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miR-155 targets PEL1 in human primary cells
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ABSTRACT

Programmed death ligarid (PD-L1) is a
critical regulator of T cell functiogontributingto
peripheral immune tolerancAlthough it has been
shown that posttranscriptional regulatory [INTRODUCTION

mechanisms control RD1 expression in cancer, Lymphatic endothelial cell{LECs) line

it remains unknown whether such regulatory loopshe vessels of darge network that regulate the
operatealso in nortransformed cells. Here we traffic of immune cells and antigen to lymph
studed PD-L1 expression in human dermal nodes, which orchestratthe adaptive immune
lymphatic endothelial cells (HDLECs), which play response[1]. The constant interaction between

induced regulatory loop controlling PD-L1
expressionn primary cells.

key roles inimmunity and cancerTreatment of
HDLECs with the preinflammatory cytokines
IFN-" and TNF! synergistically upregulatePD-
L1 expressionIFN-" and TNF! also affected

lymphatic vesseland the immune system enables
the lymphatic system teene as a important
conduit ininflammation,infection, wound healing
and cancer.The inflammatory response can be

expression of several microRNAs (miRNAs) thatregulated by the expression of inhibitory immune

have the potential to suppress -BD expression.
The most highly upregulateaniRNA following
IFN-" and TNF! treatment in HDLECsvasmiR-

checkpoint proteins such as progranmed cell
death proteirll (PD-1) and its ligand PE.1 which
act to suppressT cell activation and induce

155, which has a central role in the immuneperipheral tolerance [2]. Recently, immune

system and cancefdnduction of miR155 was
driven by TNF!, the effect of which was
significantly enhanced by IFN The PBL1 30
UTR contains two functional miR55 binding
sites Endogenous miRL55 contrdled the kinetics
and maximal levels of PID1 induction upon IFN
" and TNF! treatment. We obtained similar
findings in dermal fibroblastsdemonstrating that
the IFN-"/TNF-! /miR-155/PDL1 pathway is not
restricted to HDLECs. These results reveal mi

restoration through PID1 blockade has shown
remarkable efficacyand improvement in the
treatment of solid cancef8,4]. PD-L1 is widely
expressed onmmune cells including T cells, B
cells macrophagesand dendritic cells (DCs)
Interestingly,expresson of PD-L1 hasalso ben
detected in murine LECs and can facilitate
deletional or dysfunctional toleranad CD8 T
cells [5E8]. However, little is known about the

rregulation of PDL1 under an inflammatory

155 as a critical component of an inflammation environmat in endothelial cells Interferon

(IFN-") and tumor necrosis factbr (TNF-! ) are

Copyright 2017 by The American Society for Biochemistry and Molecular Biology, Inc.

L1082/ A3qUaa0RNIOODEIR/HEO\A ISSIIAMINTEE/B10°00[ Mw/:d1yuo. papeojumoq


http://www.jbc.org/cgi/doi/10.1074/jbc.M117.809053
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/

miR-155 targets PEL1 in human primary cells

key inducers oPD-L1 expressiof9bl1]. Of note, dermal fibroblasts (HDFs), indicating that the
the 3@untranslated region (UTR)s a crucial IFN-"/TNF-! /miR-155/PDL1 regulatory loop is
determinant ofPD-L1 expressionWhole genome not restricted to HDLECsThese resultsuggest
sequencing in adult patients with T cellthat during physiological immune activation of
leukemia/lymphomaor B cell Iymphomarev~ealed HDLECs, IFN" and TNF! synergize to induce
structural variations that disrupted thelBIR of PD-L1 expression and concurrently activate
the PD-L1 gene [12]. These variations led to miRNA networks that suppress ALl expression,
truncation of the3QUTR resulting in elevated presumably to avoid prolonged immune

MRNA levels of PBL1. A mouse tumor model suppression. Overall, our study releedow the
with CRISPRCas9 deletion of the 30TR HDLEC small RNA |andscape respmdto
confirmed an increase inPD-L1 expression jnflammation and providesnew insight into
compared to wiltype which could be posttranscriptional regulation of Pl in human
synergistically upregulated with IFNstimulation  primary cells

[12]. This is thought to be at least partly due to the

activity of miRNAs, which are small (2624 nt), RESULTS

highly conserved, singlestranded nottoding PD-L1 is expressed in LECs and can be
RNAs that regulate gene expression at the synergistically induced by IFN/ and TNF".N
podtranscriptional levelmiRNAs regulate a wide Human macrovascularendothelial cellsbecome
range of developmental armkllular processes in_activated by pro-inflammatory cytokinesIFN-"
eukaryotic organisms by directly binding to the 303nd  TNF!  and display increased PD-L1

UTRs of target mRNAs to repress proteingypressiorjs,22]. However, the expression profile
expression[13]. miRNAs are dysregulatedn  of pp.|1 jn HDLECS has not been validateeD-
diseasand can be used the clinic as biomarkers | 1 expression was measuratbasal levelsaindat
throughdetection in biological fluid§l4]. Studies ifferent timepoints following IFN-" and TNF!

