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Candida albicans (C. albicans) infection is a potential complication in the individuals with
atopic dermatitis (AD) and can affect clinical course of the disease. Here, using primary
keratinocytes we determined that atopic milieu promotes changes in the interaction of
small extracellular vesicles (sEVs) with dendritic cells and that this is further enhanced by
the presence of C. albicans. sEV uptake is largely dependent on the expression of glycans
on their surface; modelling of the protein interactions indicated that recognition of this
pathogen through C. albicans-relevant pattern recognition receptors (PRRs) is linked to
several glycosylation enzymes which may in turn affect the expression of sEV glycans.
Here, significant changes in the surface glycosylation pattern, as determined by lectin
array, could be observed in sEVs upon a combined exposure of keratinocytes to AD
cytokines and C. albicans. This included enhanced expression of multiple types of
glycans, for which several dendritic cell receptors could be proposed as binding
partners. Blocking experiments showed predominant involvement of the inhibitory
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Siglec-7 and -9 receptors in the sEV-cell interaction and the engagement of sialic acid-
containing carbohydrate moieties on the surface of sEVs. This pointed on ST6 B-
Galactoside a-2,6-Sialyltransferase 1 (STBGAL1) and Core 1 B,3-Galactosyltransferase
1 (C1GALT1) as potential enzymes involved in the process of remodelling of the sEV
surface glycans upon C. albicans exposure. Our results suggest that, in combination with
atopic dermatitis milieu, C. albicans promotes alterations in the glycosylation pattern of
keratinocyte-derived sEVs to interact with inhibitory Siglecs on antigen presenting cells.
Hence, a strategy aiming at this pathway to enhance antifungal responses and restrict
pathogen spread could offer novel therapeutic options for skin candidiasis in AD.

Keywords: Candida albicans, glycosylation, extracellular vesicle, keratinocyte, siglec, atopic dermatitis (AD),

immune evasion, exosomes

INTRODUCTION

Candida albicans (C. albicans) is a pathogen which can colonise
the skin of atopic dermatitis (AD) patients, contributing to
exacerbation of clinical symptoms (1, 2). Suspected
mechanisms beyond the spread of the pathogen suggest that
the exposure to C. albicans in the context of atopic inflammation
promotes complex cytokine responses, with a pronounced
involvement of Thl7 cells (3-5), as confirmed by increased
candidiasis risk in patients undergoing anti-IL-17 (6) therapy,
in whom these cells are lacking. In effect, IgE-mediated
hypersensitivity may follow (5), as a consequence of class-
switching events (7) involving the antibodies directed against
the yeast (1, 8). In addition, reduced lymphocyte proliferation
upon C. albicans stimulation was observed in early AD studies
(9); all this may compound the pathology.

C. albicans can be recognised by numerous innate receptors
(10); epidermal keratinocytes, which form the uppermost layer of
the skin and naturally come in contact with C. albicans are involved
in the innate response directed against the fungus. Specifically,
keratinocytes sense the invasion through pattern recognition
receptors (PRRs) (11), i.e., Toll-like receptors (TLR) -2, -4 and -9,
C-type lectins (dectin-1, DC-SIGN, mannose receptor), galectin-3
as well as NOD-like receptor NLRP3; some of those receptors are
only expressed in activated keratinocytes and not in the steady state
(11-14). Interestingly however, C. albicans has not been reported to
be directly recognised by Siglec-type receptors which are
abundantly expressed by the Langerhans cells. It has been
documented that keratinocytes respond to the fungal threat by
secretion of immune cell-attracting cytokines and chemokines (11).

In addition to the soluble factors, keratinocytes also secrete a
very different kind of mediators, i.e. membranous organelles known
as extracellular vesicles (EVs); of those, the fraction of exosome-
enriched small EVs (sEVs) seems to be involved in long-distance
communication. SEV membrane can either non-specifically fuse
with the membrane of the recipient cell or participate in receptor-
ligand interaction; both may result in the sEV uptake (15, 16). In
addition, binding itself can impact processes occurring in the target
cell (17, 18). Keratinocytes secrete sEVs (19-21) containing
antigens that the cells are exposed to (19) and mediators which
promote response against pathogens (22). Only one study so far

investigated keratinocyte response to infection in the EV context;
the authors showed that sSEVs may be carriers for the staphylococcal
enterotoxin and stimulate polyclonal T cell responses (22). Little is
known on the role of keratinocyte-derived sEVs in the defense
against other skin pathogens, including in atopic skin disease which
predisposes to difficult to treat infections.

Here, we focused on the primary events at the initiation of the
immune response, i.e. the process of SEV interaction with immune
cells. We investigated the adhesiveness of sEVs secreted by
keratinocytes during their differentiation process as well as the
modifying effect of the AD milieu and exposure of the cells to
common skin pathogens, i.e. Candida albicans and Staphylococcus
aureus. Using lectin array we next profiled carbohydrate moieties
present on the surface of the adhesive sEVs and identified
glycosylation patterns which could be correlated with the increase
in the propensity of sEVs to interact with dendritic cells (DCs).
Modelling of those carbohydrate patterns onto DC receptors
identified potential binding partners; these were validated
experimentally. We found that Siglec-7 and Siglec-9 blockade
reduced interaction of keratinocyte-derived sEVs, suggesting the
role for those receptors in the process of information transfer
between keratinocytes and antigen presenting cells, with
relevance to the setting of allergic skin inflammation and C.
albicans infection. Further analysis of the carbohydrate moieties
suggested ST6 B-Galactoside 0.-2,6-Sialyltransferase 1 (ST6GAL1)
and Core 1 B,3-Galactosyltransferase 1 (C1GALT1) as enzymes
likely contributing to the changes on the sEV surface. Hence,
targeting either this sialyltransferase or inhibitory Siglecs during
sEV-cell interaction could be explored as a novel therapeutic
strategy to enhance antifungal response in the patients.

RESULTS

Atopic Dermatitis Inflammatory Milieu
Promotes Changes in sEVs Secreted by
Proliferatory and Differentiated
Keratinocytes Leading to Their Differential
Interaction With Denritic Cells

Keratinocyte gene expression is heavily remodelled during the
process of differentiation and this affects all organelles (23).
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Keratinocyte-derived extracellular vesicles, and especially
exosome-enriched sEVs may provide both an efficient source
of antigenic information and contain innate mediators (24-26);
their uptake may alert residing skin immune cells. Previous
studies documented secretion of sEVs by epidermal murine
and human keratinocytes (19, 20, 27, 28); however, little is
known about functional effects of keratinocyte differentiation
state on the fate of those vesicles and their downstream effect on
immune responses to pathogens. Hence, we set out to investigate
if the differentiation advancement of keratinocytes may have any
effects on the process of sEV interaction with antigen presenting
cells. To begin, we isolated primary normal human epidermal
keratinocytes (NHEK) from skin samples. Cultures were brought
to near-confluence; at this point we performed “calcium switch”
on the cells, by either keeping them in the proliferation (low
calcium; 0.06 mM) or differentiation-promoting (high calcium;
1.5 mM) medium. We harvested conditioned media after 72h,
isolated sEV fractions (100K pellet) using ultracentrifugation
method (Figure 1A) and assessed their size and morphology
(Figures 1B, C). 100K pellets contained cup-shaped vesicles
enriched in exosomal markers (CD63, CD9 and syntenin),
while being negative for calnexin (Figure 1D), as expected (29).

