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Abstract

Signaling via Programmed Death Ligand (PD-L)-1 and PD-L2 is crucial for maintaining

peripheral tolerance. CD90+ myofibroblasts/fibroblasts (CMFs) are major PD-1 ligands -

expressing cells in normal human colonic mucosa. CMFs suppress activated CD4+ T cell

proliferation via PD-1 ligands. It is not known whether signaling through TLRs contribute to the

regulation PD-1 ligands on CMFs upon colonic mucosal tolerance. Herein, we demonstrated that

stimulation of TLR4 on human CMFs upregulates PD-L1, but not PD-L2, and reinforces CMF-

mediated suppression of CD4+ T cell proliferation and IFN-γ production. TLR4-mediated

upregulation of PD-L1 on CMFs involved NF-κB pathways and was JAK2- and MyD88-

dependent. MyD88-dependent stimulation of TLR1/2 and TLR 5 also upregulated PD-L1

expression on CMFs in culture. PD-L1 expression was drastically decreased in vivo in the colonic

mucosa of mice devoid of MyD88. Induction of MyD88 deficiency in CMFs in fibroblast-specific

MyD88 conditional knockout mice resulted in a strong increase in a mucosal IFN-γ expression

concomitantly with the abrogation of PD-L1 expression in CMFs under homeostasis and epithelial
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injury induced by dextran sodium sulfate. Together these data suggest that MyD88-dependent

TLR stimulation of CMFs in the normal colonic mucosa may reinforce these cells' anti-

inflammatory capacity, and thus contribute to the maintenance of mucosal tolerance.
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Introduction

The gastrointestinal (GI) mucosa plays a fundamental role in the immunoregulatory

response to pathogens, sensitization/desensitization to dietary antigens, and tolerance to self

antigens and commensal flora in the GI system (1). The mammalian colon is highly

populated by variety of different microorganisms. Using standard culture methods it was

estimated three decades ago that at least 400 species of bacteria are present in fecal samples

(2), while current metagenomic methodology has suggested that those numbers may have

been an underestimate, representing only 30-40% of the total microbial diversity in colon

(3-5). In spite of this high level of exposure to microbial antigens, the normal colonic

mucosa is protected by innate and adaptive pro-tolerogenic mechanisms that homeostatically

control inflammatory responses. Disruption of mucosal tolerance in the colon is associated

with several incurable and chronic diseases, such as inflammatory bowel disease (IBD).

Therefore, understanding the underpinning mechanisms responsible for colonic mucosal

tolerance has potential translational value for IBD therapy and management.

Despite significant progress in understanding gastrointestinal mucosal tolerance, the cells

and pathways that determine the establishment and maintenance of tolerance in the colon

remain poorly understood. A prominent role in peripheral tolerance has been proposed for

the inhibitory molecules Programmed Death-1 ligand (PD-L)-1 (a.k.a B7-H1, CD274) and

PD-L2 (a.k.a B7-DC, CD273). These B7 family molecules are mainly expressed on antigen-

presenting cells (APCs), and appear to have dual roles as both negative modulators of

activated T cell responses and as co-stimulators of early T cell priming and differentiation

(6-10). Signaling through these ligands limits the proliferation of activated effector T cells,

and regulates the balance among Th1, Th2, Th17 and CD4+ regulatory T responses (10-13).

The best-characterized tolerogenic receptor is PD-1 (CD279), which negatively regulates

TCR signals and controls the balance of T-cell activation, immune-mediated tissue damage

and provides multiple tolerance checkpoints that prevent autoimmunity (7).

Despite extensive investigation of the B7 family of co-stimulators in various tissues, their

involvement in the regulation of mucosal immune responses in the GI tract remains poorly

understood. The crucial role of PD-L1-mediated signaling in mucosal tolerance in the small

intestine has recently been highlighted by the report that loss of PD-L1:PD-1 signaling leads

to a development of an autoimmune enteritis and destruction of the small intestinal

epithelium (6). PD-L1-/- animals have elevated systemic IFN-γ production (14). PD-L1-

mediated control of inflammatory IFN-γ-producing effector T cells in the GI mucosa has

particular importance, as immune surveillance by these cells is critical for the host responses
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to tumors and infection, and contributes to autoimmune responses (13). In particular, altered

PD-L1-mediated signaling/expression have been reported to contribute to chronic

inflammation during IBD (15, 16).

Limited data are available on cells expressing PD-L1 and PD-L2 in the GI tract. CD90+

stromal cells (a.k.a. myofibroblasts/fibroblasts or CMFs) are located just beneath the

epithelial basement membrane and represent a major cell population expressing both PD-L1

and PD-L2 in the normal colonic mucosa (17). We and others previously reported that

CMFs represent a distinct class of local non-professional APCs and are negative for the

markers of professional APCs such as macrophages and dendritic cells (DCs) (18) (19).

CMFs express MHC class II molecules. Under homeostasis, CMFs do not express CD80

(18) (a.k.a. B7-1), which is also capable of signaling via PD-L1 (20). CMFs limit activated

CD4+ T cell responses via signaling initiated by PD-L1 and PD-L2. Taken together (17-19,

21), these recently published data demonstrate that normal human colonic mucosa colonic

stromal cells, although capable of serving as APCs, play an immunosuppressive role instead.

