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A B S T R A C T   

Cells can communicate through the extracellular vesicles (EVs) they secrete. Pathogen associated molecular 
patterns (PAMPs), alter the biophysical and communicative properties of EVs released from cells, but the 
functional consequences of these changes are unknown. Characterization of keratinocyte-derived EVs after poly 
(I:C) treatment (poly(I:C)-EVs) showed slight differences in levels of EV markers TSG101 and Alix, a loss of CD63 
and were positive for autophagosome marker LC3b-II and the cytokine IL36γ compared to EVs from unstimulated 
keratinocytes (control-EVs). Flagellin treatment (flagellin-EVs) led to an EV marker profile like control-EVs but 
lacked LC3b-II. Flagellin-EVs also lacked IL-36γ despite nearly identical intracellular levels. While poly(I:C) 
treatment led to the clear emergence of a > 200 nm diameter EV sub-population, these were not found in 
flagellin-EVs. EV associated IL-36γ colocalized with LC3b-II in density gradient analysis, equilibrating to 1.10 g/ 
mL, indicating a common EV species. Poly(I:C), but not flagellin, induced intracellular vesicles positive for IL- 
36γ, LC3b-II, Alix and TSG101, consistent with fusion of autophagosomes and multivesicular bodies. Simulta-
neous rapamycin and flagellin treatment induced similar intracellular vesicles but was insufficient for the release 
of IL-36γ+/LC3b-II+ EVs. Finally, a qRT-PCR array screen showed eight cytokine/chemokine transcripts were 
altered (p < 0.05) in monocyte-derived Langerhans cells (LCs) when stimulated with poly(I:C)-EVs while three 
were altered when LCs were stimulated with flagellin-EVs compared to control-EVs. After independent confir-
mation, poly(I:C)-EVs upregulated BMP6 (p = 0.035) and flagellin-EVs upregulated CXCL8 (p = 0.005), VEGFA 
(p = 0.018) and PTGS2 (p = 0.020) compared to control-EVs. We conclude that exogenous signals derived from 
pathogens can alter keratinocyte-mediated modulation of the local immune responses by inducing changes in the 
types of EVs secreted and responses in antigen presenting cells.   

1. Introduction 

Keratinocytes are considered an integrated part of the innate im-
mune system, with constant exposure to exogenous stresses such as 
invading microbes [1–4]. Covering most epithelial surfaces, they have 
evolved the ability to detect pathogen associated molecular patterns 
(PAMPS) through the expression of specific sets of receptors, including 

select Toll-like Receptors (TLR) [4–9]. Upon TLR-ligand engagement, 
keratinocytes synthesize cytokines and chemokines that not only pro-
mote inflammation but communicate with local immunocytes, including 
the epithelial-resident immature dendritic cells, Langerhans cells (iLCs). 
Extracellular vesicles (EV) are an emerging paradigm for cell-cell 
communication, especially among cells of the immune system [10]. 
How EV populations from keratinocytes change and how their signaling 
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potential is altered during the initial innate immune response is not well 
understood. 

EVs vary in their physical and biological properties and in the cargo 
molecules they carry [11–14]. Recent reports show that cytokine-loaded 
EVs are often released from cells and innate immune signaling can alter 
this [14,15]. Human foreskin keratinocytes (HFKs) express a subset of 
the TLRs including TLR-3 and TLR-5 [4,9]. Activation of TLR-3, recog-
nizing primarily endocytosed double-stranded RNA (including synthetic 
poly(I:C)) and TLR-5, recognizing extracellular bacterial flagellin, both 
lead to cytokine induction and release in keratinocytes [16]. The IL-1 
family member IL-36γ, is a cytokine made predominantly by epithelial 
cells and can be induced and secreted from human keratinocytes in 
response to TLR3 and TLR-5 agonists [17–19]. Our group previously 
reported that IL-36γ is released in complex with an unknown EV species 
by an unknown mechanism when HFKs are stimulated with poly(I:C) 
[16]. 

EV populations are heterogenous by nature and it is important to 
understand and describe subpopulations that may arise, potentially 
influencing the message EVs send during immune responses. Classical 
exosomes are EVs derived from multivesicular bodies (MVBs), but EVs 
derived from other intracellular membranes are becoming recognized as 
important contributors to cell-cell communication and unconventional 
protein secretion. In particular, autophagosome-derived EVs result from 
the fusion of the organelle with the plasma membrane or through in-
teractions with MVBs, giving rise to non-exosomal, small EV species 
with select cargos [15,20,21]. Autophagy is a broad term used to 
describe catabolic cellular processes that recycle damaged organelles, 
mitigating stresses attributed to starvation or infection. A central event 
defining autophagosome biogenesis is the lipidation and cleavage of 
cytoplasmic Microtubule Associated Protein 1 Light Chain 3 Beta 
(MAP1LC3B; henceforth referred to as LC3b), –I to LC3b-II [22,23]. 
Canonically, the fate of the autophagosome is fusion to the lysosome for 
cargo degradation. Autophagosomal-multivesicular body crosstalk and 
subsequent cargo release in the form of non-exosomal, small EVs has 
recently been recognized [15,20,24]. There is growing evidence in the 
literature that autophagosomal-MVB crosstalk may lead to an exosome- 
like subpopulation of EVs bearing the autophagosomal membrane, and 
atypical EV marker, LC3b-II [25,26]. Release of LC3b-II+ EVs, a hall-
mark of this process, has not been reported in primary human 
keratinocytes. 