_have demon;trated_ miRNAs in the _regulation OGtimulation.PD-L1 expression was induced after 4
mflammatlon includingmiR-146a/b, m|R15.5 and 1 of stimulation and this upregulation was
MIR-132 [15618]. In parallel, several miRNAS . easedurtherby 24 h (Figs. 1A and 1B)FN-!
including miR-200, miR34a and miRL38, have g canaple of activatingothsignal transducer and
been found to be downregulated in cancer cells g yator of transcription 1 and 3 (STAT1/3). Both

allow PDL1 expression[19ER1]. However, it gTAT] and STAT3 have been shown to contribute
remains unknown whether miRNAs contrlbutetowards increased RDL expression[23,24] In

towards PBL1 regulation in human primary cells |5 Ecs thosphorylation of STATL at the

responding to inflammatory stimuli. _activating tyrosine residue (Y701) correlated with
_ Here we showthatPD-L1 is expressed in he increase of PD1 whereasthe kinetics of
primary human dermal LEGHDLECs)andIFN- gTAT3 activation weretransient but remained
and TNF! act synergisticallyto induce PEL1  j 4 ced Two protein bands were observed for
expressiorin these cedl. Using this cellular model pp |1 (around 4650 kDa) Transfection of small
of inducible PDL_l expression_wajis_tinguisha interfering  RNA (siRNA) targeting PBL1
number of potential P 1-targeting miRNAs. We  gpolished detection of both ban@ipplemental
identify dlfferentlally regL_JIated MiRNAs upon Fig. SLA). PD-L1 is predicted to havep to four
IFN-"and TNF! stimulation of HDLECs and N.jinked glycosylation sites.De-glycosylation
show thatmiR-155is themost highly upregulated treatmentied to total disappearance of both bands
miRNA. Furthermore we show that there andt and a newband appearing at 33 kDa, which is the
functionalmiR-155 binding site®nthe3GUTR of expected moleculaweight of unmodified PD-L1
PD-L1. Mutation of both of these binding sites (supplemental Fig. S1B). Consistently with
results in deepression of a reporteunder the jnduction of the JAK/STAT pathway we showed
control of the PD-L1 3QUTR. Consistent with that PD-L1 mRNA levels wereupregulated in
these findings miR-155 overexpression or activated HDLECSIFN-" treatment resulted in a

inhibition results in suppression enhancement of tanfold induction of PBL1 MRNA levels a4 h
PD-L1 protein expresen, respectively. Similar posttreatment (Fig. 1C). The effect was
effects can also be observed pnimary human
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significantly elevated by concurrent addition of RNAs and analyzed on an lllumina MiSeq
TNF-! , although addition of TNF alone did not Sequencing detected small nuclear RNAs
significantly affect PDL1 mRNA levels, (SnRNAs), small nucleolar RNA¢snoRNAs) and
demonstrating thathe effect of stimulating with miRNAs (Fig. 2A). More specifically 48 miRNAs
both cytokines was symgistic. Smilarly, were identified to bedifferentially regulated by
increasingthe concentration ofFN-" stimulation IFN-" and TNF-! (adjustedp < 0.1) (Fig. 2B).
led to upregulation of PID1 mRNA, which was Levels ofupregulated and downregulated miRNAs
further augmentedn combination with TNF-! were further assessdry qRT-PCR (Fig. 2C). We
(supplemental Fig. S1C). Expression of found that IFN-" and TNF-! resulted in
interleukinl" (IL-1") mRNA, a downstream upregulaion of miR-1555p, miR-44853p, miR
target of TNF-! signaling through the NEB  2185p and miR146a5p and downregulein of
pathway was upregulated in aimilar synergisc ~ MiR-5825p, miR5823p, mMiR93-5p, MiR217
mannerbetweenlFN-" and TNF! (supplemental and miR125b5p (supplementalTables S1 and
Fig. SLD). PD-L1 mRNA was measuredat 8 h  S2. Gene ontology analysisising the miRNA
where it was strongly induceshd remained at the enrichment analysis and annotation todR5]
same level @24 h consistent with the cumulative indicated tlat predicted targets of these
increase inPD-L1 protein levek (aipplemental differentially regulatedmiRNAs were associated
Fig. SLE). Although, TNF-! stimulation alone with _cytokinemediated signaling and regulation
induced a minor increase in ACL MRNA levels  Of inflammatory response (Fig. 2D and
protein expression of PD1 did not change SuPplementalables3). o _
compared to untreatedFig. 1D). However, miR155 is synergistically induced by
addition of TNF-! to IFN-"-treated cells enhanced IFN-/and TNF” in HDLECS$\ We compared

surface PEL1 expression (Fig. 1E), whilst having détected miRNAs fromsmall RNA sequencing

minimal effects on total PR1 protein levels in With miRNAs predicted to target the -BOR of

comparison to treatment with IFNalone (Fig. PD-L1 usingTargetScan softwarg26] (Fig. 3A).
1D). This indicated that, in IFN-treated 49 detected miRNAsn basalor inflamed LECs

