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Type I and type III interferons (IFNs) are crucial components of the first-line antiviral host 
response. While specific receptors for both IFN types exist, intracellular signaling shares 
the same Jak-STAT pathway. Due to its receptor expression, IFN-λ responsiveness is 
restricted mainly to epithelial cells. Here, we display IFN-stimulated gene induction at the 
single cell level to comparatively analyze the activities of both IFN types in intestinal epi-
thelial cells and mini-gut organoids. Initially, we noticed that the response to both types 
of IFNs at low concentrations is based on a single cell decision-making determining 
the total cell intrinsic antiviral activity. We identified histone deacetylase (HDAC) activity 
as a crucial restriction factor controlling the cell frequency of IFN-stimulated gene (ISG) 
induction upon IFN-λ but not IFN-β stimulation. Consistently, HDAC blockade confers 
antiviral activity to an elsewise non-responding subpopulation. Second, in contrast to 
the type I IFN system, polarization of intestinal epithelial cells strongly enhances their 
ability to respond to IFN-λ signaling and raises the kinetics of gene induction. Finally, we 
show that ISG induction in mini-gut organoids by low amounts of IFN is characterized 
by a scattered heterogeneous responsiveness of the epithelial cells and HDAC activity 
fine-tunes exclusively IFN-λ activity. This study provides a comprehensive description of 
the differential response to type I and type III IFNs and demonstrates that cell polarization 
in gut epithelial cells specifically increases IFN-λ activity.

Keywords: epithelial cell line, interferon-lambda, heterogeneous gene expression, cell polarization,  
small intestinal organoids

INTRODUCTION

The innate defense against viral infection in mammals is based on the coordinated action of type I 
and type III interferons (IFNs), which are produced by virus-infected and bystander cells (1–3). IFNs 
induce antiviral mechanisms within virus-infected and uninfected cells and contribute to the adap-
tive immune responses against viral pathogens (4, 5). Both IFN types reprogram gene expression 
through the same signal transduction pathway involving the formation of the ternary ISGF3 com-
plex, composed of STAT1, STAT2, and IRF9 (6). Following nuclear translocation, the ISGF3 complex 
binds to the promoters of IFN-stimulated genes (ISGs) and regulates gene transcription. Thus, type 
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I and type III IFNs induce the expression of a highly overlapping 
set of genes and share biological activities in the affected cells 
(2, 7–10). A major difference between the type I and type III 
IFN-mediated antiviral systems is their engagement of different 
receptor chains. Whereas all type I IFNs utilize a heterodimeric 
receptor complex composed of IFN-αR1 and IFN-αR2 subunits, 
type III IFNs engage the IFN-λR1 (also known as IL28R) and 
IL10R2 receptor chains for signaling (2, 3). This allows a tissue- 
and cell-type-specific response. While the type I IFN receptor is 
found ubiquitously, expression of the IFN-λ receptor is mainly 
restricted to the epithelium of mucosal surfaces and also to a few 
other cell types such as hepatocytes in humans (11). Because most 
pathogens enter the host through mucosal surfaces, the IFN-λ-
based antiviral response is the determining factor to establish the 
first line of defense against invading pathogens (12–14).

Apart from graded responses toward different concentrations 
of external stimuli, cells can adopt a metastable state with respect 
to the initiation of signaling events and show bimodal forms of 
responses. This generates a heterogeneous response within a cell 
population. This heterogeneity is a hallmark of embryonic cells 
and was shown to correlate with cell-specific patterns of transcrip-
tion factor expression and chromatin modifications. While this 
heterogeneity has been extensively studied in stem cells during 
embryonic development (15), bimodal responses toward external 
signals were also found in differentiated cells as exemplified by 
immune responses to PAMPS or cytokines (16–18). Rand et al. 
demonstrated that type I IFNs, in particular at low concentra-
tions, lead to the induction of ISGs and subsequent establishment 
of an antiviral state only in a fraction of cells of a clonal popula-
tion, whereas others do not respond at all (19).

Although the type I and type III receptor complexes induce 
the same Jak-STAT signaling, they are structurally distinct and 
might thus exhibit differences in their signal propagation (20). 
Since the strength and kinetics of gene induction from type I 
and type III IFNs differ, we aimed at comparing signal transduc-
tion and gene activation in a controlled setting. We employed a 
recently established murine intestinal epithelial cell line (IEC) 
(21) and gut stem cell organoids generated from a transgenic 
fluorescent IFN response reporter mouse. Both culture systems 
are responsive to both types of IFNs and show properties such 
as cell polarization and differentiation that reflect critical func-
tional aspects of the gut epithelium in vivo (21, 22). The use of the 
fluorescent reporter allowed us to monitor ISG induction at the 
cellular level and record the heterogeneity of responses to both 
IFNs in real time. Indeed, both types of IFNs installed a bimodal 
distribution of ISG expression within a clonal population. The 
extent of intrinsic heterogeneity was strongly manifested at low 
IFN concentrations and depended for IFN-λ on the cellular 
polarization status. The digital response was based on stochastic 
decisions downstream of STAT1 nuclear translocation, presum-
ably at the transcriptional level within individual cells. Further 
experiments highlighted the importance of histone deacetylase 
(HDAC)-mediated epigenetic modifications during IFN-λ 
but not during type I IFN induction. Our results demonstrate 
significant differences in the response toward type I and type III 
IFNs and identify cell polarization and epigenetic modifications 
as underlying responsible mechanisms.

MATERIALS AND METHODS

Generation of the Bacterial Artificial 
Chromosome (BAC) Mx2tRFP
The BAC clone RP24-71I6 containing the murine Mx2 locus was 
obtained from BACPAC resource center. Homologs recombina-
tion was performed using the bacteriophage λ recombination 
system (23). Thereby, the open reading frame of the murine Mx2 
gene was replaced by a linear fragment containing the amplified 
reporter TurboRFP (Evrogen) followed by an SV40 polyadenyla-
tion signal and an FRT (FLP recognition target) flanked cassette 
harboring a prokaryotic promoter, the PGK-promoter, a gene 
encoding for kanamycin/neomycin phosphotransferase and the 
bovine growth hormone polyadenylation signal. Primers used: 
Mx2Phom+Fluc2: 5′-TTA TAA TAT TCA TTT CCC ACA GAG 
TAC CCA ACT GAG AGA AGA AAT AAA AGA TGG AAG ATG 
CCA AAA ACA TTA AGA-3′ and Mx2Exon14hom+BamHI: 
5′-AAA GAA AAG TGG TTT ATT AAG GAA TGC AAC 
AGG CAG CTC CCA TTT GTA CAC TCA AGG GCA TCG 
GTC GAC GGA TCC-3′. Modified BAC DNA was isolated using 
NucleoBond BAC100 (Macherey-Nagel).

Cell Lines, Virus Infection, and Reagents
The intestinal epithelial cell line IEC-Mx2Luc-10 was generated 
from a transgenic mouse containing the firefly luciferase gene 
under the transcriptional control of the Mx2 promoter region 
as described earlier (21). The cell line IEC Mx2tRFP was estab-
lished by transfecting the BAC Mx2tRFP into IEC-Mx2Luc-10. 
After selection, clones were picked and tested for similarity in 
morphology, barrier formation, and reactivity to type I and type 
III IFNs compared to those of the parental cell line. A repre-
sentative cell clone showing stable expression of the reporter 
and efficient barrier formation indicated by an increase in the 
trans-epithelial electrical resistance (TEER) was selected. IECs 
were stimulated with IFN-β or IFN-λ3 (PBL Assay Science) and 
treated with the HDAC inhibitors valproic acid (VPA) (750 µM, 
Sigma-Aldrich), TSA (2  µM, Sigma-Aldrich), and MS275 
(0.51 or 1.7  µM, Selleckchem) and the Bromodomain inhibi-
tor I-BET151 (250, 500, or 800 nM, Cellagentech) as described 
in the figure legends. IECs were pre-stimulated with IFN-β or 
IFN-λ3 for 24 h. Infection with vesicular stomatitis virus (VSV) 
containing an EGFP reporter (24) was performed after washing 
with serum-free medium. After 1 h of infection, residual virus 
was removed by washing three times with serum-containing 
medium.

Barrier Formation and Polarization
Intestinal epithelial cell lines were grown until fully polarized in 
transwell cultures as already described earlier (21). 3 × 105 cells 
were grown on 0.4 µM pore sized transwell inserts (Costar). The 
culture medium was renewed every third day. The TEER was 
measured by a chopstick electrode with Volt/Ohm meter (World 
Precision Instruments). TEER values are reported as Ω*cm2,  
i.e., the resistance in Ohm multiplied by the surface area of the 
transwell insert. The resistance value for the transwell insert 
without cells was subtracted as the basal resistance.
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Organoid Derivation and Cultivation
Organoids were cultured from crypt-enriched jejunal and ileal 
fractions from 6- to 12-week-old Mx2tRFP mice as previously 
described (22). Briefly, a 10 cm midsection of the small intestine 
was excised and flushed with ice cold PBS. After removal of mucus 
and villi, the intestine was cut into 1–2  cm pieces and washed 
extensively with cold PBS. The epithelium was dissociated for 
30 min at 4°C in a solution of 2 mM EDTA in PBS. Afterward, the 
crypts were suspended in 10% FCS in PBS and passed through a 
70-mm cell strainer (BD Biosciences), centrifuged at 200 g (5 min, 
4°C), and resuspended in 10  ml Ad-DF medium [advanced 
DMEM/F12 supplemented with 1% Glutamax (Invitrogen), 
10 mM HEPES, and 100 U/ml of Penicillin/Streptomycin]. After 
centrifugation, the crypts were resuspended in Matrigel (BD 
Biosciences) at a desired crypt density. 20 µl Matrigel was seeded 
per well on a pre-warmed 48-well flat-bottom plate and incubated 
for 30  min at 37°C and 5% CO2 atmosphere. Then, 300  µl of 
Intesticult organoid growth medium (Stemcell Technologies) was 
added. The passaging was performed every 1–2 weeks with a split 
ratio of 1:3 by harvesting the organoids, mechanic disruption into 
single crypt domains, and seeding with fresh Matrigel.

