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scriptional start site. Cells deficient in type-I IFN signaling 
components revealed IRF9 and STAT1 as key transcription 
factors involved in Clr-b upregulation. In chromatin immu-
noprecipitation experiments, the  Clec2d  IRF cluster recruited 
STAT2 upon IFN-α exposure, confirming the involvement of 
ISGF3 (IRF9/STAT1/STAT2) in positively regulating the  Clec2d  
promoter. These findings demonstrate that Clr-b is an IFN-
stimulated gene on healthy bystander cells, in addition to a 
missing-self marker on MCMV-infected cells, and thereby en-
hances the dynamic range of innate self-nonself discrimina-
tion by NK cells.  © 2017 S. Karger AG, Basel 

 Introduction 

 Natural killer (NK) cells are an important component 
of innate immune responses to pathological target cells, 
including tumor, virus-infected, antibody-coated, trans-
planted, and “stressed” cells. NK cell effector functions 
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 Abstract 

 Natural killer (NK) cells are innate lymphocytes that aid in 
self-nonself discrimination by recognizing cells undergoing 
pathological alterations. The NKR-P1B inhibitory receptor 
recognizes Clr-b, a self-encoded marker of cell health down-
regulated during viral infection. Here, we show that Clr-b 
loss during mouse cytomegalovirus (MCMV) infection is 
predicated by a loss of Clr-b  (Clec2d)  promoter activity and 
nascent transcripts, driven in part by MCMV  ie3  (M122) activ-
ity. In contrast, uninfected bystander cells near MCMV-in-
fected fibroblasts reciprocally upregulate Clr-b expression 
due to paracrine type-I interferon (IFN) signaling. Exposure 
of fibroblasts to type-I IFN augments  Clec2d  promoter activ-
ity and nascent Clr-b transcripts, dependent upon a cluster 
of IRF3/7/9 motifs located  ∼ 200 bp upstream of the tran-
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include cellular cytotoxicity, mediated by exocytosis of 
preformed granules (containing perforin, granzymes, 
and granulysin), expression of apoptosis-inducing sur-
face molecules (such as Fas-L and TRAIL), cytokine se-
cretion [most notably interferon (IFN)-γ, TNF-α, and 
GM-CSF], and chemokine responses  [1] . Recently, NK 
cells have been reclassified as a subset of group-1 innate 
lymphoid cells (ILC) that share with ILC1 both T-bet 
( Tbx21 ) expression and IFN-γ secretion yet also possess 
cytotoxic function and enhanced expression of eomeso-
dermin ( Eomes )  [2, 3] . NK cells distinguish between 
healthy and pathological target cells through a complex 
integration of signaling events mediated by inhibitory 
and stimulatory cell surface receptors, which in turn rec-
ognize cognate ligands either downregulated or induced 
on target cells under surveillance  [1] .

  In mice, self-specific NK cell receptors (NKR) include 
the Ly49  (Klra)  family of inhibitory and activating recep-
tors that mainly recognize classical MHC-I molecules, the 
bifunctional CD94/NKG2  (Klrd1/Klrc)  family that recog-
nizes nonclassical MHC-I molecules, the stimulatory 
NKG2D  (Klrk1)  receptor that recognizes MHC-I-related 
stress ligands, and the NKR-P1  (Klrb)  family of inhibi-
tory and stimulatory receptors that recognize C-type-lec-
tin-related  ( Clr/ Clec2)  glycoproteins  [4] . All of these re-
ceptors are encoded within the NK gene complex (NKC) 
located on mouse chromosome 6, rat chromosome 4, and 
human chromosome 12  [5] , yet a number of loci encod-
ing other NKR, including NKp46 ( Ncr1 ) and 2B4 ( Cd244 ), 
are located outside the NKC [reviewed in  6 ].