Toll-like receptors (TLRs) recognize conservative molecular motifs of commensal and

pathogenic microorganisms. Activation of TLRs results in the transduction of innate pro-

and anti- inflammatory gene expression programs through distinct intracellular signaling

pathways, controlled by signaling adapter complexes. MyD88 is a shared cytoplasmic TLR

adapter, which plays a critical role in innate signaling through the NF-κB and IRF

transcription factors (22-24). Signaling through TLRs on innate and adaptive immune cells

plays a critical role in the maintenance of mucosal homeostasis. These interactions

contribute to the maintenance of tolerance to commensal microorganisms and the induction

of the inflammatory responses against pathogens (23, 25, 26). While the colonic epithelial

layer is a dynamic structure undergoing constant renewal, CMFs located just beneath the

epithelium and with a slower turnover rate are constantly exposed to a vast array of colonic

microbiota products that might stimulate innate immune receptor mediated signaling (19,

27). Under conditions of homeostasis these interactions do not result in overt inflammatory

responses, presumably due to mechanisms of mucosal tolerance. A critical contribution of

PD-1 ligand mediated signaling to peripheral tolerance in vivo has been demonstrated (6,

14). Recent studies showed that stimulation of TLRs induce PD-L1 expression on DCs,

macrophages and cancer cells (28-30). However, it is not known whether signaling via TLRs

contributes to the regulation of PD-1 ligands in the GI tract. Thus, the objective of the study

presented herein was to investigate the role of MyD88-mediated TLR signaling in the

modulation of the PD-L1expression by CMFs.

Herein we demonstrate that stimulation of TLR4 on CMFs derived from the human normal

mucosa leads to the NF-κB-dependent upregulation of PD-L1, but not PD-L2 with

reinforced CMF-mediated suppression of CD4+ effector T cell responses. Lack of intact

MyD88 signaling specifically within the fibroblast compartment in vivo resulted in an

increased expression of the inflammatory cytokine IFN-γ concomitantly with the decrease in

PD-L1 expression by CMFs. Taken together with previous observations by ourselves and

others (14, 17, 31) these new data suggest that upregulation of PD-L1 expression by CMFs

via MyD88-dependent TLR signaling is among the critical processes contributing to the
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suppression of inflammation under mucosal tolerance and disruption of this mechanism

might be an important factor involved in acute and chronic colonic inflammatory conditions.

Materials and Methods

Antibodies—Fluorochrome-conjugated and unconjugated murine anti-α-smooth muscle

actin (α-SMA, clone 1A4) monoclonal and anti-MyD88 goat polyclonal Abs were

purchased from Sigma (St. Louis, MO). Fluorochrome-conjugated forms of IgG1κ, IgG2a,

isotype controls and monoclonal mAbs directed against human CD90 (clone 5E10) were

from BD PharMingen and eBioscience (San Diego, CA). Fluorochrome-conjugated mAbs

against human and murine CD4 (clone RPA-T4 and RM4-5, respectively), T-bet (clone

eBIo4B10), isotype controls as well as mAbs against human PD-L1 (clone M1H1), PD-L2

(clone M1H18) and murine PD-L1 (clone M1H5), murine and human Fc receptor blocker

were from eBioscience (San Diego, CA). Alexa Fluor® (AF®) 488- and AF®633-labeled

donkey anti-mouse IgG2a and IgG1κ (respectively), Zenon Mouse IgG and Apex™ Ab

labeling kits were purchased from Invitrogen Inc. (CA). Anti-total IkBα murine mAbs

(clone L35A5) and anti-biotin HRP-conjugated Abs were from Cell Signaling Technology,

Inc. (Danvers, MA). Goat anti-human PD-L1 polyclonal biotinylated Abs were purchased

from R&D Systems, Inc. (Minneapolis, MN). Goat anti-murine IgG HRP-conjugated Abs

were from Bio-Rad Life Science (Hercules, CA).

Human tissue & CMF isolation—For CMF isolation, full-thickness fresh human

mucosal samples were obtained from discarded surgical resection material of colons in

compliance with protocols approved by the University of Texas Medical Branch

Institutional Review Board. Areas of uninvolved colon tissue from patients undergoing

colectomy for colon cancer were studied. Total mucosal cell preparation was done as

described previously (18). CMFs were isolated according to the protocol of Mahida et al.

(32), which is routinely used in our laboratory (18). The purity of isolated CD90+ CMFs

(98-99%) was confirmed by flow cytometry, as previously described (18). Studies were

performed with primary CMF isolates at passages 4-10. Cells were cultured as described

previously (18).

Animals—C57BL/6 mice were purchased from the Jackson Laboratories (Bar Harbor,

ME). MyD88-deficient mice (MyD88-/-) on a C57BL/6 background were obtained from the

University of California at San Diego. MyD88flox mice were obtained from Jackson

laboratory and were crossed with fibroblast specific Cre mice (TgCol1α2-CreER™) in order

to generate fibroblast specific Tamoxifen-inducible conditional knockout mice under

fibroblast specific Col1α2 promoter selective for MyD88 (Myd88floxTgCol1α2-CreER™ or

Fib-Myd88 KO). The fibroblast specific Cre mice (TgCol1α2-CreER™) mice were

provided by Dr Andrew Leask at University of Western Ontario (London, Ontario, Canada)

and have been described previously (33). Deletion of myd88 was induced with the

intraperitoneal (i.p.) injection of tamoxifen (TM, 1 mg/mice for four days. total injection

volume/animal is 100 μL) one week prior to the experimental procedure. The presence of

MyD88 floxed and Cre recombinase under Col1α2 promoter transgene was identified by

using standard PCR protocols suggested by Jackson Laboratory. For the detection of MyD88

Beswick et al. Page 4

J Immunol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



floxed trasgene the following primer pair was used: oIMR9481fw 5′GTT GTG TGT GTC

CGA CCG T 3′ and oIMR9481rev 5′GTC AGA AAC AAC CAC CAC CAT GC 3′. Cre

recobinase trasgene was detected using primers: CreSfw 5′ AGG TTC GTT CAC TCA TGG

A 3′ and CreASrev 5′ TCG ACC AGT TTA GTT ACC C 3′. Absence of MyD88 expression

within the CMF compartment was controlled using immunostaining followed by confocal

microscopy and flow cytometry. All mice (female, 6-12 weeks of age) were housed under

pathogen-free, but not germ-free conditions. All experimental procedures were approved by

the Institutional Animal Care and Use Committee of the University of California at San

Diego and University of Texas Medical Branch at Galveston.