HDLECs, TNF! can affect PEL1 localization also had predictgd bind?ng sitesfor PD-L1.
and mRNA levels (Fig. 1C). The effects of IFN Amongst these mMIRNASnIR-1555p (referredto

. iR-155 highly abund d st I
and TNF! on PDL1 expression were also as m ) was highly abundanand strongly

q ined by i . inducedby IFN-" and TNF! (Fig. 3B). As ather
eter_mlne y immunofiuorescence. -ED was highly induced miRNAsverelowly expressedve
localized at the cell membrane and throughout th

ronl 4 its levels i d_followi focused on miR55  as a potential
cytoplasm —and Its “1evels increased - 1o OWIngposttranscriptional regulator of PIOL expression
stimulation with the ciokines (Fig. 1F).Taken

together. thee dataindicatedth i th ¢ in inflamed LECs.We dissected how miR55
ogether, thsedataindicatedtnat as in the case o responded to IFN and TNF! and found that

macrovascular endothelial cells,PD-L1 . ; .

. X S ¥ TNF-! was the primary induce (Fig. 3C).
ducible at the t t | leveh HDLEC . .

inducible at the transcriptiona’ 1eve S Although IFN-" alone did not affect miR55

responding to inflammatory stimuli i L
Small RNA sequenciraf IFN-/ and TNF levels in HDLECS, it significantly enhanced the

. . . I i i
"_stimulated LECs reveal inflammation effect of TNR! on miR155 expression.

responsive mIRNAsHaving shown thatPD-L1 is StimlllJIat_ing ceII_swith_ increa_singconcentration of
inducible in HDLECsresponding to inflammatory !FN' In qonjunctlon V\_"th TNF-I furthgr
stimuli, we reasoned that thisas an appropriate ncreased miRL5S express!ons(lpplementzla}l Fig.
cellular modelfor identifying posttranscriptional S2A)- Upregulation of miRL5S by IFN-" and
PD-L1 regulatorsduring inflammatory responses 'NF-! wasobserved at 8 h and dimued to rise

of primary human cellsTo this aim and as the remaining at high levels aftd8 h (Fig. 3D).

small RNA transcriptomeof IFN-" and TNF! miR-155 regulates PEL1 expression after
treated HDLECs hachot been determined, ev FN-/and TNF" stimulatiolN We found two
analyzed small nogoding RNAs in HDLECs potentialmiR-155 binding sites on theGQUTR of
stimulated with or withoutFN-" and TNF! for  PD-L1 (Fig. 4A) that are conserved in human and

24 h Collected RNA wereenriched for small mice. To determine direct regulation of AL by
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miR-155, luciferase reporter assays were
performedwith mutagenesis of mi®55 binding
sites. Wild-type, single or doubleanutated miR
155 bindng siteswere co-transfected with miR
155 mimicsin HelLa cells (Fig. 4B)Mutating the
first miR-155 binding site(Site 1) in PBL1 30
UTR led to a significant increase ituciferase
reporter activitycompared towild-type 3QUTR,
and the effect was more profoumdter mutating
both miR-155 hinding sites (Fig. 4B) Constructs
containing the PU 3@UTR, a previously
validated miR-155 target[27], were used as
controlsfor these assaydext, we overexpressl
miR-155 by transfecting miR55 mimics into
HDLECs (supplemental Fig. ).
Overexpression of miR55 resuled in significant
downregulation o24 h IFN" and TNF! -induced
PD-L1 expression (Figs. 4C and DBSTAT1
expressionand phosphorylation of STATWere
significantly increasedFigs. 4C andsupplemental
Fig. S3B) PD-L1 mRNA levelswere consistently
increased from overexpreesi of miR-155 (Fig.
4E).

Next, wetested whetheendogenousniR-
155 could suppress RD1 expression Inhibition
of miR-155 resuked in significant upregulation of
IFN-"and TNF! -induced PD-L1 expression
(Figs.5A andB). Suppressor of cytokine signaling
1 (SOCSL1) a published target of miR55 [28,29]
was noticeably increased after inhibition of miR
155 (Fig. 5A), althoughthere was no changgon
overexpression of miR55 (Fig. 4C) Expression
of STAT1 was increased imFN-"and TNF! -
stimulated cellsand decreased in untreatexzblls
but resulted overall in no change in
phosphorylatiorof STAT1 relative to total STAT1
(Figs.5A andsupplemental FigS4A). There was
no change in the fold induction of AL MRNA
after IFN-" and TNF! stimulation compared to
control (Fig. 5C). To determine the effeaif miR-
155 on PDL1 expression over time we
introducedan earier (8 h)and late (48 h) time-
point for IFN-" and TNF! stimulation(Figs. 5D,
E andsupplemental FigS4B). Expressionof PD-
L1 at all three timegointswas increasetbllowing
inhibition of miR-155 compared to control. This
demonstratethatlack of miR-155 could affect the
onset and maximum levels &D-L1 expression
upon IFN" and TNF! treatment.Inhibition of
miR-155 also resulted in the increasegpression