To better understand cell-cell communication during the initial 
stages of infection, we asked if TLR-activation altered the types of EVs 
secreted by keratinocytes and whether these EV populations could 
transmit TLR-specific information to local antigen presenting cells. We 
found that activation of TLRs differentially modifies the pathway for EV 
generation and cargo selection and leads to TLR/EV-specific gene 
expression changes in monocyte-derived iLCs. We conclude that EVs in 
epithelia can transmit information that is specific to the type of micro-
bial threat, to aid in mounting a targeted immune response. 

2. Materials and methods 

2.1. Cell culture and stimulation 

Human keratinocytes (HFKs) were isolated from discarded neonatal 
foreskins as described previously [27]. Use of these keratinocytes was 
approved as “Exempt” by the Feinstein Institutional Review Board. All 
experiments were performed on pools of HFKs representing between 4 
and 6 individuals. HFKs were co-cultured with growth-arrested J2-3t3 
fibroblasts until sub-confluent in E-media containing 10% Fetal Clone-II 
(Hy-Clone) and growth factors [27]. J2-3t3 feeder cells were removed 
with EDTA and gentle agitation prior to media conditioning by HFKs. 
HFK stimulations were performed in E-media supplemented with growth 
factors and 1% Fetal Clone-II (Hy-Clone) that was exosome-cleared by 
ultracentrifugation at 100,000 xG for 18 h. Cells were stimulated with 
1.5 μg/mL high-molecular weight polyinosinic-polycytidylic acid (poly 

(I:C)) (Invivogen) or 1 μg/mL flagellin (from S. typhimurium, Invivogen) 
for the times indicated. For induction of autophagy, HFKs were co- 
stimulated with 1 μM rapamycin (Sigma) and 1 μg/mL flagellin, and 
re-dosed with additional rapamycin at 24 h. 

2.2. Western blotting 

Whole cell lysates were prepared by lysing HFKs on ice for 40 min in 
1× Tris-EDTA buffer with 1% NP40 Alternative (Millipore), containing 
protease and phosphatase inhibitors (Roche). Insoluble protein and 
membranes were pelleted by centrifugation at 20,000 xG for 30 min at 
4 ◦C. Total protein in lysates was measured by BCA assay (Thermo- 
Fisher), separated through 4–20% TGX gradient gels (Bio-Rad), electro- 
transferred onto PVDF membranes (Millipore), and blocked in BSA 
blocking buffer (Li-Cor) at room temperature for one hour. Membranes 
were probed overnight for Alix (Bio-Rad), TSG101 (Abcam), LC3b 
(Thermo-Fisher), IL36γ (R&D), CD63 (Bioss) or β-actin (Sigma). Mem-
branes were then washed, probed with near-infrared dye-conjugated 
secondary antibodies donkey anti-mouse CW800, donkey anti-rabbit 
CW800, or donkey anti-goat 680RD (Li-Cor). Blots were scanned and 
quantified using Azure Biosystems Sapphire Biomolecular imager. 

2.3. Extracellular vesicle preparation 

This work utilizes the term EV to represent the small extracellular 
vesicles that pellet from cell-conditioned media after ultracentrifugation 
at 100,000 xG. This material likely consists of a heterogenous popula-
tion of EVs including exosomes and microvesicles. EV enrichment was 
adapted from an exosome isolation protocol by ultracentrifugation of 
conditioned cell culture media [28]. Approximately 36 mL of condi-
tioned media from approximately 2 × 107 HFKs was collected after 48-h 
stimulations and centrifuged at 400 xG for 5 min followed by 2000 xG 
for 15 min. Clarified conditioned media was then kept at − 80 ◦C until EV 
processing. To prepare EV pellets, conditioned media was thawed on ice 
and then ultra-centrifuged for 60 min at 20,000 xG, in an AH-629 rotor 
(Sorvall), the supernatant transferred to a new tube and spun for 90 min 
at 100,000 xG (100 k pellets). Crude pellets were washed by resus-
pending in ice cold PBS and re-pelleted at 100,000 xG for 90 min in a 
TH-641 rotor (Sorvall). Pellets were recovered in about 100 μL 1× PBS. 
Equal volumes were mixed with 6× denaturing loading buffer prior to 
western blotting or were kept at 4 ◦C for protein measurement and LC 
stimulation experiments. Isolated 100 k pellets were never frozen. 