Antibodies and Western Blotting
Primary antibodies for Western blot analysis were purchased from 
Cell Signaling Technology (STAT1 Antibody #9172; Phospho-
STAT1 (Tyr701) (58D6) Rabbit mAb #9167) and from Santa Cruz 
Biotechnology (β-Actin (ACTBD11B7) sc-81178). For generation 
of whole cell extracts, cells were lysed in RIPA buffer (10  mM 
Tris–HCl, pH 7.5, 150  mM Sodium chloride, 1% Triton X-100, 
0.1% Sodium dodecyl sulfate, 1% Sodium deoxycholat, 1  mM 
Dithiothreitol, 1 mM Sodium orthovanadate, 1 mM Sodium fluo-
ride, 1× HALT™ Protease Inhibitor Cocktail). Whole cell extracts 
were diluted in 4× NuPAGE® LDS Sample Buffer (Invitrogen), and 
proteins were separated by denaturing SDS-PAGE in a 10% separa-
tion gel (10% Acrylamide/Bis (37.5:1), 0.375 M Tris pH 8.8, 0.1% 
Sodium dodecyl sulfate, 0.001% TEMED, 0.1% Ammonium per-
sulfate). Proteins were transferred to an activated PVDF membrane, 
and the membranes were washed three times in TBST, blocked with 
TBST containing 5% milk powder, and probed by incubation with 
primary antibodies, followed by incubation with a horse-radish per-
oxidase-conjugated antibody (Amersham). Luminescence signal  
was detected by either ECL Advance® (Amersham) or ECL Prime®  
(Amersham) according to the manufacturer’s instructions. 
Luminescence was measured using the ChemiDoc XRS system and 
quantified with Quantity One (Bio-Rad) or ImageJ.

Luciferase Assay
Cells were washed once in cold PBS and incubated with adjusted 
amounts of reporter lysis buffer (RLB, Promega) at −70°C for 
20  min. Cell lysates were assayed for luciferase activity using 
standard reaction buffer (20 mM glycylglycine, 12 mM MgSO4, 
1  mM ATP) containing luciferin (Promega) and a single tube 
luminometer (Lumat LB 9507, Berthold Technologies).

Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation analysis was performed using 
the ChIP-IT High-Sensitivity Kit (Active Motif) in accordance 

with the manufacturer’s protocol. Cells were grown to near-
confluency in a 100-mm culture dish. In brief, after crosslinking, 
the cell pellet was suspended in Lysis buffer (20 mM Tris–HCl 
pH8.0, 85  mM KCl, 0.5% NP-40, PMSF, Protease Inhibitor 
cocktail, 1 µM TSA) and incubated for 10 min on ice. Following 
centrifugation, nuclei were lysed in Nuclei Lysis buffer (50 mM 
Tris–HCl pH8.0, 140  mM NaCl, 1% Triton X-100, 0.1% SDS, 
1% Na-Deoxycholate, PMSF, Protease Inhibitor cocktail, 1  µM 
TSA). Bioruptor™ sonicator (Diagenode) was used to shear 
chromatin. Immunoprecipitation was performed overnight at 
4°C with H3K9ac antibody (Active Motif, #39137). Real-time 
quantitative PCR was performed using SYBR Green I Master 
Mix (Roche Applied Sciences) in a LightCycler480 II (Roche 
Applied Sciences) with specific primers. Primers were designed  
to amplify proximal promoters containing ISRE site(s). IFIT1,  
5′-GTCTGTATCCGTTTCAGAGC-3′ (forward), 5′-GAACAGG 
GAAATCCTTACCC-3′ (reverse); IRF7, 5′-GAAGGGCAGTGA 
AGAGAAGC-3′ (forward), 5′-GTCACAGGTGTTAATCCAGC- 
3′ (reverse); Rsad2, 5′-TCACTGCCTTTCCTTGGCTT-3′ (for-
ward), 5′-GCCTGCAAGGATGCAGCTAT-3′ (reverse). Input CT 
values were adjusted for dilution and used to calculate % input 
values for immunoprecipitated samples.

qRT-PCR
RNA was isolated from IECs using RNeasy Mini Kit (Qiagen, 
Germany) according to the manufacturer’s instructions and 
quantified with an ND-1000 spectrophotometer (NanoDrop 
Technologies). Total RNA from intestinal organoids was 
isolated using Trizol LS reagent (Life Technologies) accord-
ing to the manufacturer’s instructions. 2  µg of total RNA was 
used for cDNA synthesis using Ready-To-Go You-Prime 
First-Strand Beads (GE Healthcare). RT-PCR was run at 
58°C annealing temperature using SYBR Green I Master 
Mix (Roche Applied Sciences) in a LightCycler480 II (Roche 
Applied Sciences). Data were processed using Light Cycler 
480 Software 1.5. The mRNA levels were normalized to those 
of β-Actin gene. Murine PCR primers for β-Actin (forward 
primer, 5′-TGG AAT CCT GTG GCA TCC ATG AAA C-3′  
and reverse primer, 5′-TAA AAC GCA GCT CAG TAA CAG 
TCC G-3′), IRF-7 (forward primer, 5′-GAA GAC CCT GAT 
CCT GGT GA-3′ and reverse primer, 5′-CCA GGT CCA TGA 
GGA AGT GT-3′), Mx2 (forward primer, 5′-TCA CCA GAG 
TGC AAG TGA GG-3′ and reverse primer, 5′-CAT TCT CCC 
TCT GCC ACA TT-3′), Rsad2 (forward primer, 5′-GTC CTG 
TTT GGT GCC TGA AT-3′ and reverse primer, 5′-GCC ACG 
CTT CAG AAA CAT CT-3′), Usp18 (forward primer, 5′-CAT 
CCT CCA GGG TTT TCA GA-3′ and reverse primer, 5′-AAG 
GAC CAG ATC ACG GAC AC-3′), IFI44 (forward primer, 5′-
AAC TGA CTG CTC GCA ATA ATG T-3′ and reverse primer, 
5′-GTA ACA CAG CAA TGC CTC TTG T-3′), IFIT1 (forward 
primer, 5′-TGT TGA AGC AGA AGC ACA CA-3′ and reverse 
primer, 5′-TCT ACG CGA TGT TTC CTA CG-3′), IL28R 
(forward primer, 5′-CCC TGT TTC CTG ACA CTC CC-3′ and 
reverse primer, 5′-TCA GAA AAG TCC AGT GCC CG-3′), and 
IFNAR2 (forward primer, 5′-CTA TCG TAA TGC TGA AAC 
GG-3′ and reverse primer, 5′-CGT AAT TCC ACA GTC TCT 
TCT-3′).
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Flow Cytometry and Immunofluorescent 
Staining
Intestinal epithelial cell lines were seeded in 12-well plates and 
treated as previously described (21). Flow cytometry analysis 
was performed on an LSR-II SORP and FACS-Calibur (BD 
Biosciences). Fluorescence-activated cell sorting was performed 
on an ARIA-II SORP (BD Biosciences). Data were processed 
using FlowJo v7.6.5 (Tree Star, Inc.). For immunofluorescent 
staining, IECs were seeded in an 8-well chamber slide (ibidi) and 
treated as described. After fixation with 4% formaldehyde, cells 
were washed with PBST (0.02% Tween in PBS), blocked with 1% 
BSA in PBS, and stained with Phospho-STAT1 (Tyr701) (Cell 
Signaling Technology, 58D6, Rabbit mAb) antibody for 1  h at 
room temperature. After washing, the samples were incubated 
with FITC-labeled goat anti-Rabbit antibody for 1 h at room tem-
perature. Fluoroshield with DAPI was added for nuclear staining 
and fluorophore protection. The samples were examined under a 
Zeiss 510 Laser Scanning confocal microscope.

Image and Statistical Analysis
Microscopic picture series were analyzed using ImageJ (NIH, 
Bethesda, MD, USA) and built-in plugins as well as MTrackJ  
(E. Meijering). All data analyses were performed using GraphPad 
Prism v5.04 (Graph Pad Software, La Jolla, CA, USA). Results 
were presented as mean value ±  SEM from triplicates or from 
numbers indicated in the figure legend. Statistical significance 
was tested using one-way ANOVA, followed by Tukey’s Multiple 
Comparison test, the non-parametric unpaired Mann–Whitney 
U test, and Student’s t-test. The statistical test used for each analy-
sis is mentioned in the respective figure legend. P-values less than 
0.05 were considered to be statistically significant.