miR-155 targets PEL1 in human primary cells

of SOCS1 and STAT1 that were consistently
reproducible at the 24 h timmoint, and also of
STAT3. To determinewhether miR155 targeting
of PD-L1 could occur ina different cell type we
tested our model in primary human dermal
fibroblasts (HDFs). PD-L1 was undetectableat
basal levels irHDFs (Fig. 6A and B) However,
we foundPD-L1 to be inducible, along with_-1$
and miR155 in dmilar synergistic activation
following IFN-" and TNF! stimulation(Figs.6A-

C andsupplemental . S5A). In treated HDFs,
miR-155 was upregulated within 8h of
stimulation, reaching its peak levels by R4Fig.
6D). Overexpression omiR-155 resulted inPD-
L1 downregulation in activatetHDFs (Fig. 6E)
without a statistically significant effect on ALl
mMmRNA (Fig. 6F) Convesely, nhibition of mR-
155 led to increase of RD1 expressior(Fig. 6G)
miR-155 inhibition did not result in a statistically
significant effect on PBL1 mRNA under these
conditions (Fig.6H). These results indicate that
miR-155mediated suppression of ALl is not
specific to HDLECs and could be observed in
other dermal primary cells responding to
inflammatory stimuli

DISCUSSION

We reveal thatin addition to promoting
PD-L1 expression TNEF and IFN" concurrently
lead to induction of PHR.1-targeting miRNAs
during a physiological immune respon@eég. 7).
We identify miR155 as a critical
posttranscriptional PI1 regulator that limits
maximal levels of PEL1 expressionin dermal
cells responding to inflammation, but also the
kinetics of the PEL1 induction.Despite its central
role in immune responses, there is only one study
investigating posttranscriptional regulation of PD
L1 in noncancer cellsmiR-513 is dowrregulated
in a STATkdependent manner itFN-"-treated
human biliary epithelial cells[30]. This is
reminiscent of suppression of RIl-targeting
miRNAs in cancer cells to allow RDL
expression19ER1]. In contrast our results reveal
that inflammatiorinduced miRNAs are crucial
components ofregulatory loops, which control
PD-L1 expression to avoid excessive or prolonged
PD-L1-mediated immunosuppression.

It is of note that miRL55 a
multifunctional modulator of inflammation, innate
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and adaptive immunity, suppresses PD1 enhaced STAT1 phosphorylation in macrophages
expressionmiR-155mediated silencing of PD1  [29], miR-155deficient CD8 T cells display
in HDLECs and HDFs wereconsistently observed enhanced levels of STAT1 phosphorylati@i2].

at the protein but noat the mRNA level. This We observed that inhibition of miR55 increaed
might be explained by amcurrent miR155  SOCS1 expressioralthough overexpression of
mediated regulation of other genes affecting levelsiR-155 did not affect SOCS1 levals HDLECs

of PDL1 mRNA (e.g. components of the Moreover, we found no increase in STAT3 after
JAK/STAT pathway) or by miRL55 primarily miR-155 overexpression but rather an increase in
blocking PBL1 translation rather than causing phospheSTAT3 at 8h after inhibiting miR155.
PD-L1 mRNA degradationmiR-155 isinvolved Additionally, we found that overexpression and
in developmenand function of T, Band myeloid inhibition of miR-155 both increased the levels of
cells [27,31,32] Transcribed from a highly STAT1 indicating the existence of degependent
conserved noftoding Bcell integration cluster effects in agreement with previous reports
(BIC) on chromosome 21, miR55 is expressed in [42,43] Based orthe above, w@ropose that miR
myeloid and lymphoid cell§32]. In several types 155 affects the JAK/STAT pathwaythrough

of cancer, miRL55 is often abnormally expressed multiple mechanismdikely in a cell typespecific
and associated with poor prognosis. As such,-miRmanner. Nevertheless, hie observed effects of
155 is regarded as an oncogemidkNA in B cell miR-155 mimics and inhibitors on RDL protein
lymphoma and several solid tumors, includingexpression in combination with the direct binding
breast, lung and colorf33E85]. miR-155 is of the miRNA to the PEL1 3QUTR, demonstrate
characterized as a primary component of thehat direct targeting of PID1 by miR-155 is a
inflammatory response whereby a broad range ofrucial component of the cytokine receptor
inflammatory mediators including bacterial (IFNGR or TNFR)/JAK/STAT/SOCS1/miR
lipopolysaccharide (LPS), poly I:C and TNF 155/PDL1 network.