Dextran sodium sulfate (DSS) treatment—The DSS model of colitis was used to

induce epithelial injury using the standard protocol (34). On day 1, animals received DSS

solution (2% DSS in drinking water). Control animals received regular drinking water. On

days 3 and 5 water supplies were refilled with fresh DSS and control solutions, respectively.

On day 8 the DSS solution was replaced by regular water. Colitic changes and immune

responses were analyzed at day 10. For this purpose mice were anesthetized (80 μl of

ketamine at 80 mg/Kg and xylazine 10 mg/Kg, i.p.) and euthanized by cervical dislocation

and samples taken for analysis enlisted below. Total mucosal cell preparation was done as

described previously for human tissue (18).

Transfection of siRNA into CMFs—Primary human CMFs with repressed expression

of RelA, RelB or MyD88 were generated in our lab using Stealth™ siRNA probes

(Invitrogen, CA). Negative siRNA controls with appropriate GC content were included in

each experiment. An optimal concentration of each siRNA (0.3 nM) was used for each

transfection. Transfection of primary cells was performed using Nucleofector™ technology

(Amaxa Biosystems, Gaithersburg, MD) according to the manufacturer's instructions as

previously described (10).

Costimulation of T cell responses—Assays were performed as previously described

using allogeneic CMF: T cell co-cultures (17). Briefly, human CD4+ CD45RA+ T cells were

purified from PBMCs of healthy donors by negative selection using Naïve CD4+ T Cell

Isolation magnetic bead Kit II (Miltenyi Biotec., Auburn, CA). T cells were CFSE labeled as

previously described (35) and were pre-activated with anti-human CD3 and CD28

microbeads (Myltenyi Biotec, per manufacturer's instructions) for 1 h prior to co-culture

initiation. A ratio of 4:1 (T cells to CMFs) was used in these experiments. In some assays

CMFs were pre-stimulated with LPS (1 μg/mL) for 24h. LPS was removed and CMFs were

washed three times with MEM containing polymyxin B (10 μg/mL) to remove residual LPS.

Pre-activated T cells were then added and the co-cultures were maintained in polymyxin-

containing media. T cells were then recovered from co-cultures on day 4, immunostained for

the markers of interest, and analyzed by flow cytometry. Conditioned media from mono-

and co-cultures of T cells and CMFs were collected and analyzed for IFN-γ using single-

plex analysis (Millipore, CA) per the manufacturer's instructions.

Flow cytometry—CMFs were detached from the culture flasks by treatment with cell

dissociation buffer (Sigma) at 37°C for 15-30 min, followed by two washes with cold PBS.
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Single- and multi-color immunostaining were performed according to standard eBioscience

surface and intracellular FACS staining protocols. Cells were analyzed by flow cytometry

using LSRII cytometers (BD Biosciences) per the manufacturer's procedure. Area, height

and width parameters for forward and side scatters (FSC and SSC, respectively) were used

to discriminate single live cells. An additional gate was set up based on the negativity for the

fixable viability dye eFluor® 780 (eBIoscience), which was added during the surface marker

staining to exclude dead cells from the analysis. Flow cytometry data were analyzed using

FACSDiva 6.2 (Becton Dickinson) and FlowJo (Tree Star, USA) software.

Confocal microscopy—Frozen murine colon tissue sections were fixed in 1%

paraformaldehyde for 20 minutes at room temperature, blocked with normal rabbit serum

(1:10 in PBS) for 15 min at room temperature, and then incubated with anti-PD-L1 (1

μg/mL) mouse monoclonal Abs (clone M1H5) overnight at 4°C. The sections were then

stained with AF®594-conjugated rabbit anti-rat IgG Abs (1:300) and AF®488-conjugated

anti-α-SMA mAbs for 30 min at room temperature. Each staining step was followed by six

washes with PBS with Ca++/Mg++. Secondary mAbs and isotype controls were included in

the analyses. The sections were then mounted in SlowFade® Gold antifade reagent with

DAPI (Invitrogen). Confocal microscopy was performed with a Zeiss LSM510 META laser-

scanning confocal microscope (Carl Zeiss, Thornwood, NY) as previously described (17).

Western blot analysis—This analysis was performed on 10 μg of protein as previously

described (18).

Real-time RT-PCR—Analysis was performed as previously described (17) according to

the Applied Biosystems's two-step RT real-time PCR protocol (Applied Biosystems, Foster

City, CA). Briefly, all reagents were purchased from Applied Biosystems. The appropriate

assays-on-demand™ gene expression assay mix (Applied Biosystems) for human 18S RNA

and the gene of interest (a 20X mix of unlabeled PCR primers and TaqMan® MGB probe,

FAM™ dye-labeled) and 2 μL of cDNA were added to the PCR reaction step. The reactions

were carried out in a 20 μL final volume using a BioRad Q5 real-time PCR machine with the

protocol 2 min at 50°C, 10 min at 95°C (1 cycle) and 15 sec at 95°C and one min at 60°C

(40 cycles).

Statistical analysis—Unless otherwise indicated, the results were expressed as the mean

± SE of data obtained from at least three independent experiments each performed in

triplicate. Differences between means were evaluated by ANOVA using Student's t-test for

multiple comparisons. Values of P <0.05 were considered statistically significant.