2.4. Density gradient centrifugation of EVs 

EV density gradient protocol was adapted from Jeppesen et al. 2019 
[21]. Total crude 100 k pellets were collected in approximately 100 μL 
1× PBS, adjusted to 40% Opti-prep (Millipore Sigma) and placed at the 
bottom of a 5 mL ultra-centrifuge tube (Thermo Scientific). Discontin-
uous gradients were formed on top of samples by layering equivalent 
volumes of Opti-prep, from 35% to 0%, in 5% increments. 50% Opti- 
prep working stock was diluted with Solution B (0.85% NaCl, 10 mM 
Tricine-NaOH, pH 7.4) to prepare gradient solutions. Gradients were 
centrifuged for 18 h in an AH-650 rotor (Sorvall) at 100,000 xG at 4 ◦C. 
12 equivalent volume fractions were taken from the top, excluding the 
bottom original sample material. Refractive indices were measured with 
20 μL of each fraction using a refractometer (Sper Scientific), then 
diluted with ice cold 1× PBS to 4 mL and centrifuged for 60 min at 
100,000 xG. Resulting pellets were collected and boiled in 6× loading 
buffer for 5 min and analyzed by western blot. 

2.5. Subcellular fractionation 

HFK monolayers growing in 150 mm plates were stimulated as 
indicated for 24 h. Cells were washed 3 times with ice cold 1× PBS and 
gently lifted from plates using a cell scraper under ice cold, 1× PBS. 
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Monolayers were pelleted at 500 xG for 5 min at 4 ◦C and resuspended in 
0.5 mL lysosome enrichment buffer-A (Fisher) containing Mini-complete 
protease (Roche) and PhosSTOP phosphatase (Roche) inhibitors at 
1:100. Cells were Dounce-homogenized on ice in the absence of de-
tergents, prior to adding 0.5 mL lysosome enrichment buffer-B (Fisher). 
Homogenates were centrifuged at 4000 xG for 20 min and then clarified 
again at 7000 xG for 20 min at 4 ◦C. Approximately 1000 μg of protein 
from clarified homogenates were adjusted to 40% Opti-prep with 50% 
Opti-prep working stock. Sample was laid in the bottom of a 5 mL ul-
tracentrifuge tube (Thermo Scientific) and discontinuous gradients were 
formed, and samples centrifuged as described above for EV isolation. 
Equal volume fractions were recovered by hand from the top of the 
gradients. For each fraction, density was measured, diluted, centrifuged 
and subject to western blot analysis as described above. 

2.6. Transmission electron microscopy and size distribution 

Washed pellets of EVs derived from conditioned media from 
approximately 6.0 × 107 control, poly(I:C)-stimulated or flagellin- 
stimulated HFKs were fixed in 2.5% glutaraldehyde in 0.1 M sodium 
cacodylate (pH 7.4) at 4 ◦C overnight. Pellets were washed in 0.1 M 
sodium cacodylate at room temperature. 4% molten agarose was added 
to pellets, centrifuged at 1000 xG for 10 min at 30 ◦C, then chilled in ice 
until solid. 1.0 mL of 1% osmium tetroxide solution was added for 1 h at 
room temperature. After washing, samples were dehydrated in a graded 
ethanol series (50%, 60%, 70%, 80%, 90% 100%) for 10 min each. 
Samples were then embedded in 812 EMed resin, sectioned at 60–90 
μms in an ultramicrotome and imaged on an H 7000 Hitachi Trans-
mission Electron Microscope. A total of four diameter measurements 
were made on each visible EV structure on scaled micrographs with 
imageJ. Diameters were sorted into 10 nm bins and distribution plotted 
and expressed as probability density functions using R statistical 
software. 

2.7. Langerhans cell stimulation 

Immature Langerhans cell-like cells (iLCs) were generated from 
monocytes isolated from peripheral blood mononuclear cells (PBMC) 
from three healthy donors as described previously [29,30]. Use of 
human monocytes was approved by the Feinstein Institutional Review 
Board with consent obtained for each donor. Protein concentration of EV 
pellets was determined by BCA assay as a surrogate to standardize the 
EV-stimulus (Thermo Scientific). iLCs were resuspended at 1 × 106 in 
serum-free RPMI and incubated with 8.0 μg EV pellet protein, isolated 
from 2 × 107] poly(I:C)-stimulated, flagellin-stimulated or control HFKs. 
Each donor’s iLCs were treated with control-EVs, poly(I:C)-EVs, 
flagellin-EVs or left unstimulated for 8 h at 37 ◦C with gentle agitation. 
This represented an approximate HFK:iLC ratio of 20:1, not dissimilar to 
that reported by Bauer et al., 2001 [31]. 

2.8. Transcript arrays and qPCR 

Total RNA was isolated from the iLCs with the High Pure RNA 
isolation kit (Roche) and cDNA libraries were generated using RT2 First 
Strand Kit (Qiagen) as per manufacturer’s instructions. Each iLC cDNA 
library was amplified on RT2 Profiler: Human Cytokine and Chemokine 
PCR arrays (Qiagen). All RNA and cDNA samples were free of genomic 
DNA contamination and passed manufacturer’s QC parameters for 
analysis. Briefly, ∆CT was calculated using averaged threshold cycles of 
the 5 housekeeping genes: Beta Actin (ACTB), Beta-2-Microglobulin 
(B2M), Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Hypoxan-
thine Phosphoribosyl transferase 1 (HPRT1), and Ribosomal Protein Lateral 
Stalk Subunit P0 (RPLP0) according to Qiagen’s GeneGlobe analysis 
software and averaged across donors prior to normalization of EV- 
stimulated LCs to unstimulated LCs. Transcript levels 1000-fold lower 
than GAPDH under either unstimulated or stimulated conditions, were 

disregarded for interpretation and were considered as biologically 
meaningless. 