RESULTS

Bimodality of Gene Induction in 
Responses to Type I and Type III IFNs
In order to investigate the differences in type I and III IFN-
mediated signaling, we used a recently described IEC that was 
derived from a transgenic mouse expressing a firefly luciferase 
reporter under the transcriptional control of the IFN-dependent 
mouse Myxovirus resistance gene 2 (Mx2) promoter (21). 
Stimulation of IECs by either IFN-β or IFN-λ3 revealed a sig-
nificant increase in total luciferase activity over time (Figure S1A 
in Supplementary Material). However, IFN-β-mediated Mx2Luc 
gene induction was rapid and peaked between 6 and 9 h after 
stimulation, followed by a steady decrease to half-maximal 
activity at 48  h. In contrast, IFN-λ3 induced a delayed but 
gradual increase in Mx2-driven luciferase activity for up to 48 h. 
Maximal Mx2 promoter activity following IFN-λ3 stimulation 
was 5–6 times lower than that induced by IFN-β (Figure S1B in 
Supplementary Material).

To investigate the timing and dynamic of gene expression in 
individual cells of a given population, we next generated a clonal 
IEC line harboring a BAC encoding TurboRFP under the control 
of the Mx2 promoter region (Mx2tRFP). Mx2tRFP cells were 
stimulated with increasing concentrations of either type of IFN, 

and flow cytometric analysis was performed. Stimulation with 
IFN-β concentrations above 100 U/ml induced Mx2tRFP expres-
sion on average in 90% of the cells (Figures 1A,B). In contrast, 
stimulation with low doses (between 2 and 10 U/ml) of IFN-β 
left the majority of cells unresponsive and induced Mx2-tRFP 
expression only in a small fraction of cells. Of note, clonal cell 
populations were employed for these experiments, indicating 
that a portion of cells did not properly respond at the time point 
of IFN stimulation. Mean fluorescence intensity (MFI) determi-
nation of the tRFP-positive population indicated a continuous 
rise in the mean Mx2 promoter activity in individual cells with 
increasing IFN-β concentrations (Figure  1D). Thus, both the 
number of cells and the individual cell response increased with 
increasing IFN-β concentrations. This was also reflected by 
the continuous increase in Mx2-driven total luciferase activity 
upon stimulation with increasing doses of IFN-β (Figure S1B 
in Supplementary Material). Strikingly, stimulation with IFN-
λ3 induced the same pattern of digital Mx2tRFP expression 
characterized by a concentration-dependent gradual increase 
in the fraction of responding cells. Yet, the tRFP-positive cell 
fraction even at the highest IFN concentration did not exceed 
55% of the total population (Figures 1A,C). Interestingly, only 
a marginal increase in the MFI of the tRFP-positive population 
could be observed after IFN-λ3 stimulation (Figure  1E). The 
reduced ability of high-dose IFN-λ compared to that of IFN-β 
to induce gene expression in individual cells was confirmed 
for other ISGs by qRT-PCR (Figure S1C in Supplementary 
Material). Thus, stimulation of IECs with IFN-λ resulted in 
Mx2 promoter induction, characterized by a limited number of 
responding cells and lower levels of gene expression. This is in 
contrast to type I IFN stimulation, where no such limitations 
could be observed. As published earlier (8, 25), we observed that 
the kinetic of ISG induction differs for both IFN types as IFN-λ 
induces a delayed expression of the Mx2tRFP reporter (Figure 
S1D in Supplementary Material). Importantly, stimulation with 
low doses of either IFN-β or IFN-λ resulted in a heterogene-
ous pattern of Mx2tRFP induction with highly responsive and 
completely non-responsive subpopulations. This is reminiscent 
of the IRF-7-mCherry reporter induction by IFN-β in mouse 
fibroblasts (19).

Mx2 is one out of many IFN-induced proteins that protect cells 
against viral infection. To confirm that the observed bimodality 
of Mx2tRFP expression correlates with the induction of an anti-
viral state, i.e., reflects the induction of ISGs, IFN-pretreated IECs 
were subjected to VSV infection. IECs harboring Mx2tRFP were 
stimulated with either 10 U/ml IFN-β or 25 ng/ml IFN-λ3 for 20 h 
and subsequently infected with a recombinant VSV constitutively 
expressing eGFP (VSV-GFP). Fluorescence microscopy revealed 
that Mx2tRFP-positive cells were protected against infection 
with VSV, whereas tRFP-negative cells remained susceptible to 
viral infection (Figure  2A). This inverse correlation between 
Mx2tRFP expression and VSV-GFP replication was observed for 
both types of IFNs, IFN-β and IFN-λ3, arguing for comparable 
thresholds of antiviral activity. Thus, the Mx2 reporter reflects 
the coordinated induction of at least a group of ISGs sufficient 
to provide protection against viral replication. These results also 
indicate that the antiviral state is an unpredictable all-or-nothing 
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FIGURE 1 | Bimodal nature of gene expression toward type I and type III interferon (IFN) stimulation. Intestinal epithelial cell lines harboring the bacterial artificial 
chromosome construct Mx2tRFP were stimulated with different concentrations of IFN-β and IFN-λ3 for 20 h. Expression of the tRFP reporter was measured by flow 
cytometry (n = 5–7, mean ± SEM). (A) Representative dot plots show Mx2tRFP expression at high and low concentrations of IFN-β and IFN-λ3. (B,C) Percentage of 
Mx2tRFP-positive cells for all used concentrations of IFN-β and IFN-λ3. P values were calculated by one-way ANOVA. (D,E) Mean fluorescence intensity (MFI) of 
Mx2tRFP-postive cells. P values were calculated by one-way ANOVA, followed by Tukey’s Multiple Comparison Test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). P values 
are given for differences among each stimulated group and control group.
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decision of individual cells. While higher concentrations of IFN-β 
lead to a protection of the vast majority of cells within a culture, 
saturating amounts of IFN-λ3 induced Mx2tRFP expression only 
in a maximum of 50% of the cells and failed to protect the whole 
IEC population from viral replication (Figure 2A).

To test whether the bimodal ISG expression pattern during 
stimulation with low doses of IFN was stable or showed short-
term variability, we performed stimulation-sort-restimulation 
experiments. First, IECs harboring Mx2tRFP were stimulated 
with a low dose of IFN-β and sorted into non-responding (“non-
responder,” tRFP-negative) and responding (“responder,” tRFP-
positive) populations (Figure S2A in Supplementary Material). 
Both populations were cultivated separately for 48 h in the absence 
of IFN to allow the reporter signal to decrease to baseline levels. 
Subsequently, cells were restimulated with both types of IFNs, 
and the Mx2tRFP expression was monitored by flow cytometry. 

When restimulated, none of the two populations maintained 
Mx2tRFP expression pattern in the first stimulation. Cells from 
the non-responder population behaved like naïve cells following 
primary stimulation with approximately 35% Mx2tRFP-positive 
cells upon IFN-β exposure (Figures  2B,C). In contrast, the 
frequency of Mx2tRFP expression and the mean strength of the 
tRFP signal in the responder cell fraction were highly enhanced 
upon secondary IFN stimulation. However, approximately 35% 
of the responder population showed no detectable Mx2tRFP 
induction upon IFN-β restimulation. Notably, the responsiveness 
toward restimulation with IFN-λ also increased strongly in the 
responder population (Figures  2B,C). Restimulation experi-
ments were also conducted with IFN-λ as a primary inducer. 
Again, upon IFN-λ3 restimulation, Mx2tRFP expression was 
induced in the non-responding population to frequencies com-
parable to those of naïve cells, whereas “responder” cells showed 
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FIGURE 2 | “Memory” effect in IFN-stimulated cells. (A) Intestinal epithelial cell lines (IECs) harboring Mx2tRFP were stimulated with either 10 U/ml interferon (IFN)-β 
or 25 ng/ml IFN-λ3 for 20 h. Cells were infected with vesicular stomatitis virus-GFP (MOI 0.02) for 1 h and imaged by confocal microscopy 20 h post-infection. 
Representative pictures are shown. Data are representative of three independent experiments. (B) IECs were stimulated for 24 h with 25 U/ml IFN-β, and 
Mx2tRFP-positive and -negative populations were separated by cell sorting. Cells were cultured for 48 h in the absence of IFN, and responder and non-responder 
populations were restimulated for 20 h with the indicated concentrations of IFN-β and IFN-λ3. Mx2-driven tRFP expression was measured by flow cytometry. 
Representative FACS dot plots are shown. (C) Frequencies of Mx2tRFP expression in responder and non-responder populations upon IFN restimulation were 
calculated from two independent experiments (n = 4, mean ± SEM). P values were calculated by Mann–Whitney U test (*P ≤ 0.05). (D) Sorted Mx2tRFP-negative 
and Mx2tRFP-positive cell populations were cultured for 48 h in the absence of IFN. Both populations were stimulated for 1 h with 50 U/ml IFN-β, fixed, and 
processed by immunofluorescence staining against P-Y701 STAT1. Control column represents Mx2tRFP-positive cells without IFN treatment. Images were obtained 
by confocal microscopy, and the percentage of cells showing activated STAT1 in the nucleus was calculated (n indicates the number of analyzed cells). 
Representative pictures are shown. DAPI staining indicates localization of cell nuclei. Dot plots show representative Mx2tRFP expression analysis from (B) after 
restimulation with 50 U/ml IFN-β for 20 h.
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a much higher percentage of reporter gene induction (Figure S2B 
in Supplementary Material). In summary, we conclude that the 
ability to realize ISG induction in response to low amounts of 
IFN depends on short-term variables, and we further exclude the 
existence of a stable fraction of IFN-λ-unresponsive cells within 
the propagated (clonal) IEC line.