Results

Stimulation of TLR4 on colonic CD90+ myofibroblasts/fibroblasts (CMFs) upregulates their
PD-L1 expression

Because abnormal TLR4-mediated signaling is involved in chronic inflammation associated

with IBD (36-38) and TLR4 stimulation of the resident peritoneal macrophages upregulates

PD-L1 (11), we first determined how LPS stimulation affected PD-L1 expression on CMFs

in freshly digested normal colonic mucosal cell (MC) preparations. Stimulation of normal
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colonic MCs with LPS (1μg/mL) led to strong upregulation of PD-L1 on CD90+ CMFs,

which were the major population expressing PD-L1 in LPS-stimulated MC preparations

(Fig. 1A). Minor increases in PD-L1 expression were also noted on non-stromal cells in the

MC preparations. To discern whether this process is due to direct stimulation of TLR4 on

CMFs, we analyzed pure primary cultures of human CMFs isolated from normal mucosa.

By flow cytometry analysis we confirmed that normal CMFs express surface TLR4 (Fig.

1B), as was previously reported (27). Stimulation of cultured CMFs with LPS also resulted

in significant upregulation of PD-L1 surface protein (Fig. 1C) and mRNA (Fig. 1D).

Analysis of the geometric size of CMFs (FSC) vs the fluorescence intensity of the anti-PD-

L1 mAb-labeled cells confirmed that the observed LPS-mediated increase in PD-L1+ CMFs

was due to surface expression of PD-L1 and not to the increase in the size of cells (data not

shown). Further, the observed level of the LPS-mediated upregulation of PD-L1 was

comparable to those reported earlier for macrophages and mucosal Langerhans cells (11,

28). The kinetics of PD-L1 mRNA expression by LPS increased significantly between 2 and

4 h of LPS exposure, and returned to baseline levels after 24h (Fig. 1D). Since PD-L2 and

CD80 may serve as a ligand/receptor for PD-1 and PD-L1, respectively, we also analyzed

whether TLR4 stimulation modulates their expression on normal CMFs. No detectable

CD80 expression was observed upon TLR4 stimulation of the CMFs. There was a minor

increase in surface PD-L2 expression by isolated normal CMF upon TLR4 stimulation.

However, this increase did not reach statistical significance (Supplement, online Fig. S1).

These data suggest that in normal human colonic mucosa, CMFs respond to TLR4

stimulation with the upregulation of the T cell negative co-stimulator PD-L1.

TLR4-mediated upregulation of PD-L1 reinforces CMF-mediated suppression of activated
CD4+ T effector cell responses

To assess the functional significance of the TLR4-mediated PD-L1 upregulation on CMFs,

we analyzed their ability to suppress proliferation of activated CD4+ effector T cells. LPS

pre-stimulation of CMFs led to an increase in the CMF-mediated suppression of activated

CD4+ effector T cell proliferation. This process involved PD-L1 since its neutralization with

anti-PD-L1 blocking mAbs, but not an isotype control, partially restored T cell proliferation

(Fig. 2A-B). Upregulated PD-L1 expression is reported on activated T cells and this may

inhibit T cell proliferation in an endogenous manner (39, 40). In our experiments, addition

of PD-L1 blocking mAbs did not alter proliferation of the activated T cell monocultures,

suggesting that CMF-mediated PD-L1 signaling and not intrinsic T cell PD-L1 signaling is

important in alteration of the T cell proliferation. Interestingly, we observed that the major

reduction of CFSElow population of CD4+ T cells co-cultured with CMFs was mostly in P10

(later) phase (Fig. 2A-B), and much less in earlier P5-P9 phases of proliferation. Because

PD-1 ligand mediated signaling may render PD-1+ effector T cells more susceptible to

apoptosis (41, 42), our data may indicate that the apparent decline in T cell proliferation in

the in vitro CMF:T cell co-cultures may be due to increases in PD-L1 mediated cell death.

Since PD-L1-mediated signaling is involved in down-regulation of IFN-γ production by

activated T cells, we then analyzed production of IFN-γ in these co-cultures. LPS-pre-

stimulated CMFs co-cultured with activated CD4+ T cells were found to have an increased

capacity to suppress T cell IFN-γ production in a PD-L1 dependent manner (Fig. 2C). Thus,
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our data suggest that upon exposure to the bacterial ligands that are recognized by TLR4

CMFs may contribute to mucosal tolerance via an increased capacity to suppress IFN-γ

which is involved in pro-inflammatory CD4+ T effector cell responses.

TLR4-mediated upregulation of PD-L1 on CMFs from normal colonic mucosa is NF-κB-
dependent

Exposure to LPS induces activation of NF-κB in murine and human intestinal stromal cells

(24, 37). We evaluated whether NF-κB is involved in LPS-mediated upregulation of PD-L1

on CMFs. Using Western blot analysis we demonstrated that stimulation of CMFs with LPS

resulted in a rapid degradation of IκBα, which was maximal at 1 hour and returned to the

basal level by 24 h post-LPS exposure (Fig. 3A). Moreover, LPS-induced upregulation of

total (Fig. 3B) and surface PD-L1 (Fig. 4A-B) on CMFs was significantly inhibited by the

presence of the NF-κB translocation inhibitor triptolide (20 ng/mL). Interestingly, we noted

that basal expression of both PD-L1 and PD-L2 on N-CMFs was slightly decreased by

treatment with triptolide (Figure 4, Figure S1). Additional studies are currently in progress

to understand the role of the NF-κB activity in the basal expression levels of B7 molecules.

A previous report suggested that the PI3K/mTOR pathway may also enhance PD-L1

expression (43). Thus, we tested the effect of the P70S6/mTOR kinase inhibitor rapamycin

on CMFs, and this did not affect LPS-induced PD-L1 upregulation (data not shown). LPS-

induced activation of the NF-κB-mediated response is reported to involve activation of

protein tyrosine kinase JAK2 (44). We then analyzed whether inhibition of JAK2 activation

decreased the LPS-induced PD-L1 expression by CMFs. AG490 specifically blocks JAK2

activation at the concentration range of 5-20 μM. Its application at 10 μM concentrations

significant decreased the LPS-induced upregulation of PD-L1 (Fig. 4C). A previous study

(45-47) demonstrated that AG490 may have off-target effects (blocking of the constitutive

activation of Stat3) when used at higher concentration 60-100 μM. This seems unlikely in

our study since we used AG490 at a final concentration of 10 μM. Thus, activation of JAK2

is involved in LPS-mediated induction of PD-L1 on CMFs.