activate miR155 in  human and mice Overall, ar study providesa novel
[16,17,36,37] Interestingly, stimulation from IFN  perspective omthe posttranscriptional regulation of
$ and IFN-" also activate miR55 and this was PD-L1 during inflammationWe reveal a number
found to be dependent on TNF receptor type Pf potentially PDL1-targeting miRNAs as
(TNFR1) and JNK signaling [16]Furthermore, responsive toinflammatory challenge. These
the JAK-STAT pathway is involved in include miR-155 which plays aprimary role in
upregulation oflFN-" and TNF-! -induced miR  inflammationandcan be induced by a broad range

155 expression in human retinal pigment epithelialof inflammatory mediators Concomitantly we
cells [38]. Our findings indicate that TN, a  Show thatPD-L1 is induced upon inflammation
cytokine that is up to nowassociated with and contributes towardsnmune suppressiofin

posttranslational PR1 stabilization[11], drives HDLECs expanding previous findings in

induction of miR155 which suppress PD-L1 ~ Mmacrovascular  endothelial  cells [5,22]
expression. Furthermore w show thain dermal vascular and

The interaction betweemiR-155 and PD stromal cells,miR-155 acts to suppress Rl

L1 revealsthe existence of a complaegulatory induction to finetune the immune respse.As

network.SOCS1 a negative feedback regulator of MR-155 isexpressed by a variety of immune cells
IFN-"/STAT signaling which inhibits JAK and frequently overexpressed ircancer we

tyrosine kinase activityhas been shown to be a ProPose that our findings have broad implications
direct target of miR-155 in human and foe in our understanding of RD1 expression in a

[28,29,38%1]. In some casesniR-155 expression variety of physiological and disease contexts.
is inversely correlated with SOCSas shownin
breast cancd39]. Overexpressionf miR-155 has .
been shown to decrease SOCS1 andcirase Cell culture and reagenitéPrimary

phosphorylation levels of JAK2 anghosphe human dermal Iymphatic endothelial cells
STAT3  [39P41]. Interestingly ~ miR-155 (HDLEC) were purchased from Promocell and

suppresses expression of SOCS1 leading t8/°WN in endothelial cell growth media MV
(Promocell) supplemented  with  vascular

EXPERIMENTAL PROCEDU RES
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endothelial growth factor C (VEGE) (R&D)
[18]. All experiments with HDLEC were
performed at passage Primary human dermal
fibroblasts HDFs) were grown in DMEM
supplemented with 10% FC$% L-glutamine and
1% pen/strep Human recombinantiFN-! was
obtained from Peprotechand TNF! was
purchasedrom R&D.

RNA interference andniRNA inhibitors
and mimic8l Cells were seeded in6-well plates
one day before transfectiomith miRIDIAN hsa
MiR-1555p mimic (25 nM), hsamiR-1555p
hairpin inhibitor (50-100 nM (GE Dharmacon)
based on the mature hedR-1555p sequence
(5QUUAAUGCUAAUCGUGAUAGGGGU-30
or siRNAs targeting PBL1 (50 nM, On
TargePlus Smartpool, GE Dharmacon) using
TranslT-siQuest transfectioneagent(Mirus Bio).
All experiments utilized respective negative
controls GE Dharmacon)48 h posttransfection
cells were stimulated with-N-! andTNF-# for 24
h andharvesed for experimental analysis

RNA isolation and gRPCRN Total RNA

miR-155 targets PEL1 in human primary cells

sequenced usinglumina MiSeq (pair ended, 75
bp, MiSeq v3) Sequencing reads were examined
for quality and mapped against all annotated
human matureand precursor miRNA segnees
(miRBase versio 21.0) Residual adapter
sequences and indexes were removed with
Cutadapt (version 1.8.3), in pairedd mode, first
trimming any lowquality ends with a cutoff of
Q10 ¢g 10), then removing flanking Ns-{rim-n)

and any reads with >20% Nsrhaxn 0.2).Reads
were quality trimmed with Sickle (version 1.330),
with a cutoff of >Q204g 20), and truncating at the
position of the first N {n). Reads were mapped
with Bowtie (version 1.0.1) with a seed length of
15 (¢l 15), a maximum total quality score at
mismatched positions of 99999-e( 99999),
reporting all valid alignments per read or read pair
(-a) and the-best option to pick the best reported
alignments. Reads were mapped separately for
merged reads and a concatenated file of unmerged
forward and revese reads. Reads were counted
using Subread featureCounts (version 1Bl
with a minimum fragment length of 5d( 5).

was isolated using the miRNeasy Kit (Qiagen)Reads were counted against all features in the