Thus, an intrinsic alteration in the “responder cells” has the 
capacity to increase the sensitivity toward further IFN stimula-
tion. To address the nature of this intrinsic priming, we deter-
mined the frequency of cells with STAT1 nuclear accumulation 
in each of the responder and non-responder cell populations 
upon IFN restimulation. The responder and non-responder cell 
populations were restimulated with 50 U/ml IFN-β for 1 h, fixed, 
and stained for STAT1-Y701 phosphorylation. Using confocal 
microscopy, the number of cells staining positive for activated 
STAT1 in the nucleus was evaluated (Figure 2D). Unexpectedly, 
the frequency of nuclear phospho-STAT1-positive cells was 

similar between the tRFP-positive (“responder”) and tRFP-
negative (“non-responder”) populations. In both populations, 
IFN-β stimulation was sufficient to induce nuclear accumulation 
of Y701-phosphorylated STAT1 in more than 90% of the cells. 
Thus, IFNAR-dependent STAT1 activation is not significantly 
influenced by prior IFN stimulation and can thereby be excluded 
as the underlying mechanism for bimodal cell responses. Instead, 
it appears likely that the cellular heterogeneity results from altera-
tions at the level of gene transcription, suggesting that epigenetic 
differences account for the differential reaction toward IFN.

HDAC Inhibition Enhances the Frequency 
of Responsiveness upon IFN-λ Stimulation
To test the possible influence of epigenetic alterations on the  
cellular response to IFNs, the effect of HDAC inhibitors on the 
frequency of ISG induction upon IFN stimulation was examined. 
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As shown above, even saturating concentrations of IFN-λ3 
failed to induce Mx2tRFP expression in all cells and to establish 
protection from VSV infection. However, addition of VPA, 
which inhibits class I and II HDACs (with a high potency for 
class I HDACs), was able to significantly increase the frequency 
of responding cells for all tested concentrations of IFN-λ3 
(Figure 3A). This effect was confirmed for other ISGs by qRT-PCR 
(Figure 3B). Finally, VPA added together with IFN-λ3 elevated 
antiviral activity (Figure  3C). We also determined Mx2-driven 
Luciferase activity in the cell line IEC-Mx2Luc-10 upon HDAC 
inhibition. Stimulation with IFN-λ3 in the presence of VPA led  
to a strongly increased Mx2-Luciferase expression (Figure S3A 
in Supplementary Material). In contrast, VPA addition did not  
modulate Mx2 reporter gene activity of IFN-β to the same 
extent (Figure S3A in Supplementary Material). Accordingly, 
the frequency of Mx2tRFP expression in cells stimulated with 
different doses of IFN-β was not affected by the presence of VPA 
(Figures S3B,C in Supplementary Material). Of note, the effect 
of VPA was only observed when administered simultaneously 
with type III IFN; pretreatment of cells with VPA did not change 

the frequency of Mx2tRFP induction upon subsequent IFN-λ 
stimulation (Figure S3D in Supplementary Material). In addition, 
other HDAC inhibitors such as MS275 and TSA induced a similar 
increase in the number of Mx2tRFP-expressing cells upon IFN-λ3 
stimulation but did not affect IFN-β activity (Figure 3D; Figure 
S3E in Supplementary Material). Together, HDAC inhibition 
enhances the ability of activated STATs to install ISG expression, 
indicating the involvement of epigenetic regulatory mechanisms 
in ISG gene expression upon IFN-λ stimulation.

Next, we interfered with the recruitment of readers of histone 
acetylation using the BRD3/4-specific inhibitor I-BET151. 
Inversely, the addition of I-BET151 suppressed IFN-λ3-dependent 
Mx2tRFP induction completely, whereas the ability of high con-
centrations of IFN-β to fully activate the Mx2 promoter was not 
impaired (Figure 3E; Figure S3A in Supplementary Material) and 
slightly reduced the frequency of Mx2-driven tRFP and luciferase 
reporter gene expression at low doses of IFN-β (20 U/ml IFN-β) 
(Figure  3E; Figure S3A in Supplementary Material). Thus, the 
threshold levels for IFN-λ-stimulated ISG expression depend on 
histone acetylation. Notably, VPA does not override the effect of 
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FIGURE 3 |  Differential sensitivity of type I and type III interferons (IFNs) to inhibition of histone deacetylase and BRD3/4. (A) Intestinal epithelial cell lines (IECs) 
harboring Mx2tRFP were stimulated with increasing concentrations of IFN-λ3 in the absence or presence of 750 µM valproic acid (VPA). Frequency of Mx2tRFP 
expression was determined by flow cytometry after 24 h (n = 3–6, mean ± SEM). P values were calculated by paired t-test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).  
(B) IECs were either untreated or treated with 10 ng/ml IFN-λ3 in the absence or presence of 750 µM VPA for 16 h. RNA was isolated, and qRT-PCR was used to 
determine the expression of Mx2, Usp18, and Rsad2. IFN-stimulated gene expression was normalized to β-Actin (n = 3, mean ± SEM). *P ≤ 0.05 by Mann–Whitney 
U test. (C) IECs were stimulated with 20 ng/ml IFN-λ3 in the absence or presence of 750 µM VPA for 20 h (lower panel). Control cells were not treated with IFN-λ 
(upper panel). Cells were infected with vesicular stomatitis virus-GFP (MOI 1) for 1 h and analyzed for eGFP expression by flow cytometry 8 h post-infection. 
Representative FACS dot plots show the percentage of eGFP-expressing cells. Graph represents mean eGFP frequency for each condition (n = 3, mean ± SEM). 
(D) IECs harboring Mx2tRFP were stimulated with 20 U/ml IFN-β or 25 ng/ml IFN-λ3 in the absence or presence of the indicated concentrations of MS275. 
Frequency of Mx2tRFP expression was determined by flow cytometry after 24 h (n = 3, mean ± SEM). **P ≤ 0.01 by paired t-test. (E) IECs were stimulated with IFN 
in the absence or presence of the indicated concentrations of I-BET151. Percentages of Mx2tRFP-positive cells are given (n = 3–9, mean ± SEM). P values were 
calculated by one-way ANOVA (*P ≤ 0.05, ****P ≤ 0.0001). (F) IECs harboring Mx2tRFP were stimulated with 20 ng/ml IFN-λ3 in the absence or presence of 
750 µm VPA. As indicated, different concentrations of I-BET151 were added during stimulation, and flow cytometry was performed after 24 h (n = 3, mean ± SEM). 
P values were calculated by one-way ANOVA, followed by Tukey’s Multiple Comparison Test (***P ≤ 0.001).
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I-BET151 (Figure  3F), confirming the dependence of BRD3/4 
action on histone acetylation for ISG induction. We asked 
whether the effect of HDAC inhibition would be manifested on 
ISG promoters. Thus, IECs were stimulated with IFN-λ3 and a 
medium IFN-β concentration that induces Mx2tRFP expression 
in less than 50% of cells in the absence or presence of VPA. ChIP 
experiments were performed, and proximal promoter regions of 
three prototypical ISGs were assayed for histone H3K9 acetyla-
tion that is known to be sensitive toward treatment with VPA 
(26, 27). All tested ISG promoter regions showed increased levels 

of H3K9 acetylation upon IFN-λ3 stimulation (Figure S3F in 
Supplementary Material). Interestingly, histone H3K9 acetylation 
was slightly reduced by the addition of VPA, indicating that these 
sites are not the target of the HDAC inhibition effect. Despite 
the fact that a medium concentration of IFN-β (50 U/ml) indeed 
induced Mx2RFP expression to slightly higher frequencies com-
pared to that by IFN-λ3, the level of H3K9 acetylation was not 
increased 5 h after stimulation.

Together, these observations suggest that IFN-λ-dependent 
gene induction in IECs depends mainly on histone acetylation 
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events and that HDAC activity is a critical factor to control the 
threshold of promoter induction. In contrast, IFN-β-induced 
promoter activation is insensitive toward inhibition of histone 
acetylation. Thus, both pathways differ in the extent of the influ-
ence of chromatin modifications on gene induction.

Polarization of IECs Reinforces  
IFN-λ Responsiveness
All experiments with the immortalized epithelial cell line 
described above were performed on flat-bottom plastic culture 
dishes. Under these conditions, IFN-β responsiveness was robust,  
whereas only a moderate response was observed following 
IFN-λ stimulation. These results are in accordance with previ-
ous studies and further demonstrate that type I and type III IFN 
signaling realizes gene induction with different kinetics (8, 25). 
Importantly, a hallmark of the mature epithelium in vivo is an api-
cal–basolateral cell polarization, an intrinsic feature of epithelial 
surface barrier formation. This phenotype can also be achieved 
in  vitro by long-term cultivation on semipermeable transwell 
filter inserts (28). Under these conditions, intestinal epithelial 
cells polarize into apical and basolateral membrane domains 
with tight cell junctions and 100% confluency (21). To analyze 
the influence of epithelial polarization on IFN signaling, IECs 
were routinely grown for at least 21  days on transwell inserts. 
TEER was measured to confirm cellular polarization and conflu-
ency (Figure S4A in Supplementary Material). For comparison, 
cells were cultured for only 3 days on transwell inserts resulting 
in incomplete polarization. Cells were stimulated for 20 h with 
either type I or type III IFN, and Mx2tRFP expression was ana-
lyzed by fluorescence microscopy. Stimulation of fully polarized 
confluent enterocytes with IFN-λ3 in contrast to convention-
ally cultured (Figure  1) or short-term transwell-cultured cells 
reached a similar signal strength as that with IFN-β with respect 
to both the number of activated cells and the intensity of cellular 
Mx2tRFP expression (Figure 4A). Further, the HDAC inhibitors 
VPA and MS275 as well as the addition of I-BET151 did not alter 
the IFN-λ-induced Mx2tRFP expression as observed under con-
ventional culture conditions (Figure 4A). To quantify the results 
obtained by microscopic analysis of Mx2tRFP induction, we 
determined IFN-λ3-induced Mx2-Luciferase activity in the cell 
line IEC-Mx2Luc-10. Luciferase measurements indicated that 
IFN-β-mediated induction of the Mx2 promoter did not change 
upon polarization (Figure 4B). However, IFN-λ activity strongly 
increased after 21  days of cultivation on Transwell inserts, 
and HDAC inhibition did not further stimulate Mx2-driven 
Luciferase expression (Figure 4B). Thus, these quantitative data 
confirm the results obtained from Mx2tRFP expression. Of note, 
the IFN-λ-mediated induction of other ISGs such as IRF7, IFI44, 
Rsad2, and USP18 in fully polarized and confluent cells grown 
on transwell inserts reached levels similar to those with IFN-β 
exposure (Figure 4C).