Next, we set out to test for differentiation-dependent changes
in the capacity of NHEK-derived sEVs to transfer the pathogen-
dependent signals to antigen presenting cells. To this end, we
generated dendritic cell models (iMDDC, immature dendritic
cells and mMDDC, mature dendritic cells) and subjected them to
the PKH67-labelled sEVs, to allow fluorescent tracking of their
interaction with the cells by flow cytometry. To this end, since
the technique itself does not allow to discriminate between the
sEV binding and uptake, for the purpose of this study we
interpret positive signal as the ‘interaction’ between sEVs and
recipient cells. However, it is highly likely that the uptake may
occur given the nature of these interactions. Here we found that
both sEVg oenuex and sEV sypek interacted with mature and
immature dendritic cells; the signal observed was higher for the
latter, as expected given the efficient phagocytic ability of those
cells. However, although we observed a trend towards more
effective interaction of sEV o¢nupk, this difference was not
significant, suggesting that in the healthy skin this interaction
is not dependent on the differentiation status of the secreting
steady-state keratinocytes (Figures S1A-F). Nevertheless, we
anticipated that keratinocytes might communicate via sEVs
differently when activated through specific conditions, such as

A Normal human B D Ca?*mM 0.06 1.5
epidermal keratinocytes 0.06 mM Ca?* 1.5 mM Ca?*
5 : SxE 5% §
i 1+ = =
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5 § '
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FIGURE 1 | Atopic dermatitis milieu alters properties of keratinocyte-derived small extracellular vesicles (SEVs) which leads to their differential interaction with dendritic
cells. (A) Protocol for sEV isolation from NHEK-conditioned medium; (B) size distribution of NHEK-derived sEVs (100K pellet) by Nanoparticle Tracking Analysis (NTA); (C)
electron microscopy pictures confirming enrichment of cup-shaped exosomes within 100K pellet sEV fraction; scale bar: 50nm; (D) marker expression pattern in 2K, 10K
and 100K fractions during isolation, confirming enrichment of exosomal makers in the sV fraction (100K pellet); (E) iMDDC interaction with sEVnex secreted under AD
cytokine stimulation; example FACS data; (F) IMDDC interaction with sEVyex under AD cytokine stimulation; % positive cells data pooled from n = 5 donors; (G) iMDDC
interaction with sSEVnex under AD cytokine stimulation; MFI data pooled from n = 5 donors; (H) mMDDC interaction with sEVyex; example FACS data; (I) mMDDC %
positive cells data pooled from n = 5 donors; (J) mMDDC interaction with SEVex under AD cytokine stimulation; MFI data pooled from n = 5 donors; *p < 0.05; **p <
0.01 (paired t-test). ns, not significant.
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inflammation in AD. To test this we subjected the cells to the
“AD cytokine cocktail” (containing IL-4, IL-13, IL-22 and TSLP)
at the time of the calcium switch. Here, we observed that
sEVy osnuex Were interacting more than sEV; syypx when
produced by keratinocytes in the “AD inflammatory context”;
the difference was not very pronounced, i.e. only 23% and 30%
reduction for the imMDDC and mMDDC models, respectively;
yet observed as significant and consistent for different donors
(Figures 1E-J).

Keratinocyte-Derived sEVs Are Enriched in
Glycoproteins Involved in Adhesion

Next, to better understand how keratinocyte differentiation state
in combination with AD milieu may affect the sEVs in the
context of cell adhesion, we analyzed sEV osnpex and
SEVy syppk proteomes by LC-MS/MS and further profiling
using Gene Ontology (GO), STRING and Reactome Pathway
Database. We first started with the re-analysis of the proteomic
dataset published by Chavez-Muioz et al. (28), which contained
results of proteomic profiling of exosome-enriched sEVs
(sucrose cushion purified) derived from NHEKs in a very
similar model to ours (0.07 and 1.8 mM calcium was used in
that study, similar to our work). These results suggested that
during calcium-induced differentiation steady state cells increase
content of SEVyygk proteins which could be assigned the ‘cell
adhesion’ term (GO:0007155) by GO analysis, albeit this is not
very pronounced (Figure 2A).

When we exposed sEV-secreting NHEKSs to AD cytokines, we
detected a greater variety of proteins in sEV( genpex in
comparison to sEV sypek, suggesting that the differentiation
process in keratinocytes leads to a shift to a more profiled sEV
proteome (Table S1). Interestingly, all of the proteins identified
in sEV snex were also found in SEV( gsnmex. Similarly to the
steady state conditions, we also observed a higher proportion of
proteins assigned with the ‘cell adhesion’ term present in
SEV snpgex compared to sEVg osnuex (Figure 2B). Further
STRING analysis of the ‘cell adhesion’-related proteins
revealed strong predicted interactions between the vast
majority of those (Figure 2C). A similar proportion of proteins
among both SEV osngrex and sEV) sypex proteomes was
predicted to interact with 10 or more partners within their
corresponding datasets (pink circle in Figure 2C) and we did
not observe any substantial differences between the conditions,
suggesting that the presence of adhesion-relevant proteins alone
in not sufficient to define the sEVyygx propensity for differential
interaction with a cell. However, the adhesive properties of EVs
have been shown to also depend on their surface glycosylation
pattern. Hence, we next assessed the content of glycoproteins
which may undergo such a modification. Nevertheless, the
number of glycoproteins implicated in cell or extracellular
matrix (ECM) adhesion detected in both SEV osnupx and
SEV, snuex was similar (Figure 2D). Further analysis of the
sEVpek proteome against Reactome Pathway Database also
revealed similar extent of overrepresentation in glycosylation-
related pathways in both sEV, ¢snuex and sEV sypex
(Figure 2E and Figure S2A). Interestingly, we also noted that

a number of enzymes involved in protein glycosylation or N-
linked carbohydrate processing during glycoprotein turnover
were also present in SEV gsnuex and SEV syuex (Figure S2B).

Exposure to C. Albicans but Not S. Aureus
in the Context of AD Milieu Promotes sEV
Cell Interaction

Since the previous results did not provide any strong indications
on the functional differences we observed, i.e. SEV gk secreted
by both steady-state and “AD milieu-exposed” NHEKs seemed
to have similar content of adhesion-relevant proteins, including
glycoproteins, we deepened our analysis by the addition of
another AD-relevant factor. Specifically, given that the allergic-
type AD inflammation milieu is often clinically overlayed with an
infection by AD-related pathogens, we aimed to investigate the
effect of a combined stimulation of keratinocytes by AD
cytokines and either S. aureus or C. albicans on SEVypgx-cell
interaction. Here, in the case of iMDDCs we noted increased
interaction of the sEV(osnurx secreted by AD/C. albicans-
stimulated cells in comparison to the SEVjosnurx Obtained
from keratinocytes treated only with the cytokines; no similar
difference was noted for the SEV syygk interaction (Figure 3A).
In contrast, while differential interaction was also observed
between AD/C. albicans vs AD-control in the mMDDC model,
this was noted for sEV, syppx rather than sEV genurx
(Figure 3B). Intrestingly, we did not see any of those effects
with sEVs produced upon the exposure of cells to AD/S. aureus,
suggesting that the pathways which lead to the difference in the
sEV interaction may be more specifically activated by the fungus
and not broadly relevant to all skin pathogens or general
keratinocyte activation.