Because both canonical (RelA-dependent) and non-canonical (RelB-dependent) NF-κB

pathways can be active in fibroblasts (48, 49), we determined which of these two NF-κB

pathways is implicated in TLR4-mediated upregulation of PD-L1 expression on CMFs. We

also demonstrated that silencing the expression of RelA or RelB with specific siRNAs, but

not control siRNA, abrogated LPS-induced PD-L1 upregulation on CMFs (Fig. 4D). These

data suggest that both pathways contribute to the TLR4-mediated upregulation of PD-L1.

The adaptor MyD88 is required for the TLR4-mediated upregulation of PD-L1 on human
CMFs

Since stimulation of TLR4 on APCs may activate both MyD88-dependent and -independent

pathways (50), we analyzed whether the adaptor MyD88 is required for the TLR4-mediated

PD-L1 upregulation on CMFs. Using a siRNA approach, we demonstrated that silencing

MyD88 expression in CMFs abrogated the LPS-induced upregulation of PD-L1 (Fig. 5A).

Signaling through other innate immunity receptors has been reported to activate PD-L1

expression on the professional immune cells (51, 52). We tested whether stimulation of
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other MyD88-dependent TLRs modulates PD-L1 expression by CMFs. Stimulation of

CMFs with the bacterial agonists for TLR1/2 (Pam3CSK4, 100 ng/mL) and TLR5 agonist

(S. typhimurium flagellin, 100 ng/mL) also resulted in upregulation of PD-L1 (Fig. 5B-C).

Similar to the TLR4-mediated PD-L1 upregulation, the TLR1/2 and TLR5 mediate increase

in PD-L1 expression by CMFs was MyD88 dependent. Silencing of the MyD88 mRNA

expression using specific siRNA abrogated this PD-L1 increase (Supplement online, Fig.

S2). By contrast, tested agonists to TLR7 (Imiquinod 100 ng/mL), TLR8 (ssRNA40, 100

ng/mL) and TLR 9 (ODN 2006, 0.5 mM) did not increased PD-L1 expression by CMFs.

Importantly, bacteria whose products are recognized by those TLR1/2, 4 and 5 are highly

represented within the normal colon (2, 4). Because tissue expression of PD-L1 has been

demonstrated to be among the key factors mediating peripheral T cell tolerance (31), our

data suggest that CMFs are important contributors to mucosal tolerance via upregulation of

PD-L1 in response to stimulation by colonic bacterial products.

MyD88 dependent signaling is required for the expression of PD-L1 on murine CMFs both
at homeostasis and upon epithelial injury

Our in vitro experiments demonstrated that MyD88-dependent TLRs stimulation results in

the PD-L1 upregulation by CMFs. This observation raised the question whether MyD88 is

required for the PD-L1 expression on CMFs in vivo. Using immunostaining followed by

confocal microscopy, we demonstrated that CMFs (α-SMA+ subepithelial cells) in C57Bl/6

wild-type mice express a strong basal level of PD-L1 in normal colonic mucosa (Fig. 6A).

The level of total mucosal PD-L1 expression was vastly reduced in MyD88-/- mice on the

same genetic background. We also noted that the number of the α-SMA+ CMFs was

reduced in the colonic mucosa of these knockout (KO) mice. This may be due to the reduced

MyD88-dependent fibroblast migration and differentiation as has been noted in the small

intestine and other organs (22, 53). However, the α–SMA+ positive cells (a.k.a. activated

CMFs) that remain were essentially devoid of PD-L1. Further, the number of α-SMA

negative cells expressing PD-L1 was also strongly reduced in the colonic mucosa from

MyD88-/- mice (Fig. 6B).

We then tested how CMF specific activation of MyD88 regulates the expression of PD-L1 at

homeostasis and upon epithelial injury. For this purpose we generated fibroblast-specific

tamoxifen-inducible conditional knockout mice selective for MyD88 (Fib-MyD88 KO). The

specificity of MyD88 deletion within the CMF, as well as retained MyD88 expression in

other relevant innate immunity cells (CD11c+DC, F4/80+ macrophages and EpCAM+

epithelial cells) was confirmed by immunostaining followed by confocal microscopy

analysis (Supplement online, Figure S3). Similar to the MyD88-/- mice we observed a

decrease in a PD-L1 expression within the colonic mucosa (real-time RT-PCR analysis,

Supplement online, Fig. S4A). Using confocal microscopy and flow cytometry we

demonstrated that CMF intrinsic MyD88 deficiency resulted in the abrogation of PD-L1

expression by CMFs in Fib-MyD88 KO control group (Fig 7A, C, see also Supplement

online Figure S4B). Similar observations were made in the DSS acute inflammation model,

in which the exposure of colonic mucosal lamina propria cells to commensal microbiota is

increased due to the epithelial damage induced by DSS (Fig. 7B,C and Supplement online

Figure S4B).
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Using PD-L1 knockout animals, Keir et al (14) demonstrated that animals lacking intact PD-

L1 signaling have elevated production of the inflammatory cytokine IFN-γ. Our in vitro

experiments suggest that stimulation of MyD88-dependent TLRs potentiate CMF-mediated

suppression of the IFN-γ production by preactivated T cells in a PD-L1 dependent manner.