IFN-stimulated gene and Mx2 reporter gene induction and 
antiviral activity depend on STAT1 activation. Western blot 
analysis revealed that IFN-λ3 induced a much weaker STAT1 
phosphorylation at tyrosine residue 701 under conventional cul-
ture conditions compared to that by IFN-β (Figure 4D; Figures 

S4B,C in Supplementary Material). In contrast, IFN-λ3 stimula-
tion of transwell-grown polarized cells resulted in an enhanced 
Y701-phosphorylation of STAT1 reaching levels comparable to 
levels obtained after IFN-β treatment (Figure  4E). In order to 
understand the source of the increased type III IFN responsive-
ness in polarized IECs, we compared gene expression of the  
IFN-λ receptor between IECs cultivated under non-polarizing 
versus polarizing conditions. Interestingly, IECs displayed 
elevated levels of IL28R mRNA when cellular polarization was 
established, whereas the expression of the type I receptor chain 
IFNAR2 was not affected (Figure 4F).

Next, we tested whether IEC polarization also exerts a signifi-
cant influence on the described delay in ISG expression follow-
ing IFN-λ3 stimulation (compare Figure S1A in Supplementary 
Material). IECs harboring Mx2tRFP were grown for 21  days 
on transwell inserts and stimulated with both types of IFNs. 
Time-lapse microscopy revealed that IFN-λ3 stimulation of fully 
polarized cells indeed resulted in a rapid induction of Mx2tRFP 
expression with onset times of 5–7  h similar to what was 
observed after IFN-β exposure (Figures 5A,B). In contrast and 
consistent with our previous results, IFN-λ-induced Mx2tRFP 
expression under standard 2D culture conditions exhibited 
delayed onset time points after IFN-λ3 stimulation varying 
between 6 and 14 h after stimulation (Figure 5C). Here, IFN-
λ3-induced fluorescence intensities did not reach levels observed 
after administration of high concentrations of IFN-β. Of note, 
VPA co-treatment did not alter the kinetics of Mx2tRFP gene 
induction upon IFN-λ stimulation under standard 2D culture 
conditions (Figure S5A in Supplementary Material). Together, 
these findings indicate that epithelial polarization abolishes the 
differences between type I and III IFN signaling and specifically 
enhances IFN-λ sensitivity.

Efficient Response to IFN-λ in Small 
Intestinal Organoids
Recent studies had indicated that stem cell-derived small 
intestinal epithelial organoid cultures recapitulate the polariza-
tion and differentiation observed in the adult intestine in  vivo  
(22, 29). These organoid structures are characterized by a crypt-
villus organization, epithelial polarization, and a functional 
lumen. To determine the characteristics of gene induction in 
response to type I and type III IFNs in gut organoid cultures, 
we made use of a transgenic mouse line harboring the Mx2tRFP 
reporter. Intestinal organoids established from Mx2tRFP trans-
genic reporter mice were treated with IFN-λ3 or IFN-β, and the 
kinetics of Mx2tRFP induction were determined by time-lapse 
confocal microscopy (Figure 6A). Upon stimulation with high 
dose of IFN-λ3 (20 ng/ml) or IFN-β (500 U/ml), we found no 
marked differences regarding the onset time points for tRFP 
expression (Figure 6B). Analysis of the mRNA induction of the 
ISGs IFI44 and USP18 by quantitative real-time PCR indicated 
an equal activity of both types of IFNs in the stem cell organoid 
cultures (Figure  6C). Interestingly, a scattered heterogeneous 
responsiveness of the epithelial cells within the analyzed organoids 
was observed upon administration of low concentrations of both 
types of IFNs (Figure 6D). Here, a high cell-to-cell variability in 
gene induction with distinct Mx2 expressing and non-expressing 
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cells was detected. This heterogeneity could be reduced by addi-
tion of the HDAC inhibitors VPA and MS275, enhancing the 
fraction of IFN-λ-reactive cells as well as the overall reporter 
gene expression level (Figure 6E). In accordance with the results 
obtained in the 2D and transwell cultivation system, HDAC inhi-
bition did not alter the variability of Mx2tRFP expression toward 

low concentrations of IFN-β (Figure  6E). Quantitative mRNA 
analysis of the prototypical ISGs IFIT1 and USP18 confirmed that 
IFN-λ activity but not that of IFN-β is enhanced under conditions 
of diminished HDAC activity (Figure 6F).

Overall, the presented data of the stem cell organoid sys-
tem indicated that intestinal epithelial cells in  situ are fully 
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FIGURE 5 | Cell polarization abrogates differential expression kinetics of type I and type III interferons (IFNs). Intestinal epithelial cell lines (IECs) harboring Mx2tRFP 
were cultured on transwell inserts for 21 days. Cells were treated with 500 U/ml IFN-β and 25 ng/ml IFN-λ3. Time-lapse fluorescence microscopy was used to follow 
the induction of Mx2tRFP in live cells. (A) Representative fluorescence and corresponding bright field images at selected time points are shown. (B) Mx2tRFP 
fluorescence intensities were quantified using ImageJ software. (C) IECs grown on standard culture dishes (2D) were treated with 500 U/ml IFN-β and 25 ng/ml 
IFN-λ3 and subjected to time-lapse fluorescence microscopy. Mx2tRFP fluorescence intensities were quantified over time using ImageJ software.

FIGURE 4 | Continued  
Cell polarization increases the responsiveness to interferon (IFN)-λ. (A) intestinal epithelial cell lines (IECs) harboring Mx2tRFP were cultured on transwell inserts for 3 
and 21 days. Cells were treated with 500 U/ml IFN-β or 20 ng/ml IFN-λ3. As indicated, IFN-λ3 stimulation was done together with 750 µM valproic acid (VPA), 
500 nM MS275, and 500 nM I-BET151. Mx2tRFP expression was determined 24 h after stimulation by fluorescence microscopy. Representative images are shown. 
Data are representative of three independent experiments. (B) IEC-Mx2Luc-10 cells containing the Mx2-Luciferase reporter were cultured on transwell inserts for 3 
and 21 days as indicated. Cells were treated with 500 U/ml IFN-β or 20 ng/ml IFN-λ3. IFN-λ3 stimulation was done together with 750 µM VPA, 500 nM MS275, and 
500 nM I-BET151 as indicated. Luciferase activity was determined 20 h after stimulation (n = 3, mean ± SEM). P values were calculated by one-way ANOVA, 
followed by Tukey’s Multiple Comparison Test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). P values are given for differences among stimulated groups and control group 
(directly above columns) and between IFN-stimulated groups. (C) IECs cultured on transwell inserts for 21 days were treated with 500 U/ml IFN-β (β) and 20 ng/ml 
IFN-λ3 (λ) for 16 h. RNA was isolated, and qRT-PCR was used to determine the expression of ISGs. Fold induction after normalization to β-Actin is depicted (n = 3, 
mean ± SEM). P values were calculated by Mann–Whitney U test (ns, not significant). (D) IECs cultured on standard cultures dishes were treated with increasing 
concentrations of IFN-β and IFN-λ3 for 1 h. Western blot analysis was performed using antibodies directed against P-Y701 STAT1 and β-Actin. (E) IECs cultured on 
transwell inserts were treated with 500 U/ml IFN-β and 20 ng/ml IFN-λ3 for 1 h. Cells were lysed, and protein extracts were analyzed by Western blotting using 
antibodies directed against P-Y701 STAT1 and total STAT1 protein. Results of two independent experiments are shown. (F) IECs were cultured on standard plastic 
dishes (2D) or on transwell inserts (3D) for 21 days. RNA was isolated, and qRT-PCR was used to determine the expression of IL28R and IFNAR2. Receptor 
expression was normalized to β-Actin. P values were calculated by Mann–Whitney U test (*P ≤ 0.05).
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responsive to IFN-λ and that this response is comparable to the 
response of immortalized epithelial cells cultured under fully 
polarizing conditions. Moreover, the physiological relevant 
stem cell organoid system underlined the divergent role of 
HDAC activity as a restriction factor for type III but not type 
I IFN signaling.