Pathways of Innate Recognition Of C.
Albicans and AD Cytokine Signalling Are
Linked to the Glycosylation Enzyme
Network in Keratinocytes

Identification of additional conditions promoting sEVyygx-cell
interaction allowed us to further hypothesize on the mechanisms
involved. Specifically, we asked whether C. albicans recognition
by keratinocytes may affect pathways involved in glycosylation.
To this end we next modelled protein networks between the
pathogen recognition receptors (PRR) and glycosylation
enzymes, based on the work of Schjoldager et al. (30) (Table
§2). Given differential results between the two AD pathogens, for
this analysis we only included PRRs known to be involved in the
recognition of C. albicans, but excluded those implicated in the
detection of S. aureus. The networks identified 11 enzymes with
recognised links to PRR-mediated signalling (Figures 3C, D; full
list, including references in Table $3), implying that exposure of
keratinocytes to this pathogen may impact protein glycosylation.

Increased Expression of Glycosylation
Enzymes in the AD Skin Is Disease-
Specific and Not Observed in Psoriasis
Next, we investigated the levels of the identified enzymes in the
AD skin, by analysing publically available transcriptome
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FIGURE 2 | Keratinocyte-derived sEVs are enriched in glycoproteins involved in adhesion in steady state and in AD milieu. (A) Enrichment of adhesion proteins involved in
cell adhesion in sSEV\Hex secreted in steady-state keratinocytes; Reactome - Gene Ontology terms re-analysis of the data available from Chavez-Mufioz et al. (28);

(B) enrichment of adhesion proteins involved in cell adhesion in sEVyex secreted by NHEKs exposed to AD milieu as identified by Reactome - Gene Ontology terms
analysis; (C) interaction network for sEV adhesion-relevant proteins identified in SEVq gsnnex and sEV+ sniex: (D) cell adhesion-relevant glycoproteins identified by mass
spec in SEVg oenrex and sEV4 sniex; (E) Reactome-Gene Ontology identified term enrichment for the proteins in sSEVj geniex and sEV4 snnex; FDR, False Discovery
Rate; N.B. classical exosomal glycoprotein markers are included in the supplementary data (Figure $2D); mass spectrometry data based on n=3 biological replicates.

profiling datasets published by He et al., Leung et al. and Esaki et
al. (31-33). This analysis revealed differential expression for 7
out of 11 glycosylation enzymes listed in Figure 3D. Specifically,
while the identified proteins differed between the studies, we
consistently noticed a positive change in expression
(upregulation) for all the differentially regulated genes in AD;
this was observed both in the epidermal samples obtained by tape
stripping (He et al. and Leung et al.) and those harvested by laser-
capture microdissection (Esaki et al.), increasing our confidence
in the physiological relevance of the obtained data. Here we
noted several enzymes differentially expressed, however, only
FUT4 and ST6GAL1 were detected as upregulated in at least two
of those datasets (Figure 4A). Furthermore, a comparison of the
levels of the enzymes in AD vs psoriatic epidermis suggested a
degree of disease-specificity, with B4GALT1, FUT4 and
ST6GALLI found expressed at levels significantly higher than in

psoriasis. Interestingly, of all the enzymes, the highly upregulated
expression of ST6GALL in lesional AD epidermis compared to
the healthy epidermis was the most consistent and significant
across all the three datasets analyzed. However, the single cell
dataset that we sourced from the Skin Cell Atlas (34) was
somehow different, showing increased expression in both those
inflammatory skin diseases (Figures S5A, B), including in
proliferating, undifferentiated and differentiated keratinocytes
(Figures 4B, S5B).

Upregulation of Glycosylation Enzymes in
the AD Skin Is Driven by Atopic Milieu and
Not by Filaggrin Insufficiency

Next, having gathered substantial AD-relevant evidence, we
aimed to provide additional insights into the causes leading to
the expression changes we next attempted to identify links
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FIGURE 3 | AD milieu and C albicans exposure affects sEVyqex-cell interaction by interfering with glycosylation enzyme network in keratinocytes. (A) iMDDC interaction
with sEVnex under combined AD cytokine/pathogen stimulation; data pooled from n=5 donors; (B) mMMDDCs interaction with SEVyex under combined AD cytokine/
pathogen stimulation; data pooled from n = 5 donors; *p < 0.05; *p < 0.01 (A-B: one-way ANOVA), means and SEM are shown; N.B. some comparisons with significant
p-values are not labelled for the clarity of the graph; (C) STRING analysis of the protein networks between C. albicans-stimulated signalling from pattern recognition receptors
in human keratinocytes (PRRs; in orange) and linked glycosylation-relevant enzymes (in blue); (D) Carbohydrate moiety/substrate/product-specificity of glycosylation
enzymes identified in the network linked to C. albicans-specific PRRs (full list, including references in Table S3); DC, Dendritic cell; PRR, Pattern recognition receptor; PAMP,
Pathogen associated molecular pattern; LacNAc, N-acetyllactosamine; GalNAc, N-acetylglucosamine; GIcNAc, N-acetylglucosamine; Fuc, Fucose; Gal, Galactose; Man,
Mannose; NeuSAc, N-acetylneuraminic acid; MMR, Macrophage mannose receptor; MGL, Macrophage galactose type lectin; DCIR, Dendritic cellimmunoreceptor; BDCA2,
Blood dendritic call antigen 2; CLEC, C-type lectin domain family; Siglec, sialic acid-binding immunoglobulin-type of lectin.
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between the enzymes and signalling networks of AD cytokines
(Figure 4C). This highlighted several connections to their
downstream pathways which may suggest potential modulatory
effect on the glycosylation network. To this end, we noticed that
those connections were present mainly downstream from the IL-4/
IL-13 pathway. To this end, we identified a transcriptomic dataset
which reported an increase in expression of ST6GAL1 in normal
keratinocytes (reconstructed into an organotypic model) upon IL-
4/IL-13 treatment (35), further suggesting that atopic cytokines may
affect this pathway.

Downregulation of filaggrin (FLG) in AD skin is one of the
hallmarks of the disease; the extensive impact of this
downregulation is a reflection of multifaceted role FLG carries
out in the skin (36, 37), also at the keratinocyte biology level.
Hence, it is plausible that FLG insufficiency itself could also affect
the expression of the glycosylation enzymes; in which case the
effect in the skin would not be exclusive to the milieu but could
potentially require the underlying FLG insufficiency background
providing synergestic effect. To test this, we used filaggrin-
insufficient keratinocytes (shFLG), in which FLG expression
was reduced by shRNA interference (38-40) and the control
(shC) line; we assessed mRNA expression in both lines upon
exposure to IL-4/IL-13. We determined that two of the enzymes,
i.e. ST6 B-Galactoside 0-2,6-Sialyltransferase 1 (ST6GAL1) and

Core 1 B,3-Galactosyltransferase 1 (CLGALT1) were upregulated
by this treatment (Figure 4D); expression of both of those
enzymes was increased in AD epidermis as detected before in
AD skin. Importantly, however, there was no difference between
shC and shFLG cells, ruling out that FLG status is prerequisite to
the observed effect. Given that CIGALT1 is a core extension
enzyme and its activity in generating O-linked glycans is
prerequisite to the action of the ST6GAL1 (as a capping
enzyme), we also investigated the distribution of its expression
reported by Skin Atlas. Here, we noted that CIGALT1 levels are
pronouncedly upregulated in both AD and psoriatic
keratinocytes, with no visibly significant difference between the
two conditions (Figure 4E), which is in line with the analysis of
the skin transcriptomic data (Figure 4A). This may suggest that
the expression of the two enzymes may be regulated differently
with the involvement of either both CIGALT1 and ST6GALI or
exclusively ST6GALI for AD and psoriasis, respectively.