Independent confirmation of the five significantly elevated tran-
scripts was carried out using probe-based qPCR with primers/probes for 
CXCL8 (Hs00174103_m1), CCL3 (Hs00234142_m1), VEGFA 
(Hs00900055_m1), CXCL16 (Hs00222859_m1), BMP6 
(Hs01099594_m1), and GAPDH (Hs01922876_u1) for normalization, all 
purchased from Applied Biosystems/Life Technologies. To measure 
COX-2 induction, PTGS2 transcript was measured by qRT-PCR using 
intron-spanning primers/probe against Hs00153133_m1 (Applied Bio-
systems/Life Technologies). IL-36γ transcript was measured using 
primers/probe as previously described [29]. Amplification was per-
formed on an Applied Biosystems 7900 HT with the iScript One-Step RT- 
PCR kit (Bio-Rad). Total RNA was reverse transcribed at 50 ◦C for 10 
min, followed by 5 min at 95 ◦C. Amplification was performed for 40 
cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Averaged Ct values were 
compared to Ct values of GAPDH as a housekeeping gene for ΔCt 
determination. 

2.9. Statistical analysis 

Significance of difference for qPCR arrays was determined by Stu-
dent’s t-test using Qiagen’s GeneGlobe platform, with each transcript 
normalized to manufacturer’s recommended housekeeping genes. Non- 
linearized expression data compared unstimulated iLCs to control-EV 
stimulated iLCs, and poly(I:C)- and flagellin-EV stimulated iLCs to 
control-EV stimulated iLCs. Changes in transcript levels that showed 
greater than 2-fold with stimulation with a p-value <0.05 were 
considered significant and were included for confirmation. Individual, 
two-tailed paired, Student’s t-tests were performed on qPCR confirma-
tion measurements. The difference in EV size distribution, as measured 
by EM was determined by multiple Kolmogorov-Smirnov tests and 
accepted as significant where p-value <0.05. The Student’s two-tailed, 
paired t-test was used for the qPCR of COX-2 induction and for anal-
ysis of densitometry measurements on western blots; p < 0.05 was 
considered significant. 

3. Results 

3.1. Shifts in EV markers and size distribution indicate TLR-agonist 
dependent genesis of disparate EV populations 

We began our comparison of the properties of poly(I:C)- and 
flagellin-stimulated HFK-derived EVs by characterizing the total EV 
populations, asking if EVs derived from stimulated HFKs showed dif-
ferences in the levels of EV biomarkers CD63, Alix and TSG101 [32]. EV 
marker Alix changed very little with either poly(I:C) or flagellin treat-
ment and was used to approximate relative differences in CD63 and 
TSG101 (Fig. 1a). There was a two-fold increase in TSG101 with the 
concurrent loss of CD63, approximately 80%, in the poly(I:C)-EVs 
(Fig. 1a). These results reflect changes specific to the EV populations, 
not intracellular levels which remained unchanged (Fig. 1b). As we 
previously reported, IL-36γ is present as EV cargo after its induction with 
poly(I:C) (Fig. 1c) [16]. Surprisingly, IL-36γ was absent from flagellin- 
EVs (Fig. 1c) despite nearly equivalent intracellular levels (Fig. 1d). 
This observation suggested a selective differential vesicular secretion 
mechanism activated by poly(I:C) and not flagellin, independent of the 
presence of the cytokine itself. Supporting this, the autophagy marker 
LC3b-II was markedly elevated in poly(I:C)-EVs, with only trace 
amounts detected in flagellin-EVs (Fig. 1c), suggesting formation of an 
autophagosome-derived EV population in poly(I:C) stimulated cells. 
Intracellular levels of LC3b-II in total cell lysates from the same parental 
cells were barely visible, although the cytosolic precursor LC3b-I was 
readily detectable, and the LC3b-II/LC3b-I ratio was significantly higher 
after poly(I:C) treatment compared to flagellin treatment (Fig. 1d). 
Thus, poly(I:C) stimulation affected autophagy more than stimulation 
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with flagellin, strengthening the idea that autophagy plays a role in poly 
(I:C) mediated EV generation. 

Since the levels of markers and cargo molecules differed between EV 
populations, we asked whether the appearance and size distribution of 
EV populations were altered upon TLR-stimulation, visualizing isolated 
EV pellets by transmission electron microscopy. As expected, all three 
pellet preparations showed the presence of structures with the typical 
EV morphology (Fig. 2a, c, e). The majority of unstimulated-EVs were 60 
to 100 nm in diameter, as indicated by the single prominent peak in its 
distribution (Fig. 2b). Flagellin-EV diameter distribution also showed a 
single prominent peak representing EVs with these diameters but with a 
slight right shift, indicating a broader distribution of larger EVs (Fig. 2d). 
Poly(I:C)-EVs did show a primary peak between 80 and 120 nm but in 
contrast to the other conditions, a second prominent peak representing 
EVs over 200 nm in diameter was evident (Fig. 2f), suggesting the se-
lective generation of a unique sub-population of EVs with poly(I:C) 
stimulation. The distribution of each pellet was significantly different 
from each other (Fig. 2b, d, f), indicating a shift in the biogenesis of EVs 
in response to these TLR agonists (p < 0.05 × 10− 8). 

