in
D,0, in order to determine the sensitivity limi&) (The insert shows a zoom on the region around
3.05 ppm that displays a prominent MTX singlet pgbkThe insert shows a zoom on the baseline to

display also weak signals. The sensitivity limit ddTX can thus be determined to be g&/ml. (c



andd) 'H NMR spectra of serum samples from the topicaltinent experiments of untreated (green),
MTX-GNP (purple), GNP (yellow), or MTX (orange) &ed animals and a reference measure (blue)
with 100 doses of MTXd) or MTX-GNP (). The asterisk indicates signals stemming for retha
impurities. €) Both low-field (left) and high-field regions (fig) of '"H NMR spectra are displayed.
Signals marked with the dashed lines indicate ataratic MTX signals. Evidently, no MTX traces
were detected in the investigated samples (semgitimit > 25 pg/mL). (d) The signal marked with
the dashed line indicates a characteristic MTX-G\hal, which cannot be detected in any of the

other samples.

Supplementary Figure S4. Splenic immune landscape in the IMQ moddl. (a) Representative
pseudocolor plots depicting the employed gatingtegyy in order to identify relevant immune subsets
in the spleens and ears. Displayed plots are daénsgltes from naive C57BL/6 miceb-q)
Quantification of CD45 (b), CD3" (c) and CD11b (d) cell populations in the spleens of mice from
the topical treatment experiments on day 7. Quaatibn of €) aff andyd T cell composition of
CD3' T cells, f) CD4 and CD8 T cell composition ofi3 CD3" T cells and @) Ly6G" and Ly6G
myeloid cell composition of CD11keells. n = 9-13 for untreated, n = 9-11 for IM@dted, n = 5-7
for topical therapy (MTX, GNP, or MTX-GNP) receiginanimals. Data are pooled from 3
independent experiments and shown as mean. Datnalgzed by either One-Way Anova-d) or

Two-Way Anova €-g). ns= non-significant.

Supplementary Figure Sb. Histological characterization of patient psoriatic (PP) and healthy-
appearing (PN) skin. (a-¢) Representative H&Ea] and immunofluorescence staining gndc) of
psoriatic (PP) 4 left andb) and normal-appearing (PNa ¢ight andc) skin biopsies taken from a
psoriasis patient (n = 3)aY Scale bar = 200pumb(and ¢) Left, CD45 (green, arrowhead), IL-17
(magenta, asterisk), and DAPI (blue). Right, CD8¢g, arrowhead), Foxp3 (magenta, asterisk),
CDS8 (red, arrow), and DAPI (blue). Scale bar = 1®0iop), and 50um (bottom)d) Representative

H&E staining of PN skin (left), skin grafts harvedton day 21 (middle) and day 35 (right). Scale bar



= 100um. ¢) Quantification of acanthosis (left) and papilldogs index (middle) and total T cell
counts (right) on day O (n = 2), day 21 (n = 6) dag 35 upon Vaseline (n = 5-6, black open cijcles
TCB (n = 5-6, blue open circles), or MTX-GNP (n #65purple open circles) treatments. Data are

shown as mean + SEM.

Supplementary Figure S6. Transcriptomic changes of the psoriatic human skin and graft upon
TCB and MTX-GNP treatment. (a) Gene expression differences between the PP velduskiR
biopsies. If) Differentially expressed genes (DEGs) betweenRReand PN skin biopsies, from the
selected gene sets of cytokines and chemokio&h. Gene expression differences between the MTX-
GNP versus Vaselinec and TCB versus Vaseling)( treated human skin grafts from the AGR
experiments.d) Regulation of known target genes of TCB treatm@hRT-PCR evaluation of lI17a
MRNA expression in the post-transplantation AGRnskiom Vaseline, TCB, and MTX-GNP

treatment groups (n = 2, per treatment group). agd are analyzed by One-Way Anova.
SUPPLEMENTARY METHODS

Quantitative Real-Time PCR (RT-PCR): complementary DNA (cDNA) remaining from
the RNA sequencing was used for quantitative R@akTPCR analysis lI17a expression. RT
PCR was performed as previously published (Bouchetudl., 2013). Briefly a 3-minute
denaturation step at & was followed by 40 cycles at @for 5 seconds and &D for 30
seconds. A final dissociation stage was carriedad85C for 5 seconds and &D for 30
seconds.Rps29 was used as a house-keeping gene, and the exprestilll7a was
normalized to the expression &ps29 within the same sample. Genes of interest were

amplified using the following primers:

Rps29 Forward: 5°-CGC TCT TGT CGT GTC TGT TCA-3'
Rps29 Reverse: 5'-CCT TCG CGT ACT GAC GGA AA-3'

[117a Forward: 5'-CAA TCC CAC GAA ATC CAG GAT G-3'



I117a Reverse: 5 -GGT GGA GAT TCC AAG GTG AGG-3'

'H NMR: 'H NMR spectra were detected on a 600 MHz (14.1 Wk8& HDIII NMR
spectrometer (USA) equipped with a TXI| Z-gradiembl®e operating at 298 K. Sample
volumes of 250uL were loaded in Shigemi-type sample tubes as opdidnfor proton
detection. All samples either contained 10% vAOD(for serum measurements) as lock-
solvent or were dissolved in pure® (for MTX titration). Free induction decays were
recorded by averaging 256 detections with 90° g lleach after a Watergate sequence (Rule
and Hitchens, 2006) that suppresses the water amsenusing a 10 ms long PC9 shaped
pulse. The carrier frequency was set to 4.7 ppmnta Deere processed using NMRpipe
(Delaglio et al., 1995) and home-written MATLAB gats. All FIDs were apodized and zero-

filled prior to Fourier transformation.
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Table S1: Antibodies used for Flow Cytometry:

Antibody Fluorophore Supplier Clone Catalog No
anti-mouse CD3 BV510 BD 145-2C11 563024
anti-mouse CD45.2 FITC invitrogen 104 11-0454-82
anti-mouse CD8b APC-eFluor780 invitrogen H35-17.2 | 47-0083-82

anti-mouse CD4 Percp-Cyanineb.5 invitrogen RM4-5 45-0042-82
anti-mouse Ly6G BV711 Biolegend 1A8 127643
anti-mouse CD11b BV650 Biolegend M1/70 101239
anti-mouse Ki67 PE-Cyanine7 invitrogen SolA15 25-5698-80
anti-mouse yd TCR eFluor450 invitrogen eBioGL3 | 48-5711-82
anti-human CD3 BV785 Biolegend UCHT1 300401
anti-human CD4 BUV395 BD SK3 563550
anti-human CD8 BV510 Biolegend RPA-T8 301047




Table S2: Antibodiesused for | mmunofluor escence:

Antibody Fluorophore Supplier Clone Catalog No
anti-mouse CD45.2 AlexaFluor488 Biolegend 104 109816
anti-mouse/human IL-17 | unconjugated Abcam polyclonal ab79056
anti-human CD45 AlexaFluor488 Biolegend 2D1 304019
anti-human CD3 AlexaFluor488 Biolegend UCHT1 300454
anti-human CD8 AlexaFluoré47 Biolegend SK1 344726

anti-human Foxp3 eFluor570 invitrogen 236A/ET | 41-4777-82
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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