sEVs Secreted Under Exposure to C.
Albicans and AD Cytokines Express
Altered Surface Glycosylation Pattern

Next, to investigate the glycosylation pattern on the surface of
sEVs which were characterised by increased cell interaction, we
proceeded with the identification of the sSEV membrane-exposed
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carbohydrate moieties by lectin array. Lectin array is a useful tool for
glycosylation pattern identification; lectins on the slide have binding
specificity towards defined carbohydrate moieties which allows
identification of glycosylation of the bound molecules (either
soluble or displayed on sEV (41)). To dissect the differences in the
functional outcomes, we selected conditions on a spectrum of the
interaction characteristics, i.e. AD/C. albicans sEV genpex Vs AD
cytokines sEVg gsnmrxs We also included the condition which
resulted in the lowest level of this interaction observed in our
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FIGURE 4 | Glycosylation enzymes are upregulated in the epidermis of AD patients and keratinocytes exposed to AD milieu. (A) The expression of glycosylation
enzymes in the epidermis of AD and Ps patients; analysis of the transcriptome profiling data available as datasets in Esaki et al., Leung et al. and He et al. (values in
the table show expression log,FC compared to healthy epidermis); *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; (moderated t-test for Esaki et al. and He et
al., multiple unpaired t-tests for Leung et al.); NL, non-lesional epidermis; LS, lesional epidermis; (B) UMAP plots of single cell expression of STEGAL1 enzyme in
keratinocyte subpopulations in the skin; data available through Human Developmental Cell Atlas; (C) protein network links between AD-relevant cytokine pathways
and the previously identified 11 glycosylation-relevant enzymes; (D) mRNA expression of glycosylation enzymes differentially regulated upon exposure to IL-4/IL-13
stimulation in filaggrin-insufficient (shFLG; knockdown) keratinocytes and control (shC) keratinocytes (log2 fold change shown); combined data for n=3 biological
replicates; *p < 0.05; ***p < 0.0001 (moderated t-test); (E) UMAP plots of single cell expression of C1GALT1 enzyme in keratinocyte subpopulations in the skin;
data available through Human Developmental Cell Atlas; STBGAL1, B-Galactoside o.-2,6-Sialyltransferase 1; C1GALT1, Core 1 B,3-Galactosyltransferase 1.

experiments, i.e. sSEV; syuek (at steady state). We observed
substantial binding of sEVs to the array for 17 out of 70 lectins
reporting significant changes between the conditions (Figure 5A,
Figure S2C); we identified enrichment rather than de novo
appearance of any additional carbohydrate patterns on sEVs
secreted upon the combined AD/C. albicans stimulation. The
results were filtered to identify lectins for which sEV binding to
the array followed the functional results of the cell interaction (the
highest for the AD/C. albicans sEV,ennex, the lowest for
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This yielded 15 lectins binding glycans enriched in sEVs
characterised by increased interaction; the binding from the
majority (almost 90%) of the lectins with differential outcomes
represented the trend, indicating unidirectional alterations in
the sEV glycan profile. The resulting panel of the identified
carbohydrate moieties was next matched to the innate
carbohydrate recognition receptors on the antigen presenting
cells, yielding several potential binding partners suitable for

experimental validation (Figure 5B; full list, including
references in Table S4).

Siglec-7 and Siglec-9 Receptors Are
Involved in the Interaction Between
Keratinocyte-Derived sEVs and

Antigen Presenting Cells

Since the binding to the array revealed a considerable level of
detected glycans on sEVypgx, we reasoned that these
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glycosylation patterns may also promote interaction between sEVs
and antigen presenting cells in the steady state. Hence, to identify
the receptor route involved, we next performed receptor blocking
experiments, using IL-4/GM-CSF-differentiated THP-1 cells,
serving as antigen presenting cells and N/TERT-1 immortalised
keratinocytes (42, 43) as an efficent sEV source (Figure S3). Given
the previously identified carbohydrate moieties involved, we
focused on the C-type Lectin Receptors (CLRs), i.e. Langerin
(CD207), Macrophage Mannose Receptor (MMR; CD206),
Dendritic Cell-Specific Intercellular adhesion molecule (DC-
SIGN; CD209). In addition, we also investigated Sialic acid-
binding Immunoglobulin-like Lectins known to recognize sialic
acid. Specifically, we included Siglec-2, Siglec-7 and Siglec-9, as
these receptors could be matched to the recognized carbohydrate
moieties detected by the array but they differ in specificity and
affinity to the same glycans (44). In this model differences could be
observed in the expression level for the selected receptors during the
differentiation process; a positive population was present for each of
the markers and further increased during THP-1 differentiation
(Figure S4A). Of those, DC-SIGN expression was the highest and
seen for nearly all of the cells; on the other hand, Langerin was the
least abundant marker, as expected, but also showed an increase in
expression. However, the differences in the outcome of the blocking
experiments with specific antibodies could not be simply explained
by the variation in the receptor expression levels. Specifically, while
we observed no clear effect of the anti-MMR, -Langerin, -DC-SIGN
(Figure S4B) and Siglec-2 antibodies, blocking with Siglec-7- and
Siglec-9-specific antibodies significantly decreased cell interaction
of either sEVq gsnmrx Or both SEV( oenuex and sEVy snueks
respectively (Figure 6A); the most profound effect was observed
upon Siglec-9 blockade. We also observed the p-value approaching
significance (p=0.063) for the anti-Siglec-7 blocking of the
SEV snuek interaction; as well as (a non-significant) trend for
anti-Siglec-2 blokade. Siglec-7 and Siglec-9 are known inhibitory
receptors which decrease PRR-dependent activation of the cell
upon sialic acid binding (45, 46). Their expression within the
epidermis is almost exclusively confined to the population of
Langerhans cells (Figure 6B). In the whole skin samples those
receptors have broader and elevated expression in inflammatory
skin diseases, i.e. AD and psoriasis (Ps). However, the expression is,
still mainly confined to the myeloid cell populations, as identified by
single cell analysis available through Skin Cell Atlas (34). This
includes macrophages, monocyte-derived DCs, LCs, etc., which can
serve as antigen presenting cells in the skin (Figure 6C; Figure
S5A). Combined, these results suggest that sialic acid moieties could
provide a specific targeting motif directing keratinocyte-derived
sEVs to antigen presenting cell populations in the tissue.

Changes in Glycosylation Pathways Are
Implicated in Sialylation Pattern on
Keratinocyte-Derived sEVs and Define
Their Interaction With Siglec-7 and
Siglec-9 Receptors

Finally, we set out to determine the specific enzyme(s) implicated
in the observed process of sEV surface glycan remodelling.
Indeed, the ST6GALI enzyme identified by us earlier within

the glycosylation enzyme network linked to the C. albicans-
stimulated PRR signalling (Figure 3C) and most consistently
upregulated in AD skin and keratinocyte cultures by IL-4/IL-13
(Figure 4) was an immediate match to the glycosylation pattern
observed, as it catalyses the reaction of the addition of sialic acid
via an 0.2-6 linkage (Figure S6A). The associated GO terms for
this enzyme reflected as enrichment of the term GO: 0005515
“Enables protein binding” (Figure S6B). We were not able to
match other enzymes which we found upregulated by AD
cytokines or in patient epidermal samples, including FUT4
enzyme, highly differentially expressed and consistent between
the three studies. Likewise, CIGALT1 also does not seem to be of
the primary importance in our model given that it despite that it
produces GalB1-3GalNAc linkage detected in the array; however,
this linkage is recognised by the MMR receptor (47), blockade of
which did not affect the strength of sEV-cell interactions
(Figure S4B).