Thus, we analyzed IFN-γ levels in the mice lacking an intact MyD88-PD-L1

immunoregulatory axis. We observed that in the absence of MyD88-PD-L1 signaling (in

Fib-MyD88 KO mice), there was a significant increase in mucosal IFN-γ expression at

homeostasis (Fig 7D). Similar observations were made in colonic mucosa from MyD88-/-: a

decrease in mucosal IFN-γ was observed (Supplement online, Fig. S4C). Further, production

of an IFN-γ inflammatory response was even stronger in Fib-MyD88 KO mice upon

intestinal injury induced by DSS (Fig 7D).

Discussion

Tolerance is defined as the immune system's endogenous regulatory mechanisms that

prevent potentially injurious inflammatory immune responses by producing a systemic state

of antigen-specific non-responsiveness to antigens previously encountered (54, 55). A

similar but more localized process regulates responses to commensal bacteria in the

intestinal mucosa, and is known as mucosal tolerance (56, 57, 58). However, physiological

pathways and cells responsible for the induction and maintenance of tolerance in the colonic

mucosa are not well characterized. Taken together with our previous publications (17, 35),

the present study provides additional evidence supporting the importance of human colonic

CD90+ stromal cells (CMFs) in the maintenance of local mucosal tolerance.

Many mechanisms have been proposed to explain the defects in the activation of T cell-

dependent immune responses that occur during tolerance, including clonal anergy and

deletion, as well active regulatory processes (3, 56). Immunosupression due to the

upregulation of the B7 negative co-stimulatory molecules, as well as induction of regulatory

T cells, are important mechanisms contributing to the induction of the tolerogenic

(homeostatic) state (30, 32). During mucosal tolerance, acute inflammatory effector T cell

responses are regulated by their interactions with APCs. We and others recently reported

that CMFs may act as non-professional APCs in normal colonic mucosa (18, 19), and so

may be involved in the regulation of T cell responses. It has been suggested that, in contrast

to parenchymal cells, a “tolerogenic” anti-proliferative effect is a fundamental characteristic

of all mesenchymal stromal cells (59). Our recently published data are consistent with this

idea. CMFs isolated from normal human mucosa suppress proliferation of activated CD4+ T

cells (17).The mechanisms responsible for CMF's suppressive effect on activated T effector

cell responses involve cell contact-mediated interactions and/or the production of soluble

factors. We previously demonstrated that direct CMF-mediated suppression of activated T

effector cell responses involves signaling through PD-L1 and PD-L2 (17). However, in

colonic mucosal sites in vivo, these interactions occur within an extremely dynamic milieu

containing abundant cytokines, chemokines, growth factors and TLR ligands.

The continuous presence of physiological microflora in the colonic lumen provides a

significant source for TLR ligands; thus, it is likely that TLR signaling plays a major role in

orchestrating mucosal tolerogenic responses. Therefore, the immunosuppressive capacity of
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CMFs is likely to be modulated by signaling through TLRs. We have confirmed expression

of TLR4 on normal CMFs, and demonstrated that signaling through TLR4 upregulates PD-

L1, but not PD-L2 on CMFs. TLR4-mediated upregulation of PD-L1 results in greater

CMF-mediated suppression of CD4+ effector T cell proliferation. Although further

investigation is required to understand the mechanism responsible for CMF-mediated

suppression of proliferating T cells, our data suggest that this inhibitory effect may be

caused by an increase in PD-L1 mediated T cell death. Such an APC-mediated PD-L1

dependent inhibitory action on T cell growth/survival was previously described in the other

organs (41, 42)

CMF:T cell co-culture experiments also demonstrated that signaling through TLR4

enhanced CMF mediated suppression of IFN-γ production by activated CD4+ effector T

cells and this process was PD-L1 dependent. CMFs isolated from normal colonic tissue

respond to exogenous IFN-γ by increased PD-L1 expression (66). This suggests that reduced

production of IFN-γ by CMF-derived PD-L1 engagement of T cells may be an important

physiological negative feedback mechanism to control the inflammation in the GI track and

mucosal homeostasis.

The intracellular mechanisms responsible for TLR-mediated upregulation of PD-L1 on

APCs are not well characterized. IFN-γ- and LPS-induced PD-L1 upregulation on tumor

cells was reported to be mediated by MEK and PI3K/AKT/mTOR, but not NF-κB pathways

(30, 51). However, IFN-γ regulation of PD-L1 expression on dermal fibroblasts was

demonstrated to be NF-κB- mediated (67). NF-κB pathways are activated in the intestinal

mucosal stromal cells upon stimulation with LPS (37), and we have made the novel

observation that TLR4-mediated upregulation of PD-L1 on CMFs is NF-κB-dependent,

involving both the canonical and non-canonical NF-κB pathways. Further, our data suggest

that activation of JAK2 is involved in the NF-κB-mediated upregulation of PD-L1 on CMFs

in response to LPS. A similar mechanism was described for the LPS-induced production of

nitric oxide in macrophages (44). The question that needs further investigation is whether

activation of JAK2 is directly involved in the TLR4-mediated increase of PD-L1 or it is due

to the LPS-mediated increase in the inflammatory cytokines and growth factors on CMFs.