PD-L1 and IL-1" mRNA expression were
guantified by gRTPCR using SYBR Green
Master Mix (Applied Biosystems).-actin was
monitored as a housekeeping reference géhe:
following primers were used at a final
concentration of 300 nM PD-L1 (F) 50-
CATCTTATTATGCCTTGGTGTAGCA30; (R)
506GATTACGTCTCCTCCAAATGTG30; Ik
1" (F): 5AGGATGAC-
TTGTTCTTTGAAGCTGA-30; (R): 50
TGCCTGAAGCCCTTGCTG30; "-actin (F) 50-
CACCATTGGCAATGAGCGGTTG3) (R) 50-
AGGTCTTTGCGGATGTCCACGT3O0.
Commercially available primers (Applied
Biosystems) were used to assess matuif@NA
levels andhe loading control UBNRNA Relative

HsGRCh38 GFF file as well as against features
from mirBASE release 21. Counts for themped
merged reads were doubled and then added to the
counts for the mapped unmerged reads. Duplicate
features, i.e. those with identical numbers of
mapped reads across all samples and identical
lengths, were reoved RPKMs (reads per
kilobase transcriptgr million mapped reads) were
calculated and then logfansformed and 75th
percentileshifted. Reads mapping to protein
coding or pseudogenes were presumed to
correspond to degraded RNA and were excluded,
from descriptive analyses of data (Fig. 2A&)pr
each feature across all of the samples the baseline
was set to the median value (i.e. the median
subtracted from all of the values for that feature)

gene expression was calculated by the comparative two-tailed t test and FDR -palue correction

CT method

Small RNA sequencifgRNA were

isolated and enriched for small RNA using thewith

PureLink miRNA isolation kit (Ambion). RNA

integrity was assessed using the Agileit00

Bioanalyzer (Agilent TechnologiesSequencing
libraries were generated ngi NEBNext Multiplex
Small RNA Library Prep Set for lllumindSet 1)
(New England Biolahs according to the
manufacturerOs instructions Samples  were

6

were used tassess statistical significance
Westernblot analysifl Cells were lysed
ice-cold radioimmunoprecipitation assay
(RIPA) buffer (5 mM EDTA, 150 mM NaCl, 10
nM Tris HCI pH 7.2, 0.1% SDS, 0.1% Triton- X
100 and 1% sodium deoxycholate€pntaining
protease cocktail inhibitors P8340, P5726 and
PO04 (Sigma). Protein concentration was
determined by Bicinchoninic acid assay (BCA)
(Thermo  Scientific) according to  the
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manufacturé® protoco] using BSAas standards were performed in HelLa cells transfected with
Protein sampleswere denatured and resolved on hsamiR-1555p mimic (50 nM) and PBEL1 or
SDSPAGE gelsusing a BieRad PowerPac HC PU.1 3QUTR constructsfor 48 h using JetPrime
and transferred onto PVDF membranes reagent Samples wereassayed with the Dual
(Millipore). Membraneswere probedovernight at  Luciferase reporter assay system kit (Proméga)
4;C (1:1000)for the following primary antibodies Firefly and Renilla luciferase activitiesand
to PD-L1 (E1L3N), SOCS1 (Al1l56) STAT1 measired on a PerkiElmer Wallac Victor2 1420
(9172) P-STAT1 Tyr 701 (D4A7), STAT3 multi-label counter
(9132), P-STAT3 Tyr 705 (D3A% all from Cell Flow cytometril Cells were incubated
Signaling and for 1 h at room temperature forwith ant-PD-L1 (5H1, kindly provided by Dr.
GAPDH (6C5) and"-actin (ab6276)both from Lieping ChenOs laboratory, Yale University, JSA
Abcam. Membranes were further incubated withand visualized with Brilliant Violet 421
horseradish peroxidase (HR&)njugated (BioLegend) on a BD LSR Fortessa(BD
secondary antibodies andisualized with ECL  Biosciences)using FACS DIVA software Final
(GE Healthcare)Band intensitywas quantified analysis was done using FlowJo V10 (Tree Star).
using ImageJ v1.50@NIH, Bethesda, Maryland). MicroscopW Cells were culturedin 35
PNGase F treatmeRtPeptide: N mm glassbottom dishes with a 14 mm microwell
glycosidase F (PNGase F) was acquired from NeyMatTek). After48 h, cells were stimulated with
England BiolabgP0704) PNGasd- was addedo IFN-! or in combinationwith TNF# for 24 h
denatured mtein lysates according to the Cells were fixed in 4% paraformaldehyde and
manufacturerOs  protocoland  subsequently permeabilzed with 0.5% Triton %100. Samples
analyzedoy western blot. were incubatedovernightat 4;C with anti-PD-L1
Luciferase assay$PD-L1 3QUTR were (5H1) followed by goat antinouse secondary
amplified from HelLa and subcloned into theAlexa Fluor 488(Thermo Scientific) andDAPI
psiCheck2vector usingXhol and Pmel enzymes. was used to stain the nucleuBnages were
Mutations were introduced at the PDL 3QUTR  acquiredwith Zeiss Zen softwareising a Zeiss
at the miR155 binding site %itel: 50 LSM 880 on a40X oil immersion objective lens.
AGCAUUA-3Gt0 5UCUACAG-3Cand Site250 Statistical analysi§ Experimental results
GCAUUAA-30to 5QUCUACAG-3® using Q5 are presented as mean $.D. The specific
site-directed mutagenesis kit (NEB) and confirmedstatistical tests are mentioned in the figure legen
by DNA sequencingThe PU1 3GUTR constructs ~Statistical analysis and graphs were made using
were described previouslj27]. Luciferase assays GraphPad Prism 6 (GraphPad Software).
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FIGURE LEGENDS