Finally, with the aim of identifying sEVnpugx proteins that
could be targeted by glycosylation changes we carried out further
analysis, focusing on the direct interactomes of ST6GAL1 and
C1GALT1 (Figure 6D). This revealed links to the other
glycosylation-relevant proteins. In addition, both enzymes link
to several mucins as expected given their inclusion in the mucin
formation pathways. In addition, a node connection between
ST6GAL1 and galectin-3 (LGALS3) can be also seen. This
suggests potential substrates for the enzymes, displayed on the
sEVnuExk surface; unfortunately, none of those were found in our
mass spectometry dataset, thus not providing us with any
indications regarding the identity of the potential targets.

DISCUSSION

Small extracellular vesicles (sEVs) produced by virtually all living
cells, including those of non-immune origin have been shown to
participate in immune responses, both innate and adaptive (48,
49). sEV-specific role depends on their capacity to directly
interact with cells, where receptor-ligand interactions could
lead to a downstream effect. This cellular interaction is also
critical initial event enabling sEV uptake and intracellular
transfer of sEV cargo, enriched in antigens and innate
signalling molecules or other immune-relevant compounds.
Experiments with various cell lines indicated that sEV glycan
composition, which is important during cellular adhesion of
sEVs, is dependent on the cellular source. Importance of glycans
as potential targeting motifs for the recipient cell was previously
indicated (50).

To this end, our results suggest that the exposure of
keratinocytes to stimulation relevant to atopic dermatitis (AD),
i.e. allergic inflammatory milieu and C. albicans may induce
relevant changes in the sEV surface glycosylation patterns and
are translated into differential functional outcomes; here we
showed certain increase in the propensity for sEV interaction
with dendritic cells. By carbohydrate moiety identification with
lectin array we subsequently determined that these alterations
include enhanced expression of forms of sialic acid. Modelling
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FIGURE 6 | Sialyltransferase ST6GAL1 is implicated in sialylation pattern on keratinocyte-derived sEVs and defines their cell interaction propensity via Siglec-7 and
Siglec-9 receptors. (A) Identification of binding receptors for sEVyrert1 Cell interaction by blocking experiments with anti Siglec-type receptors on differentiated
THP-1 cells; combined data for n=3 biological replicates; (B) single-cell RNA expression levels of Siglec-7 and Siglec-9 in the epidermis of the skin; data available
through ProteinAtlas; (C) UMAP plots of single cell expression of SIGLEC7 and SIGLEC receptors in the skin; data avalabale through Human Developmental Cell
Atlas; (D) protein interaction network of STBGAL1 and C1GALT1 enzymes obtained via STRING analysis. * - p<0.05, *** - p<0.001.

indicated that the effect downstream of the PRR signalling
induced by C. albicans on the activity of sialyltransferase
ST6GALL1 could provide a plausible explanation for this effect.
Sialic acid-containing motifs were abundant on keratinocyte-
derived sEVs and enriched further in vesicles characterised by
enhanced propensity for cell interaction (41).

Innate recognition of sialic acid is mediated by a group of
Sialic acid-binding Immunoglobulin-like Lectins (Siglecs) and
we determined that the cell interaction of keratinocyte-derived
sEVs in our model is Siglec-7 and Siglec-9-mediated.
Furthermore, the dependence on either both Siglecs or
exclusively Siglec-9 for the undifferentiated vs. differentiated
keratinocytes as sEV sources, respectively, mirrors the
difference observed by us earlier at the functional level.
Specifically, higher interaction efficiency could be observed for
SEV ¢ 0sntEKs for which the interaction seems to be aided by both
of these receptors. Being two members of the CD33-related Siglec
family both Siglec-7 and Siglec-9 are considered “endocytic”
receptors (51, 52); therefore the sEV binding may promote their
efficient uptake by the cells expressing those receptors. From the

first glance this could appear as benefiting the host, since
provision of C. albicans antigens and other stimulatory signals
within the cargo should promote T cell responses. However, it
has been shown that signalling through Siglec-7 and Siglec-9,
which contain tyrosine-based inhibition motif (ITIM) within
their intracellular domains dampens proinflammatory responses
by inhibiting NF-kB-dependent TLR4 signalling pathway (53); as
a result, stimulation of these “inhibitory Siglecs” provides strong
negative signal. Interestingly, data published by Varchetta et al.
(54) stands in contrast to the studies implicating the inhibitory
role of Siglec-7 in immune response, suggesting a potential role
of sialic acid-independent stimulation of this receptor in
triggering the release of proinflammatory cytokines by
monocytes. In this particular study Siglec-7 was activated by
either antibody-mediated crosslinking or zymosan, a yeast cell
wall-derived particle devoid of any forms of sialic acid. Here,
since we propose a mechanism critically dependent on the sialic
acid engagement of Siglec-7, the study might be less relevant in
the context of our findings. However, it brings up a potentially
important question regarding the possibility of different
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functional outcomes upon the activation of the Siglec-7 pathway
depending on the chemical composition of the ligand.
Furthermore, while we did not establish the content of the
sEVNuek cargo, these may contain RNA species, incl.
regulatory, proteins and other effector molecules which could
potentially also contribute to the effect.

While C. albicans expresses several PRR agonists, it does not
seem to express enough sialic acid to stimulate Siglec receptors
(10) and switch off the NF-xB signalling by Siglec-dependent
inhibition. Besides, as a predominantly intracellular pathogen, C.
albicans may not have any effective means to directly interact
with the membrane-expressed Siglecs on the antigen presenting
cells. Hence, the proposed mechanism could potentially increase
the chances of the pathogen to achieve the induction of
tolerogenicity, if C. albicans exploit the host’s enzymatic
machinery to induce sialic acid coating on sEVs. It has been
also demonstrated that antigen sialylation results in the
inhibition of Thl and Th17 cells and induction of Treg subsets
(55); given the Th1/Thl17-dominated effective antifungal
response, such an effect would similarly benefit C. albicans.
Intrestingly, the inhibitory Siglec pathways seem to be hijacked
by numerous PRRs-stimulating pathogens escaping
immunosurveillance (46). To our best knowledge we are the
first to report a possibility of remodelling of the host sEV surface
glycosylation by a pathogen which could also constitute a
potentially attractive and resource-saving immune evasion
strategy. However, the relevance of this mechanism would have
to be confimed in the dedicated immune evasion in vivo studies.