Recent data by Wolfe at al (68) suggest that IL-6 and IL-10 via STAT3 activation may

contribute to the increase in PD-L1 expression on professional APCs. LPS treatment may

induce minor increases in IL-6, but not IL-10 production by CMFs (69). However, we did

not observe significant upregulation of PD-L1 expression by CMFs after 24h of treatment

with IL-6 (10 ng/mL; data not shown). This suggests that JAK2 activation might be directly

involved in the TLR4-mediated regulation of PD-L1 expression by CMFs, as reported

previously in B cell lymphomas (70). However we do not exclude the possibility that

exogenous IL-6 and IL-10 produced by other cells in the normal colonic mucosa may

contribute to the regulation of the PD-L1 expression in vivo. In contrast to previous findings

with tumor-derived cells (30, 51), inhibition of mTOR with rapamycin did not affect TLR4-

mediated upregulation of PD-L1 on CMFs. In summary, TLR-mediated upregulation of PD-

L1 on different cell type may involve different intracellular pathways in health and disease,

and thus may have different pathophysiological effects.
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TLR4-mediated signaling may activate two downstream pathways, Myd88-dependent and -

independent, each able to directly activate NF-κB. The adaptor MyD88 is also required for

the TLR1, 2 and TLR5-9 mediated signaling. This adaptor has been reported to be essential

for the TLR4- and TLR7/8-medated upregulation of PD-L1 on plasma cells and DCs,

respectively (51, 52). We observed that signaling through MyD88-dependent TLRs (1/2, 4

and 5) upregulates PD-L1. In contrast to professional APCs, stimulation of CMFs via

TLR6-9 agonists did not result in PD-L1 upregulation. This may be due either to limited

availability of these receptors on CMFs or different regulatory functions of these TLRs on

CMFs as contrasted to professional APCs, as has previously been reported for gingival

fibroblasts (71).

In the GI tract, MyD88 signaling is critical for host protection against DSS-induced colitis

by limiting mucosal damage and acute inflammatory responses (58, 72). MyD88-dependent

signaling has also been shown to limit the systemic enteropathogen burden in the model of

Salmonella-induced colitis (22). At the same time, MyD88 signaling is critical in

spontaneous and inflammation-induced intestinal tumorogenesis (73-74). Because of the

intrinsic complexity of MyD88 signaling in various type of cells (74,58), the mechanisms

underlying MyD88-protective vs pathological effects are unclear. PD-L1 signaling is known

to play a dual role: it is critical for the maintenance of mucosal tolerance (6-7, 10, 14), but

its persistent, increased expression within a tumor promotes cancer-associated

immunosuppression (10, 75-77). The normal colonic mucosa is highly colonized by large

variety of bacterial species that are a source of multiple ligands for MyD88 dependent TLRs

(4, 78). However, the role of MyD88 signaling in the in vivo regulation of the PD-L1 in GI

tract has not been investigated. Our in vivo data suggest that total lack of intact MyD88

signaling in colonic mucosa (Myd88-/- mice) drastically decreases PD-L1 expression

especially by CMFs. We have demonstrated that fibroblast-restricted MyD88 signaling was

required for the PD-L1 expression by CMFs in vivo. Using the DSS acute colitis-conditional

MyD88 knockout model, we demonstrated that despite intact MyD88 signaling on other

immune cells that accumulate in the mucosa of this model there does not appear to be any

compensatory mechanism present to restore the expression of PD-L1 on CMFs during acute

intestinal epithelial injury.

Our in vitro data in human cells and our in vivo observations in mice suggest that direct

interactions between CMFs, stromal cells located just beneath the epithelial basement

membrane, and colonic microbial products is critical for PD-L1 expression by CMFs.

Further, our in vitro culture experiments suggest that activation of MyD88-dependent TLR4

signaling potentiates PD-L1 dependent CMF-mediated suppression of IFN-γ production by

T cells. We observed also that impairment of MyD88/PD-L1 regulation in CMFs in vivo

concomitantly increased the expression of IFN-γ in the colonic mucosa. Thus, taking into

consideration the key role of PD-L1 in the negative regulation of the IFN-γ production in

vivo (14), the shift in PD-L1 expression on CMFs even by the 10-20 % observed by us in

culture might be relevant to the TLR-mediated tuning of the immune balance in the colonic

mucosa. This might be particularly relevant when the epithelial layer is disrupted and PD-L1

upregulation on CMFs might help to maintain the equilibrium between tolerance and
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immunity in order to protect the colonic mucosa against overt inflammatory responses

toward innocuous microflora.

Data from these studies point to mechanisms that deserve further detailed investigation such

as the contribution of MyD88 signaling to the basal levels of PD-L1 expression on CMFs in

vivo and whether it affords a protective function in human IBD. Further in vivo investigation

of the role of PD-L1 expression by CMFs in health and diseases is also needed. Finally, our

data strongly suggest that modulation of PD-L1 expression by CMFs via MyD88-dependent

TLR stimulation might be among the main processes contributing to the control of colonic

inflammation during mucosal tolerance and its disruption may be among the factors

involved in several acute and chronic gastrointestinal inflammatory diseases.
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Figure 1.
(A) Freshly digested normal colonic mucosal cell (MC) preparations were stimulated with 1

μg/mL of LPS for 16 h and stained with CD90, PD-L1 or isotype controls and analyzed by

flow cytometry. One representative experiment and the collective results of 5 separate

experiments are shown, * = p < 0.05. (B) Primary normal CMF cultures express TLR4 as

detected by flow cytometry. One representative experiments of ten is shown. (C)

Stimulation of cultured CMFs with 1 μg/mL of LPS (24h) upregulates PD-L1 on the cell

surface (flow cytometry analysis); values are expressed as percentage of positive cells ± SE

of triplicate CMF cultures isolated (n= 9 donors,). * = p < 0.05. (D) Stimulation of cultured

CMFs with 1 μg/mL of LPS upregulates PD-L1 mRNA levels (real time RT-PCR analysis).