FIGURE 1. PD-L1 is expressed in LECs and can be synergistidatlyced by IFN" and TNF! . (A)
Western blot analysis following a tireourse oflFN-" and TNF! -stimulation in HDLECs. (B) Western
blot quantification of PEL1 expression from Fig. 1A in untreated dfdN-" and TNF! -treated samples,
relative to$-actin. (C) PBL1 mRNA levels meased by gqRFPCR after stimulation (24 h) and norma
ized to untreated (UT). i@way analysis of variance (ANOVA) was calculatedtwitukeyOs multiple
comparisons test. 1< 0.01 and ****p < 0.0001. (D) Protein expression following titratiof IFN-"
stimulaton (24 h) with or withoufTNF-! . (E) Flow cytometric analysis showing ALl surface expre
sion (median fluorescence intensity) after stiniata(24 h) with IFN" alone (blue), ofFN-" with TNF

I (orange).(F) Immunofluorescence microscopy showing-BD (Alexa Fluor 488) in HDLECs after
stimulation (24 h) with IFN', or in combination withfTNF-! . Cells were permeabilized prior to staining.
DAPI is shown to mark the nucleus. Scale bar 150

FIGURE 2. Small RNA sequencing of IFNand TNF! -stimulated LEs reveal inflammation
responsive miRNAS(A) Percentage distribution of sequencing results fronLBOs, showing the total
number of hits after a threshold to filter lowdxpressed genes was applie8@=RPKM). (B) Heat map
showing fold change in expression of 48 miRNAs ralffdN-" and TNF! -stimulation (24 h) in HDLECs
(adjustedb < 0.1). Row Zscore represents standard deviations from the nmear8 independent samples
performed in triplicate. (C) Malation of selectedFN-" and TNF! -regulated miRNAs targets by gRT
PCR. Statistical analysis by unpaired Studentést,t*®p < 0.05, n = 3 independent samples. (D) Gene
ontology analysis of 48-N-" and TNF! -regulated miRNAs.

FIGURE 3. miR-155 is syngistically induced by IFN' and TNF! . (A) Representing the overlap

between the total number of detected miRNAs in HDLECs from |dRié\-sequencing and number of
mMiRNAs predicted to target RD1 (TargetScan). (B) Comparison of the 49 miRNAsed&d in LECs
and predicted to target POL between average expression (loBPKM) and change in fold expression
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after 24 hIFN-" and TNF! -stimulation (log). (C) Levels of miR155 were measured by qFACR after
stimulation (24 h) witHFN-", TNF-! or both, normbzed to untreatedStatistical test used was onay
ANOVA using TukeyOs multiple comparisons test, at teast 3 independent samples. (D) Toerse
of miR-155 expression following IFN and TNF! -stimulation (8, 24 and 48 h), normalized to unteelat
(24 h), n = 3 independent sampl&g.< 0.05 and ****p < 0.0001.

FIGURE 4. miR-155 overexpression suppresses-IPDexpression(A) miR-155 has two binding sites
on PDL1 3QUTR as predicted by TargetScan. (B) Relative Reiiltiferase (RLuc) to Firefly luciferase
(FFLuc) activity for PBL1 wild-type (WT) 3@QTR, PD-L1 double mutant 30TR, PDL1 mutant 30
UTR at 13351341 (Sitel) and 25872593 (Site 2), performed in Hela cells transfected with-bR
mimics (48 h).The WT and mutated 3@YR of PU.1, a known miR55 target, was used as control.
Statistical test used was eney ANOVA using TukeyOs multiple comparisons test,3-4 independent
experiments, normalized to naargeting control (NTC). (C) Protein expression daling IFN-" and
TNF-! stimulation (24 h) in HDLECs transfected with miR5 mimics (48 h). (D) Western blot
guantification of PBL1 with miR-155 mimics, n =3 independent experiments, normalized to untreated
(NTC). (E) PBDL1 mRNA expression measured by tfRCRfollowing IFN-" and TNF! stimulation (24
h) in HDLECSs transfected with miR55 mimics (48 h), normalized to untreated (NTC). Statistical(f2
and B was unpaired Student@est.*p < 0.05 and *p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 5. Inhibition of miR-155 results in increased FLL expression after IFNand TNF!
stimulation (A) Protein expression following IFNand TNF! stimulation (24 h) in HDLECs
transfected with miRL55 inhibitors (48 h). (B) Western blot quantification of -BD with miR-155
inhibitors, n = 3 independent experiments, normalizedntreated (NTC). Statistical test was unpaired
StudentOstest. (C) PBL1 mRNA fold-induction following IFN-" and TNF! stimulation (24 h) in
HDLECSs transfected with mi®55 inhibitors (48 h)(D) Protein expression following IFNand TNF!
stimulation (8, 24 and 48 h) in HDLECs transfecteith miR-155 inhibitors (48 h).E) Western blot
guantification of timecourse from Fig. 5D showing expression of-BD after transfection of miL55
inhibitors.