In the context of the skin disease, this mechanism may
potentially have an important effect on the Siglec-7 and Siglec-9
expressing Langerhans cells (LCs). LCs switch between
immunomodulation and immunactivation by integration of
incoming stimuli (56); in the healthy skin this would mean
tolerogenic phenotype upon encounter of non-threatening
signals and proinflammatory one during skin infection. By
preventing LC activation with inhibitory signalling, C. albicans-
induced sEV sialylation could target those cells predominantly,
given the LC-exclusive expression of these Siglecs in the epidermis.
Deeper in the tissue, these receptors are also expressed by
additional myeloid cells, all of which could both present
antigens and react to innate stimuli, e.g. macrophages or
dendritic cells. Hence, sialic acid-dependent exosome/sEV-
mediated activation inhibition could have a potential to affect
clearance of C. albicans from the AD skin and lead to its
enhanced spreading.

Recently, the inhibitory Siglec-type receptors were proposed
as a novel class of immune checkpoints targeting myeloid cells
with inhibitors suggested for clinical application (45). In
addition, in the cancer setting T cells may also express
inhibitory Siglec-7 and Siglec-9, meaning that they could be
directly targeted; in agreement with this, sialic acid-dependent
exosome/sEV-mediated direct T cell inhibition was also
previously shown (57). Interestingly, candidiasis itself increases
risk of many malignancies (58); hence, the question that needs
further addressing is if C. albicans-remodelled sEVs could
suppress anticancer response and promote tumour growth.

Mammalian proteins involved in the glycosylation processes
show great diversity (30). In our study, we identified 11 enzymes
which could be linked to the innate response to C. albicans in
keratinocytes. Of those, ST6 B-Galactoside 0.-2,6-Sialyltransferase
1 (ST6GALL1) and Core 1 B,3-Galactosyltransferase 1 (C1GALT1)
seemed to be involved in the changes in the glycosylation pattern
induced by the fungus on keratinocyte-derived sEVs, ie. both
enzymes are upregulated in AD and Ps and expressed in the
majority of skin cell populations, including all subopulations of
(proliferating, undifferentiated and differentiated) keratinocytes. It
is important to note that Siglec-7 may also have additional
specificities i.e also recognise 2-8 and 2-3-linked moieties (59,
60) (these were not identified by our lectin array screen) as well as
detecting more complex epitopes, beyond isolated glycans (61).
Interestingly, recent genome-wide CRISPR-aided screen
highlighted the importance of additional enzymes (62) for
generaton of Siglec-7 ligands, including CIGALT1. This makes
sense as CIGALT1 is a core extension enzyme acting at the
beginning of the synthesis pathway which generates core of the
O-glycans exposed on the sEV surface, hence required as an
anchor for the exposed ST6GALI-generated moieties added
subsequently. Recent study by Biill et al (61) indicated that the
core extension feature prevails over the capping glycan features
and the binding is completely abolished in the C1GALT1C1
(C1GLAT1-specific chaperone; COSMC) knockout. Hence,
given the role of O-glycosylation for Siglec-7 recognition, it
seems that the changes in the expression of this enzyme that we
noted upon analysis of data from both the epidermal samples and
cytokine-stimulated keratinocytes (normal (35) and FLG
insufficient) may also critically contribute to the observed effect.
It is unclear, however, if the direct product(s) of the enzyme (T-
antigen) may be detected by Siglec-7; further glycan modifications
by sequential enzymatic action of additional capping enzymes are
likely required for the recognition; this is where ST6GAL1 may
execute its role in our system as moiety exposed as a part of
complex Siglec-7-recognized epitopes; additional role of sulfation
has to be also considered given that a group of carbohydrate
sulfotransferases (CHSTs) has been implicated in the binding
affinity for both Siglecs we found important for sEV-cell
interactions (61, 63). Some moieties may be of course less
involved, e.g. our negative blocking data for MMR receptor
which has high affinity to Gallf-3GalNAc glycans (47) suggest
considerably lower importance of this linkage in our model. In our
study we were not able to match our data to enzymes implicated in
the binding of Siglec-9 ligands, ST3GAL4/6 (61). Overall, our
results support the notion on the complexity in the Siglec system;
e.g. in our experiments we only observed slight disruption of the
cellular interaction with Siglec-2 blokage (not significant, despite
shared receptor specificity to the 2-6 linkage). This may be
dependent on the breadth of the accepted ligand pool which is
constricted for this Siglec and the differences in affinities of specific
glycans containing the linkage in comparison to that of Siglec-7
and -9 as shown in detail by Blixt et al. (44).

Interestingly, ST6GAL1 seems to be an important enzyme
during influenza infection, since the virus uses sialic acid-
containing glycans as cellular entry points (64). It has been
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shown that ST6GALL expression also correlates with poor
tumour prognosis (65) and affects multiple mechanisms related
to cancer (66), suggesting that the immune effect is not limited to
infection. ST6GALI was also recently shown as enzymatically
active cargo of both exosome-like sEVs and exomeres, capable of
transferring sialyltransferase activity to receipient cells and
inducing expression of sialylated proteins on the cell
membrane (67). As for the CIGALT1 enzyme, it has also been
implicated in cancer; however, the role is less clear-cut, with
contradicting data on the pro-/antitumorogenic effect (68). The
enzyme has also been linked to IgA nephropathy by deposition of
galactose-deficient IgAl (Gd-IgAl) circulating in the patients
with CIGALT1 mutation (69).

The exact identity of the SEV-expressed proteins which may be
modified by the ST6GAL1 enzyme is not known, although we
identified several proteins present within keratinocyte-derived
sEVs which are likely to undergo such modification. Literature
indicates some potential examples in sEVs, e.g. in a study in ovarian
cancer-derived vesicles galectin-3-binding protein (LGAL3BP),
was previously identified as a sialoprotein (70). LGAL3BP is a
known sialic acid-dependent ligand for CD33-related Siglec family
(71) (including Siglec-7 and Siglec-9), so could be potentially
important in the sEV-mediated communication in the skin.
Similarly, 1 integrins (72), also present in our samples, could be
similarly modified; lipid molecules which may also be sialylated, as
shown for ganglioside GD3 delivering a direct T cell inhibitory
signal via sialic acid (57). With respect to successful adhesion and
delivery of the inhibitory signal, also the spatial distribution of
sialylated proteins on the surface of keratinocyte-derived sEVs
could potentially affect the outcome, especially if the proteins
segregate into rafts or microdomains on the surface of sEVs to
mediate specific interaction by formation of so called
“glycosynapses” (73); however, we did not determine this in
this study.

In summary, our study showed that in the context of AD C.
albicans promotes sialic acid-enriched glycosylation pattern on the
host sEVs to increase their interaction with inhibitory Siglec
receptors. We may predict potential future applicability of targeting
this glycosylation-sEV-Siglec-dependent pathway as a novel adjuvant
therapy in skin candidiasis in AD patients; however, we cannot
exclude potential applicability also beyond the skin.

MATERIALS AND METHODS

Samples

Ethical approvals for the study were obtained from the
Independent Bioethics Committee for Scientific Research at
Medical University of Gdansk, ethical approval numbers:
NKBBN/559/2017-2018 and NKBBN/621-574/2020.
Perioperative skin samples (2-3 cm?) were obtained from the
individuals undergoing surgery at the Department of Surgical
Oncology, Medical University of Gdansk, Poland. Until isolation,
the material was stored in PBS (Sigma-Aldrich, St. Louis, MO,
USA), with 1% penicillin and streptomycin (Sigma-Aldrich, St.

Louis, MO, USA), in 4°C. Buffy coats were obtained as a byproduct
from blood donations coming from healthy donors at the Regional
Blood Centre in Gdansk.