Density gradient separation followed by western blot analysis was 
used to determine whether the LC3b-II and IL-36γ markers were com-
mon to a specific species of EV and to measure the density of the unique 
sub-population of EVs present only after poly(I:C) stimulation. For poly 
(I:C)-EVs (Fig. 3a), Alix localized predominantly to fractions 6 and 7 

with trace amounts in fractions 5 and 8, the density range reported for 
exosomes. LC3b-II localized specifically to fraction 7 with a density of 
1.10 g/mL, indicating the externalization of a specific autophagosomal- 
derived EV subpopulation with a similar density to that reported for 
exosomes. IL-36γ co-localized strongly to the same fraction, supporting 
the presence of a common EV entity (Fig. 3a). Consistent with the bulk 
EV analysis, Alix also localized to fractions 6 through 8 with flagellin- 
EVs, but neither LC3b-II nor IL-36γ was detected (Fig. 3b). 

3.2. The autophagosome plays a role in selective EV biogenesis and 
cytokine cargo incorporation 

The density gradient analysis of poly(I:C)-EVs suggested that the IL- 
36γ cargo is complexed with an LC3b-II+ EV. We asked if there was an 
intracellular association between IL-36γ and LC3b-II+ membranes, as 
opposed to complexing in extracellular spaces post-release, using 
gradient separation of organelle-enriched keratinocyte homogenates. 
Twenty-four hours after poly(I:C) treatment, LC3b-II+ autophagosomal 
membranes localized primarily to fractions 4 through 6 (1.08 to 1.10 g/ 
mL) (Fig. 4a). This pool of organelles was also positive for the multi-
vesicular body (MVB) markers TSG101 and Alix. A fraction of 
membrane-bound IL-36γ co-localized with these markers, strengthening 
the conclusion that IL-36γ is sequestered and taken up into the auto-
phagosomal system. We compared this subcellular fractionation profile 
to that generated from an equivalent mass of flagellin-stimulated ho-
mogenates (Fig. 4a). Fractions 5 and 6 were positive for MVB markers 
Alix and TSG101 but were weakly positive for LC3b-II compared to the 
poly(I:C) homogenates. These fractions were negative for IL-36γ, sug-
gesting that the parental compartment for the LC3b-II+/IL-36γ+ EV 
subpopulation was not readily generated during flagellin stimulation. 
The intracellular organelles from both poly(I:C)-treated and flagellin- 
treated keratinocytes that localized to higher density fractions 9 
through 12 were negative for LC3b-II but did contain abundant IL-36γ, 
suggesting the cytokine is also located in other compartments of the 
endo-membrane system. 

To determine whether autophagosome formation would lead to 
intracellular IL-36γ sequestration and secretion of LC3b-II+/IL-36γ+ EVs 
independently of poly(I:C) stimulation, HFKs were treated with rapa-
mycin in combination with flagellin to induce autophagy. Again, 
flagellin alone induced no detectable LC3b-II and only trace amounts of 
IL36γ were present in the lower density fractions of intracellular or-
ganelles (Fig. 4b). Rapamycin plus flagellin induced formation of or-
ganelles positive for LC3b-II, and IL-36γ was now detected in these same 
fractions (Fig. 4b). These banding signatures point to the processing of 
LC3b-I to LC3b-II, its association with autophagosomal membranes and 
sequestration of IL-36γ, a pattern that resembles that seen with poly(I:C) 
treatment. Despite the induction of autophagy, treatment with flagellin 
plus rapamycin induced no increase in either LC3b-II or IL-36γ cargo in 
the EVs (Fig. 4c, d). This result suggests that sequestration of IL-36γ by 
autophagosomal membranes is necessary but not sufficient for its release 
in LC3b-II+ EVs, and that the poly(I:C) is providing, either directly or 
indirectly, an additionally required signal. 

3.3. EVs from keratinocytes treated with poly(I:C) and flagellin have 
divergent immune signaling potential 

Monocyte-derived immature Langerhans-like cells (iLCs) were 
incubated with poly(I:C)-EVs, flagellin-EVs, control-EVs, or left unsti-
mulated to determine whether EVs from HFKs altered the antigen- 
presenting cell immune response profile. All array data is shown in 
Supplementary Table 1. Our analysis showed that iLCs detect and 
respond to constitutively released control-EVs (Fig. 5a). Several of the 
transcript levels increased in iLCs by control-EVs represented proin-
flammatory genes, including members of the Tumor Necrosis Factor 
(TNF) signaling axis (TNF, TNFSF10 and TNFRSF1B), IL-7 and IL-11 
(Fig. 5a). There were markedly divergent patterns in transcriptional 