DISCUSSION

In this report, we took advantage of the fact that an immortal-
ized IEC and intestinal stem cell organoids react to types I and 
III IFNs. These cellular models were used in combination with 
genetic luciferase and fluorescent reporter constructs that could 
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FIGURE 6 | Continued  
High responsiveness to interferon (IFN)-λ in intestinal organoids. Murine small intestinal crypts were isolated from Mx2tRFP transgenic mice. Mature organoids were 
obtained after incubating small intestinal crypts for 9–10 days in Matrigel. (A) Mx2tRFP organoids were treated with 20 ng/ml IFN-λ3 or 500 U/ml IFN-β and 
subjected to time-lapse confocal microscopy. Optical sections were acquired using identical acquisition settings for both types of IFNs. Mx2tRFP expression is 
shown at selected time points. Fluorescent images were inverted using ImageJ software. (B) Onset time points of Mx2tRFP expression were determined from time 
series after IFN-β and IFN-λ3 stimulation. P value was calculated by Mann–Whitney U test; ns, not significant. (C) Mx2tRFP organoids were treated with 20 ng/ml 
IFN-λ2 and 500 U/ml IFN-β for 9 h. RNA was isolated, and qRT-PCR was used to determine the expression of IFI44 and USP18. IFN-stimulated gene expression 
was normalized to β-Actin. (D) Mx2tRFP organoids were treated with 0.5 ng/ml IFN-λ3 and 20 U/ml IFN-β for 20 h and subjected to confocal fluorescence 
microscopy. For both IFN treatments, two representative single plane images show Mx2tRFP expression from intact organoids. Fluorescent images were inverted 
using ImageJ software. (E) Mx2tRFP organoids were treated for 16 h with 0.1 ng/ml IFN-λ3 or 20 U/ml IFN-β in the absence or presence of 750 µM valproic acid 
(VPA) and 0.51 µM MS275. Confocal fluorescence microscopy was used to collect single plane images from intact organoids 20 h after stimulation. Optical sections 
were acquired using identical acquisition settings for each type of IFN. Gain and offset were adjusted to use the entire dynamic range of the detector and to avoid 
saturation of the tRFP signal. Fluorescent images have been inverted using ImageJ software, and representative images showing Mx2tRFP expression are 
presented. (F) Mx2tRFP organoids were treated with 0.1 ng/ml IFN-λ3 and 20 U/ml IFN-β in the absence or presence of 750 µM VPA and 0.51 µM MS275. mRNA 
levels for IFIT1 and USP18 were determined by quantitative real-time PCR and normalized to β-Actin. P values were calculated by Mann–Whitney U test (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001).
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reflect the global ISG response (30) and the resulting antiviral 
status (Figure  2A). This approach allowed us to analyze the 
quantitative response over time both for the cell population and 
on the single cell level. Our analysis for the first time revealed that 
the difference in the quantitative response to both IFNs is largely 
based on bimodal decisions of cells, i.e., a yes/no decision of each 
individual cell upon stimulus exposure. This finding confirms 
earlier published results obtained from a different cell model 
(19). It could also be observed in stem cell organoids and may 
thus represent the behavior of intestinal epithelial cells in vivo. 
Organoids better resemble intact mature intestinal epithelial 
layers in their cellular composition and function but still allow 
to examine individual living cells under defined conditions. 
However, the in vivo situation cannot be directly compared with 
cell culture systems since constitutive type I and III IFN expression  
(31, 32) and activities from other cell types might prime the cellu-
lar response toward IFN or mask the effects of the stochastic cel-
lular response. In addition to the bimodality, we demonstrate that 
IFN stimuli modulate the strength of reporter gene expression 
within the responding cells as represented by the MFI values in 
tRFP reporter cells (Figure 1). This effect, however, appears to be 
inferior to the bimodality of the response within a cell population. 
Moreover, it is mainly restricted to the action of type I IFNs, thus 
representing one of the differences between the cellular responses 
to both IFN types.

The discovery that type I and type III IFNs triggered the same 
Jak-STAT signaling pathway supported the idea that both types of 
IFNs would have identical functions. Indeed, both cytokines were 
reported to induce comparable patterns of gene expression and 
similar biological effects (2, 7, 8). The differential tissue distribu-
tion of the respective receptor molecules led to the concept that 
type III IFNs act on specific cell types, whereas type I IFNs affect 
all nucleated cells in the body. Our results challenge this view 
since we could find significant differences in the kinetics of ISG 
expression, the heterogeneity of the responding cell population, 
and cellular as well as epigenetic requirements for type I and III 
IFN-mediated antiviral activities.

Our results define several parameters that ultimately deter-
mine the cellular responsiveness to IFNs: IFN concentration, 
epigenetic modulation, and polarization status of the cells. First, 
the concentration of both IFNs plays a key role. Type I IFN at 

high concentrations is able to achieve a nearly completely homog-
enously reacting cell population. In contrast, a low responsiveness 
in combination with a delayed kinetic characterize the IFN-λ 
response in several cell models (8, 25, 33–35). Our results using 
epithelial cells cultured under conventional non-polarizing con-
ditions confirm these observations and extend them by showing 
that only a fraction of cells is responding, even at high concentra-
tions of IFN-λ. This is associated with a weak phosphorylation of 
STAT1.

In stark contrast, cultivation under polarizing conditions 
results in high IFN-λ responsiveness associated with a high 
fraction of responding cells within a population and strong 
STAT1 phosphorylation. Thus, under polarization conditions, 
the responsiveness to IFN-λ is largely comparable to that of 
IFN-β. A straightforward explanation is given by the fact that 
the expression of the IFN-λ receptor is, in contrast to the type 
I IFN receptor, dependent on the polarization status of the cells 
(Figure 4F). Polarization leads to a higher expression of the IFN-
λ receptor and a higher extent of STAT phosphorylation. This 
reflects IFN-β activity in polarized and non-polarized cells. The 
role of polarization is confirmed in the organoid culture system 
where a closely related read-out for IFN-β and IFN-λ was found 
(Figures 6A,C). However, administration of low concentrations 
of both types of IFNs resulted in high cell-to-cell variability in 
Mx2tRFP induction (Figure 6D).

Another difference between the responses to the two types 
of IFNs concerns the modulation of the epigenetic status with 
HDAC blockers. While type I IFN activity in all conditions of IEC 
cultivation and in organoids is completely insensitive to HDAC 
inhibition, IFN-λ responsiveness is strongly increased. This is 
true for the intestinal epithelial cells in the non-polarized status 
and in organoids. Interestingly, the increase in Mx2 expression 
in IECs depends exclusively on the number of responding cells 
and not on the expression strength per cell. Since the HDAC 
inhibitor-mediated enhancement of the IFN-λ response is 
reduced by I-BET151 administration, histones seem to be the 
functionally relevant target of the HDAC inhibitors. Several 
reports indicate that the acetylation level of H3K9 increases 
across the genome following VPA treatment (26, 27). However, 
the global change in H3K9 acetylation and other histone modi-
fications induced by HDAC inhibition are not recapitulated at 
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all individual promoter sites as measured by ChIP (36, 37). We 
show here that IFN-λ3 stimulation results in elevated levels of 
H3K9ac at proximal promoter regions when compared to those in 
untreated cells. However, the increased responsiveness of IECs by 
VPA co-treatment is not straightforward since HDAC inhibition 
is not reflected in a further increase in H3K9 acetylation at the 
analyzed proximal promoter regions (but rather limits its eleva-
tion) (Figure S3F in Supplementary Material). We propose that 
HDAC inhibition targets remote promoter elements or control 
regions that are necessary to induce expression of a larger cluster 
of ISGs. However, we assume that IFN-λ stimulation of cells with 
reduced HDAC activity mediates high level of histone acetylation 
at such sites providing a chromatin context that allows the expres-
sion of ISGs in an otherwise unresponsive cell population. This 
distinguishes this scenario from the epigenetic reactions induced 
by IFN-β. Further, the complexity of epigenetic regulation  
during IFN-mediated ISG induction and the temporal influence 
of HDAC inhibition on different histone modifications still have 
to be determined.

In contrast to IFN-λ stimulation, ChIP analysis indicated 
that H3K9 acetylation was not altered during IFN-β-mediated 
ISG promoter activation (Figure S3F in Supplementary Material; 
50 U/ml IFN-β), suggesting that H3K9 acetylation at these sites 
is not important for gene induction. This is in line with the 
observation that VPA-mediated reduction of HDAC activity does 
not affect submaximal Mx2tRFP and ISG induction upon IFN-β 
stimulation. Further, addition of the BRD3/4 inhibitor I-BET151 
did not reduce gene expression at IFN-β concentrations higher 
than 50 U/ml (Figure 3E; Figure S3A in Supplementary Material). 
Thus, we suggest that type I and type III IFN signaling induces 
different spectra of activating histone modifications at target 
genes in epithelial cells. In this scenario, other histone modifica-
tions than H3K9 acetylation possess an overriding importance 
for IFN-β. Indeed, active histone marks such as H3K4 and H3K79 
trimethylation in the promoter regions of ISGs were found to be 
induced upon type I IFN treatment (38, 39). However, at low doses 
of IFN-β, the recruitment of readers of histone acetylation is more 
relevant, since I-BET151 addition leads to a distinct reduction in 
Mx2-Luciferase activity (Figure 3E; Figure S3A in Supplementary 
Material, 20 U/ml IFN-β). Since ISGs are targets for both types of 
IFNs and the HDAC-modified chromatin context is only relevant 
for IFN-λ, a higher complexity of signaling for IFN-β under non-
polarized conditions has to be assumed. Currently, biochemical 
evidence for such a difference is not yet available.