Keratinocyte Isolation and Culture

Skin samples were washed in PBS with 100 U/ml penicillin + 100
pg/ml streptomycin, subcutaneous adipose tissue was removed
and the samples were cut into small pieces. Epidermis was
removed from the dermis after 2-3 hour incubation in dispase
(12U/mL, Corning, NY, USA) at 37°C and digested in a 0.25%
trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO, USA)
with trypsin inhibition with EpiLife Medium supplemented
with EpiLifeTM Defined Growth Supplement (EDGS) (Thermo
Fisher Scientific, Waltham, MA, USA), antibiotics and 10% FBS
(Sigma-Aldrich, St. Louis, MO, USA). Keratinocytes were seeded
in a collagen IV-coated dishes (Corning, NY, USA) in EpiLife
medium supplemented with EDGS, 100 U/ml penicillin + 100 pg/
ml streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and 10%
FBS. The next day, the medium was changed to a serum-free
EpiLife with EDGS and antibiotics with regular changes every 2
days of culture at 37°C, 5% CO,. For experiments, pooled NHEK
cultures from n=3-4 donors were used. N/TERT-1 keratinocytes
obtained as a kind gift from Prof Jim Rhinwald were cultured in
Keratinocyte SFM medium (Thermo Fisher Scientific, Waltham,
MA, USA) + 25 pg/mL bovine pituitary extract (Thermo Fisher
Scientific, Waltham, MA, USA) + 0.2 ng/mL Epidermal Growth
Factor (Thermo Fisher Scientific, Waltham, MA, USA) + 0.4 mM
Ca®". ShC and shFLG cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM-high glucose, Sigma-Aldrich, St. Louis
MO, USA). Media used for EV isolation contained no animal
products or were supplemented with EV-depleted FBS.

Calcium Switch and AD-Relevant
Treatments

Upon reaching 80% confluence in a serum-free EpiLife with
EDGS supplemented with antibiotics (free from animal
products), cells were washed and cultured for 3 days as
undifferentiated (in 0.06 mM Ca®") or differentiated (in 1.5
mM Ca®") cells in the following conditions: untreated or
treated with atopic dermatitis (AD) cytokine cocktail (20 ng/
mL IL-4, and 10 ng/mL IL-13, IL-22 and TSLP each; Peprotech,
London, UK). For pathogen treatment addition of 75 ng/mL of a
selected AD-relevant inactivated pathogens; Candida albicans
(prick test; Inmunotek, Madrid, Spain) and Staphylococcus
aureus (heat-killed) was applied.

Heat-Killed Bacteria

1 ml of overnight culture of S. aureus “Newman” (2.4 x 10° CFU/
mL) was centrifuged at 1700 x g. The cell pellet was washed with
PBS and centrifuged 1700 x g, 5 min (2x) and resuspended in
1 ml PBS, followed by heat treatment with shaking (80°C,
30 min, 1000 rpm). The resulting suspension of heat-killed
bacteria was cooled on ice and protease inhibitors (final
concentration: 1 uM of E-64, 0.5 pg/mL of pepstatin A and 5
uM of leupeptin) were added after heat treatment in order to
retain their stability and stored in -20°C.
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EV Isolation
The exosome-enriched fraction of sEVs (100K pellet) secreted by
keratinocytes was isolated by the differential ultracentrifugation
protocol as in Figure 1A. Briefly, conditioned medium was first
centrifuged at 300 x g (Megafuge 16R TX-400 centrifuge,
Thermo Scientific, Waltham, MA, USA) for 10 min to remove
the cellular debris, followed by 2,000 x g (Megafuge 16R TX-400
centrifuge, Thermo Scientific, Waltham, MA, USA) for 10 min to
remove soluble proteins and apoptotic bodies (AP; 2K pellet).
The supernatant was ultracentrifuged at 10,000 x g (maximum
rotation speed) for 30 min (OptimaTM L-90K or OptimaTM LE-
80K ultracentrifuge, Beckman Coulter, Brea, CA, USA) to isolate
microvesicles (MVs; 10K pellet). The supernatant was then
ultracentrifuged at 100,000 x g (maximum rotation speed) for
16 h to pellet exosome-enriched fraction (exosome-enriched
sEVs; 100K pellet). The 100K pellet was washed in PBS by
additional spin and stored at -20°C for further use.

sEVs were labelled using the PKH67 Green Fluorescent Cell
Linker Midi Kit for General Cell Membrane Labeling (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. In brief, sEVs corresponding to 6 x 10° keratinocytes
for a given culture condition were resuspended in 100 pl of
Diluent C and incubated with 5 uM PKH67 for 5 minutes. The
labelling reaction was quenched by the addition of 2x volume of
EV-depleted complete RPMI medium (Sigma-aldrich, St. Louis,
MO, USA) (supplemented with 10% EV-depleted FBS and 100 U/
ml penicillin + 100 pg/ml streptomycin), and samples were then
washed in PBS (100,000 x g (maximum rotation speed), 16 h, 4°C).
Labelled sEVs were resuspended in EV-depleted complete RPMI
medium and used directly for MDDC interaction assessment.

Western Blot

Cell lysates were prepared in RIPA buffer (Cell Signalling
Technology, Danvers, MA, USA) supplemented with the
cOmplete ¥, Mini, EDTA-free Protease Inhibitor Cocktail
(Sigma-Aldrich, St. Louis, MO, USA), vortexed well and
centrifuged for 15 min at 4°C in 13,000 rpm. The supernatant
was collected, and 4X Bolt" " LDS Sample Buffer (Thermo Fisher
Scientific, Waltham, MA, USA) (10x diluted) was added. The
same amount of the loading buffer was added to the EV samples
in PBS (10x diluted). The samples were heated for 10 min at
80°C. EV samples (an equivalent of EVs isolated from 1.71 mln
cells per well) were then loaded onto the Bolt' " 4 to 12% Bis-Tris
precast gel (Thermo Fisher Scientific, Waltham, MA, USA) and
ran for 30-60 min at 150V and then transferred onto
nitrocellulose membranes (iBlotTM 2 Transfer Stacks, Thermo
Fisher Scientific, Waltham, MA, USA) in the iBlot transfer
system (iBlot' " 2 Gel Transfer Device, Thermo Fisher
Scientific, Waltham, MA, USA). Next, the membranes were
blocked in 5% fat-removed powdered milk (Carl Roth,
Karlsruhe, Germany) in PBS for an hour on the shaker, and
next incubated with primary antibodies overnight at 4°C on the
shaker (all primary Abs were diluted 1:250, only CD63 was 1:500
diluted). The next day membranes were washed 3x for 5 min in
PBS-T (PBS + 0.5ml/l Tween 20) and secondary antibodies (LI-
COR Biosciences, Lincoln, NE, USA) in PBS-T (1:25,000) were

added. After 30 min of incubation with the secondary antibodies
the membranes were washed 3x for 5 min in PBS-T and once in
PBS, paper-dried and scanned using the Odyssey CLx Near
Infrared Imaging System (LI-COR Biosciences, Lincoln,
NE, USA).

EV Characterisation

Electron microscopy imaging was carried out as a paid service by
the University of Gdansk Electron Microscopy Facility. Briefly,
samples were adsorbed onto formvar/carbon-coated copper
grids size 300 mesh (EM Resolutions, Sheffield, UK), stained
with 1.5% uranyl acetate (BD Chemicals Ltd.), and imaged by
Tecnai electron microscope (Tecnai Spirit BioTWIN, FEI,
Hillsboro, OR, USA). Nanoparticle Tracking Analysis was
carried out using NS300 NanoSight NTA (Malvern Panalytical,
Malvern, UK), the EV samples were diluted 1000x in PBS.