The means ± SE are shown as the results of duplicates of three representative experiments,*

= p<0.05.
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Figure 2.
LPS pre-stimulation of normal CMFs reinforces their capacity to suppress activity of the

CD4+ T effector cells. CMFs were pre-stimulated with 1 μg/mL of LPS for 24h, the

remaining LPS was removed by extensive washes, and the CMFs co-cultured with

allogeneic CFSE-labeled, CD2/CD3/CD28-preactivated naive CD4+ T cells at a ratio 1:4 for

4 days in 24-well plates. T cell monocultures were included as experimental controls. In

some experiments co-cultures were performed in the presence of anti-PD-L1 blocking mAbs

(clone M1H1) or isotype controls. (A-B) Proliferation of the CD4+ T cell was analyzed
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based on the dilution CFSE dye, and (C) IFN-γ production in conditioned medium was

analyzed using singleplex cytokine analysis, n=5 allogeneic donor pairs, two experimental

replicates each.
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Figure 3.
The NF-κB pathway is involved in the TLR4-mediated upregulation of PD-L1. (A) Western

blotting using Abs specific for total IκBα protein demonstrated that the total IκBα level

rapidly decreases in LPS-treated (1 μg/mL) CMFs cultures compared with the untreated

controls. (B) LPS-induced total cell PD-L1 upregulation was inhibited in the presence of

triptolide (Trip, a NF-κB translocation inhibitor). Under denaturing conditions, the PD-L1

protein migrates as subunits of ∼50 kDa. Image J software available through NIH website

was used to calculate Relative Density. Adjusted density values for tested samples were

calculated by dividing the Relative Density of each Sample lane obtained with anti-PD-L1

Abs by the Relative Density of the loading-control for the same lane (stain with anti-β-actin

Abs), n=3, *,** = p < 0.05.
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Figure 4.
TLR4 stimulation of CMFs increases surface PD-L1 and depends on NF-κB and JAK2

activation. (A) Immunostaining followed by flow cytometry analysis demonstrated that LPS

-induced PD-L1 upregulation was inhibited in the presence of the NF-κB translocation

inhibitor triptolide (Trip). (B) Summary of PD-L1 surface expression modulation by LPS in

presence/absence of Trip by CMF primary isolates. Values are expressed as a % of PD-L1+

cells ± SE of triplicate CMF cultures isolated from each donor, n=10. (C) JAK2 is involved

in the LPS-mediated upregulation of PD-L1 levels on CMFs. Real time RT-PCR and flow
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cytometry was used to analyze expression of the PD-L1 on N-CMFs treated with LPS in

presence/absence of JAK2 inhibitor AG490, 10 μM, n=4, * = p < 0.05). (D) CMFs isolated

from normal colonic mucosa were transected with RelA- or RelB-specific siRNA or

negative control siRNA, allowed to recover for 7 days, and stimulated with LPS (1 μg/mL)

for 24 h. Immunostaining followed by multi-color flow cytometry demonstrated that

silencing of either relA or relB gene expression abrogated LPS-induced surface upregulation

of PD-L1 (n=4 donors, two experimental replicates each), * = p < 0.05.
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Figure 5.
MyD88-dependent TLR signaling increases PD-L1 expression by human CMFs. (A) (A)

Silencing of the myd88 gene in CMFs abrogates TLR4-mediated increases in PD-L1 mRNA

expression. Primary CMFs isolated from normal colonic mucosa were transfected with

MyD88 siRNA or control siRNA seven days prior exposure to the TLR4 agonist LPS (100

ng/mL) for 4 h. PD-L1 expression was analyzed using real-time RT-PCR. The data are

shown as means ± SE, n=3; * = p<0.05.CMFs were exposed to TLR agonists and PD-L1

mRNA (B) and surface levels of PD-L1 (C) and were analyzed using real time RT-PCR (4h

treatment) and flow cytometry (24 h treatment), respectively. TLR agonists were used at

following concentrations: TLR1/2 agonist (Pam3CSK4) -100 ng/mL; TLR4 agonist (E.coli

K12 LPS) – 1 μg/mL; TLR5 agonist (S. typhimurium flagellin) – 100 ng/mL; TLR 7 agonist

(Imiquinod) – 100 ng/mL; TLR8 agonist (ssRNA40) – 100 ng/mL; TLR 9 agonist (ODN

2006) – 0.5 mM. The results are shown as means ± SE, n=4 donors,*p<0.05.
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Figure 6.
Expression of PD-L1 is reduced in colonic mucosa from mice with impaired MyD88

signaling. Immunostaining of frozen mucosal colonic tissue cross-sections from (A) wild-

type C57B6 and (B) MyD88-/- mice was performed, followed by confocal microscopy.

DAPI was used to stain cell nuclei (blue); CMFs were detected by anti-α-SMA mAb (green,

clone A4) and stained for PD-L1 with mAb (red, clone M1H5). A yellow-orange color on

merged images indicates co-localization of α-SMA and PD-L1, and thus the expression of

PD-L1 by CMFs (indicated by arrows). Cross-sections are representative of data from six

wild-type and six MyD88-/- mice.
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Figure 7.
Fibroblast-intrinsic MyD88 signaling is required for the PD-L1 expression by CMFs and

controls IFN-γ expression in colonic mucosa. PD-L1 expression colonic mucosa upon (A)

homeostasis and in (B) DSS-colitis (day 10) in wild-type C57B6 and Fibroblast specific Fib-

MyD88fl/fl mice was analyzed by confocal microscopy. DAPI was used to stain cell nuclei

(blue); activated CMFs were detected by anti-α-SMA mAb (green, clone A4) and stained

for PD-L1 with mAb (red, clone M1H5). A yellow-orange color on merged images indicates

co-localization of α-SMA and PD-L1, and thus the expression of PD-L1 by CMFs
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(indicated by arrows). Cross-sections are representative of a two independent experiments

including four – five animals per group. (C) Freshly digested murine colonic mucosal cell

preparations were stained with mAbs against α-SMA and PD-L1 and analyzed by flow

cytometry. Isotype controls were included for each staining. Five animals per group were

analyzed. (D) IFN-γ mRNA level in colonic mucosa was determined using real time RT-

PCR. The level of the IFN-γ mRNA was normalized to the level of murine β-actin mRNA.

The results are shown as means ± SE from two independent experiments. Four and five

animals per group per experiment were analyzed.
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