FIGURE 6. miR-155 regulates PI1 in human dermal fibroblast§A) Western blot analysis following
24 h stimulation of HDFs withFN-" and TNF! . (B) PD-L1 mRNA levels measured by qRACR after
stimulation (24 h), normalized to untreateche@vay analysis of variance (ANOVA) was calculatedhwit
TukeyOs multiple comgisons test, *p < 0.01.(C) miR-155 expression measured by gRTR following
stimulation (24 h), normalized to untreat&tatistical test used was omamy ANOVA using TukeyOs
multiple comparisons test. (D) Tirmurse of miR155 expression following IFN and TNF! -
stimulation (8, 24 and 48 h), normalized to uneeda24 h), n = 3 independent sampl@s) Protein
expression following IFN' and TNF! stimulation (24 h) in HDFs transfected with miR5 mimics (48
h). (F) PBL1 mRNA expressiotiollowing IFN-" and TNF! stimulation (24 h) in HDLECs transfected
with miR-155 mimics (48 h). (GProtein expression following IFNand TNF! stimulation (24 h) in
HDFs transfected with mi255 inhibitors. (H) PEL1 mRNA expressiorfollowing IFN-" and TNF!
stimulation (24 h) in HDLECs transfected with miR5 inhibitors (48 h). Western blot quantification of
PD-L1 normalized to IFN' and TNF! treated NTC with standard deviation (E and G).

FIGURE 7. Proposed schematic of miE65mediated regulation of RD1 in primary dermal cells
responding to IFN' and TNF! . IFN-" and TNF! cooperate to induce RDL expression in HDLECs
and HDFs in a synergistic manner. In parallel, thie cytokines lead to induction of miE55, which

suppresses RD1 expression through canonical miRNA/mMRNA targgtiThick arrows indicate the
predominant cytokine driving PD1 or miR-155 expression.
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Figure S1. Specific expression of PIL1 in HDLECs. (A) Western blot analysis following
48 h transfection of siRNA targeting ALL. Cells were stimulated wittFN-! and TNF"
for 4, 8 and24 h after siRNA transfection. (BFN-! and TNF" stimulated lysates were

treated with PNGase F and analyzed by western blot. (C)R{ER showing PEL1 mRNA
expression in cells treated with titrating amount$FMN-! with or withoutTNF-" for 24 h.

(D) gRT-PCR measuring H1# levels following 24 h stimulation. (E) gRPCR showing
time-course of PEL1 mRNA expression in cells treated wiffN-! and TNF" for 8, 24 and
48 h andnormalized to untreated (24.h)
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Figure S2. miR-155 expression increases with IFNl dosage.(A) miR-155 was measured
by qRT-PCR in HDLECs stimulated (24 h) with the combination of TNE&nd increasing
tenfold doses ofFN-!.

Figure S3. miR-155 overexpression affects STATIHDLECs were transfected with miR
155 mimics (48 hjand treated with IFN and TNF" (24 h)(see Fig. 4€E for contex}. (A)
miR-155 levels measured by gRPCR. (B) Western blot quantification of STAT1 and P
STAT1/STAT1. Statistical test was unpaired Studenrtéss. t

Figure $S4. miR-155 inhibition affects induced STAT1 expression but not
phosphorylation. HDLECs were transfected with miES5 inhibitors (48 hand treated with
IFN-I and TNF" (24 h) (A) Western blot quantification of STAT1 andSHAT1/STAT1

(see Fig. 5Afor contex}. Statistical test was unpaired Student@stt (B) Western blot
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guantificationshowing timecourse expression of STAT1 andSHFAT1/STATL1 following
IFN-I and TNF" stimulation for 8, 24 and 48(see Fig 5D)

Figure S5. IFN-! and TNF-" synergistically upregulate IL-1! in fibroblasts. (A) HDFs
were stimulated withFEN-! and TNF" for 24 h and 11! mRNA was measuretly qRT-
PCR.

Table S1 Sequencingdata.

Table S2. Validation of IFN-! and TNF-" -regulated targets. Table showing data from
small RNA sequencing and gRACR (as shown in Fig. 2B and 2C). Values represent
average fold change of miRNA expression followlR§jl-! and TNF" stimulation (24 h) in
HDLECs.

Table S3. miIRNA enrichment analysis and annotation toolrfGiEAA) data.
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