Dendritic Cell Models

PBMCs were separated from buffy coat samples with Lymphoprep
(STEMCELL Technologies, Vancouver, BC, Canada). CD14" cells
were isolated by the MojoSort'" Human CDI14 Selection Kit
(BioLegend, San Diego, CA, USA) according to the
manufacturer’s protocol. Cells were seeded in 24-well plates in
complete RPMI medium (supplemented with 10% heat-inactivated
FBS and 100 U/ml penicillin + 100 pug/ml streptomycin) at a density
of 1 x 10° cells in 1 ml of medium per well. Cells were cultured for 7
days at 37°C and 5% CO, in the presence of 50 ng/mL (500 U/mL)
GM-CSF and 200 ng/mL (1000 U/mL) IL-4 for the generation of
immature monocyte-derived dendritic cells (iMDDCs). Cytokine-
supplemented medium was replaced on day 2 and 4 of the culture.
To generate mature monocyte-derived dendritic cells (mMDDCs) 1
pg/ml LPS (Sigma-Aldrich, St. Louis, MO, USA) was added on day
6 of the culture.

EV Cell Interaction Assessment and Blocking

On day 7, iMDDCs and mMDDCs were washed, resuspended in
EV-depleted complete RPMI medium and seeded on 96-well
round-bottom plates at a density of 0.066 x 10° cells/well. Cells
were then incubated for 4 h in a total volume of 100 pl/well with
PKH67-labelled sEVs obtained from 1 x 10° of keratinocytes
cultured as previously described. Cells were then washed with
PBS (10 min, 300 x g), fixed in 4% formaldehyde (Sigma-Aldrich,
St. Louis, MO, USA) and the cell interaction of sEVs by MDDCs
was analyzed by flow cytometry using the Millipore Guava EasyCyte
Flow Cytometer (Merck Millipore, Burlington, MA, USA).

For the blocking experiment with a THP-1-based model, N/
TERT-1-derived sEVs were used. sEVs were isolated by
differential centrifugation as described before and quantified
using NanoSight NS300 NTA (Malvern Panalytical, Malvern,
UK). Before use sEVs were resuspended in Diluent C and
labelled with PKH67 Green Fluorescent Cell Linker Kit
(Sigma-Aldrich, St. Louis, MO, USA), for a mock control
Diluent C alone was used for labelling. THP-1 cells were
differentiated by culturing them in the presence of 1000 U/mL
IL-4 (PeproTech, London, UK) and 50 ng/mL GM-CSF
(PeproTech, London, UK) for 7 days. On days 2 and 4 of the
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culture the whole medium was replaced; fresh medium was
supplemented with cytokines as before. On day 7 cells were
collected, washed, and treated with CD206, CD207, CD209,
Siglec-2, Siglec-7 or Siglec-9 antibodies (Biolegend, San Diego,
CA, USA) at 10 pg/mL for 1 hour at 37°C. Next, cells were
washed twice with PBS and exposed to either PKH67-labelled N/
TERT-1-derived sEVs or mock control, and incubated for 4
hours at 37°C. Cells were then washed, fixed Bioligand in 4%
Formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and
analyzed using the Millipore Guava EasyCyte Flow Cytometer
(Merck Millipore, Burlington, MA, USA).

Lectin Array

Lectin array 70 product (GA-Lectin-70-14) was purchased from
RayBiotech (Peachtree Corners, GA, USA) and the assay was run
according to the manufacturer’s protocol, with an anjustment of
using PHK67-labelled sEVs directly as the sample source with
the omission of flouorophore-conjugated detection antibody.
The array slide was imaged with the Amersham Typhoon RGB
scanner (Cy2 525BP20 filter) (Marlborough, MA, USA) at
adjusted PMT voltages (intensities).

Mass Spectrometry

After lysis of sEVs with 1% SDS and cysteine residues’ reduction with
dithiothreitol, samples were processed in a standard Multi-Enzyme
Digestion Filter Aided Sample Preparation (MED-FASP) procedure
with cysteine alkylation by iodoacetamide and consecutive proteolytic
digestion by LysC, trypsin, and chymotrypsin. Peptides obtained after
each digestion were separately desalted on a C18 resin ina STAGE Tips
procedure, and subsequently measured in the data-dependent
acquisition mode on a Triple TOF 5600+ mass spectrometer
(SCIEX, Farmingham, MA, USA) coupled with an Ekspert MicroLC
200 Plus System (Eksigent Technologies, Redwood City, CA, USA). All
measurement files were subjected to joint database search in the
MaxQuant 1.6.2.6a against the Homo sapiens SwissProt database
(version from 09.11.2020). Resulting intensities were normalized
using Total Protein Approach and protein concentrations in pmol/
mg were calculated. Concentrations were imported into Perseus
software and log2-transformed, data was restricted to 50% valid
values, missing values were imputed from normal distribution and
all values were normalized by z-score. T-tests between the test groups
were conducted, and the results with p-value lower than 0.05 were
considered to be statistically significant. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier: PXD031729.

Microarray

For the microarray study, shC and shFLG cells were grown to 80%
confluence and then exposed to IL-4 and IL-13 (Peprotech, London,
UK) at 50 ng/mL for the incubation time of 24 h. RNA was extracted
with RNeasy kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The microarray was performed by
ServiceXS (Leiden, Netherlands) on an Illummina HT12v4
BeadArray platform (Illumina, San Diego, CA, USA) and the data
were normalized using lumi (74) and analysed with LIMMA (75).
The microarray dataset has been deposited to the Gene Expression

Omnibus (GEO) repository and assigned the accession
number: GSE203409.

Analysis
Data was analysed by Graph Pad Prism version 7 with one-way
ANOVA (Holm-Sidak correction); *p<0.05; **p<0.01; ***p<0.001;
***p<0.0001. Cell adhesion-related proteins in sEVs were
identified using the Gene Ontology tool, available at http://
geneontology.org/ (76, 77). Interactions between the proteins of
interest were identified using the STRING (78) database available in
the Cytoscape 3.8.2 software (https://cytoscape.org/) (79) via the
stringApp. Glycoproteins and glycosylation-relevant enzymes
within NHEKs sEVs MS dataset were identified by literature
search. Glycosylation-related pathways were identified using the
Reactome Pathway Database (https://reactome.org/). For the
STRING analysis protein lists were subjected to STRING
database analysis (78). Generated networks were obtained with
confidence mode of display of network edges. As a source of
interactions between proteins we used “textmining”,
“experiments” and “databases” only with medium confidence
interaction score (0.4) applied. Networks were not further
expanded. Graphical adjustment was done using Cytoscape
software platform. Single cell data on protein expression in skin
population was obtained from the Human Developmental Cell
Atlas available at https://developmentcellatlas.ncl.ac.uk/.

Transcriptomic data from Esaki et al. (GSE120721) was
analyzed using the GEO2R tool available through the Gene
Expression Omnibus (GEO) database (80, 81).

In datasets analyzed for the expression of glycosylation
enzymes, i.e. Esaki et al, Leung et al. and He et al. p-values
were adjusted using the Benjamini & Hochberg method.
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