Fig. 1. Stimulation of TLR-3 but not TLR-5 induces the release of IL-36γ+/ 
LC3b-II+ extracellular vesicles from normal keratinocytes. a) Representative 
western blot of EV pellets derived from 48-h TLR-stimulated or control HFK- 
conditioned media. Bars show mean fold-change ± SD in TSG101 and CD63 
normalized to Alix, relative to untreated HFK pellets. n = 3 independently 
isolated EV pellets. b) Western blot of total intracellular protein from HFKs that 
produced the EVs shown in A. Bars show mean fold-change ± SD in TSG101, 
CD63 and Alix expression, normalized to β-actin, relative to untreated HFKs. n 
= 3 experiments. c) Western blot of total EV pellets derived from 48-h TLR- 
stimulated HFK-conditioned media. Bars show mean fold-change ± SD of IL- 
36γ and LC3b-II levels, normalized to Alix, relative to untreated HFK pellets. n 
= 3 independently isolated EV pellets. d) Western blot of total protein from 
HFKs that produced the EVs shown in C. Bars show the mean fold-change ± SD 
in LC3b-II:LC3b-I ratios and IL-36γ expression, normalized to β-actin, relative to 
untreated HFKs. n = 3 experiments. * p < 0.05 Student t-test. mw: molecular 
weight, EV: extracellular vesicles. 
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changes in cytokines and chemokines when iLCs were exposed to poly(I: 
C)- or flagellin-EVs compared to control-EVs (Fig. 5b, c). The differences 
in these responses are shown as relative expression in Fig. 5d. Compared 
to control-EVs, poly(I:C)-EVs significantly up-regulated CXCL16 and 
BMP6 while IL-16, IL-7 and TNFA transcripts were down-regulated. 
Transcript levels of these genes were not changed in response to 
flagellin-EVs. In contrast, flagellin-EVs induced the up-regulation of 
CCL3 and markedly increased CXCL8 transcripts. Neither CCL3 nor 
CXCL8 were altered by poly(I:C)-EVs. No transcripts were down-
regulated after flagellin-EV stimulation. VEGFA was the only cytokine 
transcript increased by both poly(I:C)- and flagellin-EVs. These tran-
script profiles support the idea of divergent, tailored responses of anti-
gen presenting cells to PAMP-exposed keratinocyte EVs. 

To confirm the array findings, we used probe-based qPCR to inde-
pendently assess levels of the five transcripts significantly elevated by 
HFK EVs. BMP6, CXCL8 and VEGFA were significantly selectively 
upregulated by either poly(I:C)- or flagellin-EVs (Table 1). A 2.6-fold 
increase of CCL3 transcript was found after flagellin-EV stimulation 
but missed significance (p = 0.076). While our arrays found CXCL16 
significantly upregulated 3.1-fold by poly(I:C)-EVs, our confirmation 
failed to detect upregulation over 2-fold. We also measured the effect the 
EVs had on PTGS2 and IL36γ transcript levels, whose gene products are 
relevant to epithelial immune responses and not included on the qPCR 
arrays. Interestingly, PTGS2 transcript, the gene encoding 
cyclooxygenase-2 (COX-2) was significantly up-regulated by flagellin- 
EVs but remained at baseline after stimulation with poly(I:C)-EVs and 
control-EVs (Fig. 5e). IL36γ mRNA was below detectable levels under all 
conditions (data not shown). Table 1 summarizes the significant changes 
in cytokine/chemokine transcripts along with expected functionality 

within epithelia. 

4. Discussion 

The functional effects of keratinocyte derived EVs on the host im-
mune response are poorly understood. In this study, we have shown that 
unique sub-populations of EVs, with differences in their cargos, are 
generated when keratinocytes are stimulated with two different path-
ogen mimics. We have also concluded that the resulting keratinocyte EV 
population can potentially contribute to local immunomodulation by 
inducing changes in specific cytokine and chemokine transcripts in 
recipient antigen-presenting cells. 

Our data supports the genesis of an unconventional EV population 
possessing biological and physical properties of EVs derived from both 
MVBs (exosomes) and autophagosomes during keratinocyte responses to 
poly(I:C). The secretion of the leaderless protein α-synuclein increased 
within a distinct sub-population of EVs that were described as having a 
hybrid “autophagosome-exosome-like profile” which were positive for 
both LC3A and LC3B when autophagy was altered in neurons modeling 
Parkinson’s disease [20]. Secretion of annexin A2 within EVs from lung 
epithelial cells has been shown to be dependent on autophagy triggered 
by IFN-γ signaling, also providing a connection between selective EV 
biogenesis and pathogen response [15]. Our data strongly suggests that 
autophagy plays a role in the generation of specific EV subpopulations 
during the innate response of primary keratinocytes to some PAMPs but 
not others since EV properties, including cargo incorporation, diverge 
following poly(I:C) and flagellin stimulations. 