An important aspect concerns the fact that the differential 
responsiveness toward IFN-λ is reflected by the percentage of 
responding cells. This suggests that the chromatin status (histone 
code) defines the probability for responsiveness. The responsive-
ness toward IFN-β is also bimodal and concentration-dependent, 
but is modulated neither by HDAC inhibition nor by polariza-
tion. Assuming that this effect is also based on the chromatin 
status, other types of histone modifications have to be considered. 
Binary responses have been shown to be evoked by positive feed-
back loops based on autocatalytic switches (40, 41). It will be of 
interest to see if such mechanisms apply for the bimodal response 
to IFNs and which molecular basis is underlying the probabilistic 
gene induction for both types of IFNs.

The biological function of the reported bimodality in contrast 
to graded induction of other genes is unknown. We speculate that 
it may be of advantage to maintain individual unprotected cells 
in an organism upon exposure to low levels of IFNs. This could 
allow limited virus propagation and thereby stimulation and 
priming of the adaptive immune system to provide subsequent 
protection. Alternatively, IFN-responding cells might alter their 
physiology in a way that hinders critical physiological functions 
of the gut epithelium in vivo. Therefore, it might be of advantage to 
maintain the full functionality of at least a fraction of enterocytes.

Our results ascribe a special role to IFN-λ in comparison to 
type I IFNs that goes beyond cell type specificity. Its transcriptional 
activity is strongly influenced by cell polarization and underlies 
a bimodal decision process and epigenetic modifications further 
expanding our knowledge on the complex regulation of the 
intestinal epithelial response to type I and type III IFNs.

AUTHOR CONTRIBUTIONS

SB, MW, HH, and MK designed the study. SB and MW per-
formed most of the experiments. TS, LK, and MK performed 
some experiments. SB, MW, LK, and MK analyzed the data. DW 
provided essential tools. HH, MH, and MK wrote the article. SB 
and MW contributed equally to this work.

ACKNOWLEDGMENTS

The authors acknowledge Lukas Gusdek for technical assistance, 
Peter Staeheli (University of Freiburg) for VSV-GFP, Lothar 
Gröbe for support with cell sorting and Ulfert Rand for helpful 
discussions.

FUNDING

This work was supported by BMBF collaborative project 
ImmunoQuant (e:Bio, grant number: 0316170T), the Colla
borative Research Center SFB900 (Chronic Infection: Microbial 
Persistence and its Control, Project B2). MW and SB were sup-
ported by the Infection Biology international PhD program of 
Hannover Biomedical Research School and by the Helmholtz 
Centre for Infection Research Graduate School. TAS was supported  
by the European Research Training Group 1273 supported by the 
German Research Foundation (DFG).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00671/
full#supplementary-material.
VIDEO S1 | Kinetics of Mx2tRFP induction in intestinal epithelial cell lines (IECs) 
grown under standard culture conditions. Time-lapse imaging of IECs Mx2tRFP 
stimulated with 500 U/ml interferon (IFN)-β (above) and 25 ng/ml IFN-λ3 (below).

VIDEO S2 | Kinetics of Mx2tRFP induction in polarized intestinal epithelial cell 
lines (IECs). IECs harboring Mx2tRFP were cultured on transwell inserts for 
21 days. Time-lapse imaging of cells stimulated with 500 U/ml interferon (IFN)-β 
(above) and 20 ng/ml IFN-λ3 (below).

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00671/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00671/full#supplementary-material


17

Bhushal et al. Epithelial Responsiveness Heterogeneity to Interferons

Frontiers in Immunology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 671

REFERENCES

1.	 Durbin RK, Kotenko SV, Durbin JE. Interferon induction and function 
at the mucosal surface. Immunol Rev (2013) 255:25–39. doi:10.1111/
imr.12101 

2.	 Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah NK, 
et  al. IFN-lambdas mediate antiviral protection through a distinct class 
II cytokine receptor complex. Nat Immunol (2003) 4:69–77. doi:10.1038/
ni875 

3.	 Sheppard P, Kindsvogel W, Xu W, Henderson K, Schlutsmeyer S, Whitmore 
TE, et al. IL-28, IL-29 and their class II cytokine receptor IL-28R. Nat Immunol 
(2003) 4:63–8. doi:10.1038/ni873 

4.	 Crouse J, Kalinke U, Oxenius A. Regulation of antiviral T cell responses by 
type I interferons. Nat Rev Immunol (2015) 15:231–42. doi:10.1038/nri3806 

5.	 Lazear HM, Nice TJ, Diamond MS. Interferon-λ: immune functions at 
barrier surfaces and beyond. Immunity (2015) 43:15–28. doi:10.1016/j.
immuni.2015.07.001 

6.	 Schindler C, Levy DE, Decker T. JAK-STAT signaling: from interferons to 
cytokines. J Biol Chem (2007) 282:20059–63. doi:10.1074/jbc.R700016200 

7.	 Doyle SE, Schreckhise H, Khuu-Duong K, Henderson K, Rosler R, Storey H, 
et al. Interleukin-29 uses a type 1 interferon-like program to promote antiviral 
responses in human hepatocytes. Hepatology (2006) 44:896–906. doi:10.1002/
hep.21312 

8.	 Marcello T, Grakoui A, Barba-Spaeth G, Machlin ES, Kotenko SV,  
MacDonald MR, et al. Interferons alpha and lambda inhibit hepatitis C virus 
replication with distinct signal transduction and gene regulation kinetics. 
Gastroenterology (2006) 131:1887–98. doi:10.1053/j.gastro.2006.09.052 

9.	 Zhou Z, Hamming OJ, Ank N, Paludan SR, Nielsen AL, Hartmann R. Type 
III interferon (IFN) induces a type I IFN-like response in a restricted subset 
of cells through signaling pathways involving both the Jak-STAT pathway and 
the mitogen-activated protein kinases. J Virol (2007) 81:7749–58. doi:10.1128/
JVI.02438-06 

10.	 Bolen CR, Ding S, Robek MD, Kleinstein SH. Dynamic expression profiling 
of type I and type III interferon-stimulated hepatocytes reveals a stable 
hierarchy of gene expression. Hepatology (2014) 59:1262–72. doi:10.1002/
hep.26657 

11.	 Sommereyns C, Paul S, Staeheli P, Michiels T. IFN-lambda (IFN-λ) is 
expressed in a tissue-dependent fashion and primarily acts on epithelial 
cells in  vivo. PLoS Pathog (2008) 4:e1000017. doi:10.1371/journal.ppat. 
1000017 

12.	 Pott J, Mahlakõiv T, Mordstein M, Duerr CU, Michiels T, Stockinger S, et al. 
IFN-λ determines the intestinal epithelial antiviral host defense. Proc Natl 
Acad Sci U S A (2011) 108:7944–9. doi:10.1073/pnas.1100552108 

13.	 Pott J, Hornef MW. Innate immune signalling at the intestinal epithelium 
in homeostasis and disease. EMBO Rep (2012) 13:684–98. doi:10.1038/
embor.2012.96 

14.	 Hernandez PP, Mahlakoiv T, Yang I, Schwierzeck V, Nguyen N, Guendel F, 
et al. Interferon-λ and interleukin 22 act synergistically for the induction of 
interferon-stimulated genes and control of rotavirus infection. Nat Immunol 
(2015) 16:698–707. doi:10.1038/ni.3180 

15.	 Graf T, Stadtfeld M. Heterogeneity of embryonic and adult stem cells. Cell 
Stem Cell (2008) 3:480–3. doi:10.1016/j.stem.2008.10.007 

16.	 Gottschalk RA, Martins AJ, Sjoelund VH, Angermann BR, Lin B, 
Germain RN. Recent progress using systems biology approaches to better 
understand molecular mechanisms of immunity. Semin Immunol (2012) 
25:201–8. doi:10.1016/j.smim.2012.11.002 

17.	 Shalek AK, Satija R, Adiconis X, Gertner RS, Gaublomme JT, Raychowdhury 
R, et  al. Single-cell transcriptomics reveals bimodality in expression and 
splicing in immune cells. Nature (2013) 498:236–40. doi:10.1038/nature12172 

18.	 Avraham R, Haseley N, Brown D, Penaranda C, Jijon HB, Trombetta JJ, 
et  al. Pathogen cell-to-cell variability drives heterogeneity in host immune 
responses. Cell (2015) 162:1309–21. doi:10.1016/j.cell.2015.08.027 

19.	 Rand U, Rinas M, Schwerk J, Nohren G, Linnes M, Kröger A, et al. Multi-
layered stochasticity and paracrine signal propagation shape the type-I 
interferon response. Mol Syst Biol (2012) 8:584. doi:10.1038/msb.2012.17 

20.	 Friborg J, Ross-Macdonald P, Cao J, Willard R, Lin B, Eggers B, et  al. 
Impairment of type I but not type III IFN signaling by hepatitis C virus 

infection influences antiviral responses in primary human hepatocytes. PLoS 
One (2015) 10:e0121734. doi:10.1371/journal.pone.0121734 

21.	 Schwerk J, Köster M, Hauser H, Rohde M, Fulde M, Hornef MW, et  al. 
Generation of mouse small intestinal epithelial cell lines that allow the analysis 
of specific innate immune functions. PLoS One (2013) 8:e72700. doi:10.1371/
journal.pone.0072700 

22.	 Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M, et al. 
Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature 
(2011) 469:415–8. doi:10.1038/nature09637 

23.	 Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A (2000) 
97:6640–5. doi:10.1073/pnas.120163297 

24.	 Ramsburg E, Publicover J, Buonocore L, Poholek A, Robek M, Palin A, et al. 
A vesicular stomatitis virus recombinant expressing granulocyte-macrophage 
colony-stimulating factor induces enhanced T-cell responses and is highly 
attenuated for replication in animals. J Virol (2005) 79:15043–53. doi:10.1128/
JVI.79.24.15043-15053.2005 

25.	 Jilg N, Lin W, Hong J, Schaefer EA, Wolski D, Meixong J, et  al. Kinetic 
differences in the induction of interferon stimulated genes by interferon-α 
and IL28B are altered by infection with hepatitis C virus. Hepatology (2014) 
59:1250–61. doi:10.1002/hep.26653 

26.	 Hezroni H, Sailaja BS, Meshorer E. Pluripotency-related, valproic acid (VPA)-
induced genome-wide histone H3 lysine 9 (H3K9) acetylation patterns in 
embryonic stem cells. J Biol Chem (2011) 286:35977–88. doi:10.1074/jbc.
M111.266254 

27.	 Barbetti V, Gozzini A, Cheloni G, Marzi I, Fabiani E, Santini V, et al. Time- 
and residue-specific differences in histone acetylation induced by VPA and 
SAHA in AML1/ETO-positive leukemia cells. Epigenetics (2013) 8:210–9. 
doi:10.4161/epi.23538 

28.	 Cereijido M, Robbins ES, Dolan WJ, Rotunno CA, Sabatini DD. Polarized 
monolayers formed by epithelial cells on a permeable and translucent support. 
J Cell Biol (1978) 77:853–80. doi:10.1083/jcb.77.3.853 

29.	 Sato T, Clevers H. Growing self-organizing mini-guts from a single intes-
tinal stem cell: mechanism and applications. Science (2013) 340:1190–4. 
doi:10.1126/science.1234852 

30.	 Pulverer JE, Rand U, Lienenklaus S, Kugel D, Zietara N, Kochs G, et  al. 
Temporal and spatial resolution of type I and III interferon responses in vivo. 
J Virol (2010) 84:8626–38. doi:10.1128/JVI.00303-10 

31.	 Lienenklaus S, Cornitescu M, Zietara N, Lyszkiewicz M, Gekara N, Jablonska J,  
et al. Novel reporter mouse reveals constitutive and inflammatory expression 
of IFN-beta in  vivo. J Immunol (2009) 183:3229–36. doi:10.4049/jimmunol. 
0804277 

32.	 Mahlakõiv T, Hernandez P, Gronke K, Diefenbach A, Staeheli P. Leukocyte-
derived IFN-α/β and epithelial IFN-λ constitute a compartmentalized muco-
sal defense system that restricts enteric virus infections. PLoS Pathog (2015) 
11:e1004782. doi:10.1371/journal.ppat.1004782 

33.	 Ma D, Jiang D, Qing M, Weidner JM, Qu X, Guo H, et  al. Antiviral effect 
of interferon lambda against West Nile virus. Antiviral Res (2009) 83:53–60. 
doi:10.1016/j.antiviral.2009.03.006 

34.	 Dickensheets H, Sheikh F, Park O, Gao B, Donnelly RP. Interferon-lambda 
(IFN-λ) induces signal transduction and gene expression in human hepato-
cytes, but not in lymphocytes or monocytes. J Leukoc Biol (2013) 93:377–85. 
doi:10.1189/jlb.0812395 

35.	 Ding S, Khoury-Hanold W, Iwasaki A, Robek MD. Epigenetic reprogram-
ming of the type III interferon response potentiates antiviral activity and 
suppresses tumor growth. PLoS Biol (2014) 12:e1001758. doi:10.1371/journal.
pbio.1001758 

36.	 Halsall J, Gupta V, O’Neill LP, Turner BM, Nightingale KP. Genes are often 
sheltered from the global histone hyperacetylation induced by HDAC inhibi-
tors. PLoS One (2012) 7:e33453. doi:10.1371/journal.pone.0033453 

37.	 Boudadi E, Stower H, Halsall JA, Rutledge CE, Leeb M, Wutz A, et al. The 
histone deacetylase inhibitor sodium valproate causes limited transcrip-
tional change in mouse embryonic stem cells but selectively overrides 
Polycomb-mediated Hoxb silencing. Epigenetics Chromatin (2013) 6:11. 
doi:10.1186/1756-8935-6-11 

38.	 Fonseca GJ, Thillainadesan G, Yousef AF, Ablack JN, Mossman KL, Torchia J, 
et al. Adenovirus evasion of interferon-mediated innate immunity by direct 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/imr.12101
https://doi.org/10.1111/imr.12101
https://doi.org/10.1038/ni875
https://doi.org/10.1038/ni875
https://doi.org/10.1038/ni873
https://doi.org/10.1038/nri3806
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1074/jbc.R700016200
https://doi.org/10.1002/hep.21312
https://doi.org/10.1002/hep.21312
https://doi.org/10.1053/j.gastro.2006.09.052
https://doi.org/10.1128/JVI.02438-06
https://doi.org/10.1128/JVI.02438-06
https://doi.org/10.1002/hep.26657
https://doi.org/10.1002/hep.26657
https://doi.org/10.1371/journal.ppat.1000017
https://doi.org/10.1371/journal.ppat.1000017
https://doi.org/10.1073/pnas.1100552108
https://doi.org/10.1038/embor.2012.96
https://doi.org/10.1038/embor.2012.96
https://doi.org/10.1038/ni.3180
https://doi.org/10.1016/j.stem.2008.10.007
https://doi.org/10.1016/j.smim.2012.11.002
https://doi.org/10.1038/
nature12172
https://doi.org/10.1016/j.cell.2015.08.027
https://doi.org/10.1038/msb.2012.17
https://doi.org/10.1371/journal.pone.0121734
https://doi.org/10.1371/journal.pone.0072700
https://doi.org/10.1371/journal.pone.0072700
https://doi.org/10.1038/nature09637
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1128/JVI.79.24.15043-15053.2005
https://doi.org/10.1128/JVI.79.24.15043-15053.2005
https://doi.org/10.1002/hep.26653
https://doi.org/10.1074/jbc.M111.266254
https://doi.org/10.1074/jbc.M111.266254
https://doi.org/10.4161/epi.23538
https://doi.org/10.1083/jcb.77.3.853
https://doi.org/10.1126/science.1234852
https://doi.org/10.1128/JVI.00303-10
https://doi.org/10.4049/jimmunol.0804277
https://doi.org/10.4049/jimmunol.0804277
https://doi.org/10.1371/journal.ppat.1004782
https://doi.org/10.1016/j.antiviral.2009.03.006
https://doi.org/10.1189/jlb.0812395
https://doi.org/10.1371/journal.pbio.1001758
https://doi.org/10.1371/journal.pbio.1001758
https://doi.org/10.1371/journal.pone.0033453
https://doi.org/10.1186/1756-8935-6-11


18

Bhushal et al. Epithelial Responsiveness Heterogeneity to Interferons

Frontiers in Immunology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 671

antagonism of a cellular histone posttranslational modification. Cell Host 
Microbe (2012) 11:597–606. doi:10.1016/j.chom.2012.05.005 

39.	 Tamura T, Smith M, Kanno T, Dasenbrock H, Nishiyama A, Ozato K. Inducible 
deposition of the histone variant H3.3 in interferon-stimulated genes. J Biol 
Chem (2009) 284:12217–25. doi:10.1074/jbc.M805651200 

40.	 Becskei A, Séraphin B, Serrano L. Positive feedback in eukaryotic gene net-
works: cell differentiation by graded to binary response conversion. EMBO J 
(2001) 20:2528–35. doi:10.1093/emboj/20.10.2528 

41.	 May T, Eccleston L, Herrmann S, Hauser H, Goncalves J, Wirth D. Bimodal 
and hysteretic expression in mammalian cells from a synthetic gene circuit. 
PLoS One (2008) 3:e2372. doi:10.1371/journal.pone.0002372 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Bhushal, Wolfsmüller, Selvakumar, Kemper, Wirth, Hornef, Hauser 
and Köster. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.chom.
2012.05.005
https://doi.org/10.1074/jbc.M805651200
https://doi.org/10.1093/emboj/20.10.2528
https://doi.org/10.1371/journal.pone.0002372
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cell Polarization and Epigenetic Status Shape the Heterogeneous Response to Type III Interferons in Intestinal Epithelial Cells
	Introduction
	Materials and Methods
	Generation of the Bacterial Artificial Chromosome (BAC) Mx2tRFP
	Cell Lines, Virus Infection, and Reagents
	Barrier Formation and Polarization
	Organoid Derivation and Cultivation
	Antibodies and Western Blotting
	Luciferase Assay
	Chromatin Immunoprecipitation (ChIP)
	qRT-PCR
	Flow Cytometry and Immunofluorescent Staining
	Image and Statistical Analysis

	Results
	Bimodality of Gene Induction in Responses to Type I and Type III IFNs
	HDAC Inhibition Enhances the Frequency of Responsiveness upon IFN-λ Stimulation
	Polarization of IECs Reinforces 
IFN-λ Responsiveness
	Efficient Response to IFN-λ in Small Intestinal Organoids

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