Cellular responses to PAMPs, here exemplified by well-established 
TLR agonists poly(I:C) and flagellin, lead to changes in EV cargos and 

Fig. 2. TLR-3 stimulation but not TLR-5 stimulation induces 
generation of an EV sub-population with a larger diameter. (a, 
c, e) Transmission electron micrographs of total washed EV 
pellets derived from 48-h control, flagellin or poly(I:C)- 
stimulated HFK conditioned media, respectively. EVs dis-
playing typical single membrane morphology were evident in 
all cases, with larger EVs prominent in the poly(I:C) sample. 
(b, d, f) Size distributions of EV diameters of control, flagellin- 
or poly(I:C)-stimulated HFKs, respectively, as determined by 
measurements of electron micrographs. Probability density 
functions are mapped on each histogram. Poly(I:C)-EVs (blue) 
or flagellin-EVs (green) functions are plotted over untreated 
control-EVs (red) diameters for comparison. Each probability 
density distribution was determined to be non-identical using 
Kolmogorov-Smirnov tests on single EV pellets. * p < 0.5 ×
10− 8; ** p < 0.5 × 10− 16. EV: extracellular vesicles.   
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function [14,49,50]. We demonstrated that these changes in EVs may 
influence the innate epithelial immune responses via interactions with 
local antigen presenting cells. The pattern of cytokines induced in iLCs 
by EVs from poly(I:C)-stimulated, and flagellin-stimulated keratinocytes 
are clearly distinct and have characteristics of either anti-viral or anti- 

bacterial responses respectively. BMP-6, upregulated in iLCs only after 
incubation with poly(I:C)-EVs, induces interferon-stimulated genes, 
down-regulates USP18 (a suppressor of interferon signaling) and in-
duces an immediate exit from the cell cycle in epithelial stem cells, all 
favorable conditions during viral challenge [33,36]. In contrast, 
flagellin-EVs induced CXCL8, a chemotactic factor for neutrophils, a 
population of immunocytes primed to deal with bacterial pathogens 
while stimulating neutrophil degranulation and phagocytosis [37,51]. 
The robust, selective induction of PTGS2 by flagellin-EVs is interesting 
but no conclusions can be drawn as to its role in cellular communication 
between HFKs and iLCs in this context. The gene product of PTGS2, 
COX-2, turns over Arachidonic acid into many leukotrienes and pros-
taglandins with pleiotropic effects of inflammation within epithelia 
[44]. It may be that COX-2 products, including PGE2, are important for 
mounting or initiating an anti-bacterial response. Recent work demon-
strates that PGE2 inhibits NETosis of infiltrating neutrophils indicating a 
potential later, regulatory function for induced COX-2 [44]. Further 
studies are needed to describe the role of COX-2 in EV mediated cellular 
communication. 

In this study, we have shown for the first time that treatment of 
keratinocytes with viral or bacterial PAMPs can induce alternate EV 
biogenesis and the subsequent immunomodulation, via EV crosstalk, of 
innate immune cells that would be expected to occur during the im-
mediate stages of a viral vs. bacterial infection. There are however 
limitations to our study. Our in vitro functional studies may differ from 
in vivo responses. Potential immunomodulation by other factors present 
in the microenvironment (i.e. cytokines, other PAMPs) could affect LC 
responses to keratinocyte EVs. Additionally, with current techniques it is 
extremely difficult to assess the amounts of EVs and rates of interactions 
with APCs in an open system (i.e. epithelial tissues) to replicate them in 
vitro. We used a dose of EVs that would approximate those released from 
keratinocytes in proportion to the number of target iLCs [31]. However, 
even within the tissue itself, keratinocytes within close proximity to iLCs 
should deliver EVs at higher concentrations than those further away. 

Future work will be needed to determine whether the larger EVs we 
visualized in the poly(I:C)-EVs are those that are LC3b-II+, are truly 
derived from autophagosomes and whether the immunologic responses 
induced by the poly(I:C)-EVs are an effect of their potential autopha-
gosomal origin, the presence of IL-36γ or a combination. Whether IL-36γ 

Fig. 3. TLR-3 simulation, but not TLR-5 stimulation leads to the release of a 
sub-population of IL36γ+/LC3b-II+ EVs with the density of exosomes. Western 
blot of fractions derived from density gradient ultracentrifugation of EV pellets 
derived from 48-h poly(I:C)-treated (a) and flagellin-treated (b) HFK- 
conditioned media. Blots probed for EV markers Alix and LC3b-II and IL-36γ 
cargo. Representative of 3 experiments. mw: molecular weight, EVs: extracel-
lular vesicles. 

Fig. 4. Intracellular LC3b-II+ organelles track with IL-36γ 
during subcellular fractionation after poly(I:C) stimulation 
and induction of autophagy via rapamycin induces formation 
of LC3b-II+/IL-36γ+ organelles. (a) Western blot of homoge-
nates from HFKs stimulated for 24-h with poly(I:C) or flagellin 
and fractionated by density gradient centrifugation probing 
for EV markers Alix, TSG101, LC3b-II and IL-36γ cargo. 
Representative of 3 experiments. (b) Western blot of density 
gradient fractionated HFK homogenates 48 h after flagellin +
vehicle control and flagellin + rapamycin co-stimulation 
probing for EV markers Alix, LC3b-II and IL-36γ cargo. 
Representative of 3 experiments. Fractionation was performed 
with equivalent masses of homogenates and blots were probed 
and visualized in parallel with equal exposures for compari-
son. (c) Western blot of total EV pellets derived from condi-
tioned medium from flagellin + vehicle control or flagellin +
rapamycin co-stimulation rapamycin and flagellin co- 
stimulated HFKs. (d) Quantification of EV associated LC3b-II 
and IL-36γ during rapamycin and flagellin co-stimulation. 
Intensity was normalized to Alix and expressed as fold 
change relative to DMSO controls. Bars represent mean ± SD 
of 3 experiments. mw: molecular weight, EV: extracellular 
vesicles, veh: vehicle control.   

C.J. Papayannakos et al.                                                                                                                                                                                                                      



Cellular Signalling 83 (2021) 109994

7

secreted in this manner has any impact on keratinocytes and sur-
rounding APCs is currently unknown. Flagellin-EVs clearly induced 
significantly different responses in our iLC model compared to control- 
EVs, without major changes to EV size distribution, marker levels or 
density, indicating that these functional effects may stem from either 

more subtle alterations in the EV structures or the cargos they contain. 
Furthering our understanding of how EVs contribute to innate immune 
responses at epithelial surfaces will work toward completing the picture 
of cellular communication. 

Fig. 5. Extracellular vesicles derived from poly(I:C)- and 
flagellin-stimulated human keratinocytes induce divergent 
cytokine/chemokine profiles in monocyte-derived Langerhans 
cells. Monocyte derived Langerhans cells (iLCs) were incu-
bated with EVs from keratinocytes stimulated with poly(I:C) 
or flagellin or EVs from unstimulated keratinocytes. Cytokine/ 
chemokine transcripts were measured using RT2 qPCR profiler 
arrays (Qiagen). a-c) Volcano plots for the linearized change 
in cytokine/chemokine transcripts in iLCs, comparing a) 
unstimulated EVs vs. untreated iLCs without EVs; b) poly(I:C)- 
EVs vs. control-EVs; c) flagellin-EVs vs. control-EVs. Genes 
falling above the horizontal axis reached significance (p <
0.05) according to Students’ t-tests. Labeled genes represent 
those expressed at meaningful levels. d) Relative levels of 
cytokines/chemokines whose mean expression was signifi-
cantly altered when iLCs were incubated with EVs from TLR3- 
and TLR5-stimulated keratinocytes, compared to EVs from 
unstimulated keratinocytes. e) Induction of PTGS2 (COX-2) in 
iLCs by HFK derived EVs as measured by qRT-PCR. Bars 
represent mean fold change ± SD in transcriptional levels of 
monocyte derived iLCs from 3 healthy donors, expressed 
relative to GAPDH, *p < 0.05 with Student’s t-test. EVs: 
extracellular vesicles, TNF: Tumor Necrosis Factor, IL7: 
Interleukin-7, IL16: Interleukin-16, CXCL16: C-X-C Motif 
Chemokine Ligand 16, BMP6: Bone Morphogenetic Protein 6, 
CCL3: C–C Motif Chemokine Ligand 3, CXCL8: C-X-C Motif 
Chemokine Ligand 8, VEGFA: Vascular Endothelial Growth 
Factor A.   

Table 1 
Effects of EVs from TLR-stimulated HFKs on immune regulatory gene transcripts in Langerhans Cells.  

Gene Fold 
Change 

p- 
value 

Functions in Epithelial Tissues 

poly(I:C)-EVs 
BMP6 6.09 0.001 Suppresses proliferation and induces terminal differentiation in keratinocytes (KCs) [33–35]. Regulates genes similar to those induced by 

interferon [36].  

flagellin-EVs 
CXCL8 24.19 0.005 Strongly chemotactic for and activates neutrophils [37–40]. Secreted by flagellin-stimulated monocytes, T-cells and KCs [41–43]. 
PTGS2 9.00 0.020 Synthesis of a broad collection of bioactive prostaglandins [44]. Products of COX-2 enzyme have diverse effects on immunocytes that are largely 

context dependent [45,46]. 
VEGFA 3.52 0.018 Wound healing and angiogenesis [47]. Increases vascular permeability [48]. 

Gene transcripts significantly altered in iLCs by poly(I:C)- or flagellin-stimulated HFK derived EVs compared to control-HFK EVs. Transcripts were measured using 
probe-based qPCR and normalized to GAPDH. p-values were calculated by two-tailed, paired, Student’s t-test. BMP6: Bone Morphogenetic Protein 6; CXCL8: C-X-C 
Motif Chemokine Ligand 8; PTGS2: Prostaglandin-endoperoxide synthase 2; VEGFA: Vascular Endothelial Growth Factor; KC: keratinocytes. 
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5. Conclusions 

From this work, we have found that: 1) Normal keratinocytes 
respond to pathogen associated molecular patterns by altering the 
biogenesis and release of extracellular vesicles containing selective 
signaling molecules, including the cytokine IL-36γ, 2) Poly(I:C) stimu-
lation leads to the release of a sub-population of EVs, likely derived from 
the autophagosome, and 3) EVs from poly(I:C) and flagellin-stimulated 
keratinocytes lead to significant, divergent transcriptional cytokine 
profiles in antigen presenting cells. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cellsig.2021.109994. 
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