  Among this diversity, the NKR-P1 receptor family is 
somewhat conspicuous in being genetically linked to its 
cognate Clr ligand family, akin to one other MHC-inde-
pendent recognition system, i.e., CD244:CD48; this ar-
rangement may ensure co-inheritance of self-specific re-
ceptor-ligand interactions  [7–9] . In the mouse, 5 func-
tional NKR-P1 receptors have been identified, including 
the activating receptors NKR-P1A ( Klrb1a;  unknown li-
gand), NKR-P1C (NK1.1 ;   Klrb1c;  unknown ligand), and 
NKR-P1F ( Klrb1f;  recognizes Clr-c,d,g), as well as the in-
hibitory isoforms NKR-P1B/D ( Klrb1b;  recognizes Clr-b) 
and NKR-P1G ( Klrb1g;  recognizes Clr-d,f,g)  [10] . At least 
one other receptor pseudogene locus is annotated (NKR-
P1E;  Klrb1-ps1 ), while other Clr loci with unknown or 
pseudogene function also exist (Clr-a,e,h,i,j)  [11, 12] . In 
humans, only a single inhibitory NKR-P1A receptor ex-
ists (CD161/ KLRB1 ), genetically linked to its cognate li-
gand (LLT1/ CLEC2D ); however, related stimulatory re-
ceptors are also encoded within the NKC, tightly linked 
to their respective ligand loci, including NKp80 ( KLRF1;  

ligand, AICL/ CLEC2B ) and NKp65 ( KLRF2;  ligand, 
KACL/ CLEC2A )  [13] .

  The inhibitory NKR-P1B:Clr-b interaction is current-
ly the most well-characterized recognition pair. Like the 
MHC-I-specific Ly49 receptors, NKR-P1B:Clr-b interac-
tions are involved in both NK cell education and target 
cell recognition  [14, 15] . Clr-b ( Clec2d ) is a type-II trans-
membrane C-type lectin-like glycoprotein expressed on 
most hematopoietic and some nonhematopoietic cells in 
a pattern similar to that of MHC-I molecules  [8] . How-
ever, under pathological conditions such as oncogenesis, 
virus infection, and genotoxic stress, Clr-b is rapidly 
downregulated at both the cell surface and steady-state 
transcript levels, rendering these cells more sensitive to 
NK cell-mediated “missing-self” recognition  [8, 16–19] . 
The regulatory mechanisms governing the modulation of 
Clr-b expression remain to be elucidated, although previ-
ous work has suggested roles for transcriptional and post-
transcriptional, as well as ubiquitin-proteasomal and en-
dolysosomal, control  [16–19] .

  To investigate the genomic control of the Clr-b/ Clec2d  
gene at the promoter and nascent transcript levels in 
healthy versus virus-infected cells, we used MCMV as a 
model pathogen. MCMV is a β-herpesvirus with a large 
double-stranded DNA genome capable of accommodat-
ing numerous immunoevasin genes that subvert host
immune responses. Previous studies have shown that 
MCMV, RCMV-E, and vaccinia virus infections promote 
a rapid loss of mouse Clr-b/ Clec2d  and rat Clr-11/ Clec2d11  
on fibroblasts  [16, 18, 19] . Interestingly, at early time 
points during MCMV infection in vitro, uninfected fibro-
blasts actually upregulate Clr-b expression, as do cells ex-
posed to passaged viral supernatants. This reciprocal reg-
ulation may represent a means to ensure optimal self-
nonself discrimination between uninfected “bystander” 
cells in the vicinity of infected “missing-self” targets.

  Here, we demonstrate that MCMV-mediated down-
regulation of Clr-b steady-state transcripts is controlled 
by disruption of  Clec2d  promoter activity, mediated at 
least in part by the cell-autonomous action of the MCMV 
 ie3  gene product  in trans.  In contrast, Clr-b upregulation 
on uninfected bystander cells is driven by paracrine type-
I interferon (IFNαβ) in a manner that is dependent upon 
IFNAR1 signaling and occupancy of the  Clec2d  promoter 
 in cis  by a complex containing IRF9, STAT1, and STAT2, 
most likely the ISGF3 heterotrimer (IRF9/STAT1/
STAT2). Discerning how NKR ligands are regulated on 
both healthy and pathological target cells is an important 
facet in further understanding NK recognition and har-
nessing NK cell activity in disease therapy.
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  Materials and Methods 

 Animals 
  Stat1  –/–  and wild-type (WT) control mice (129S6 strain) were 

purchased from Taconic Biosciences and handled in accordance 
with approved animal care protocols at Sunnybrook Research In-
stitute.

  Cell Culture and Reagents 
 NIH3T3 cells were purchased from the American Type Culture 

Collection and maintained in DMEM (HyClone) with 10% FCS 
(Gibco) supplemented with 10 m M  HEPES (HyClone), 1 m M  sodi-
um pyruvate (HyClone), 50 μg/mL gentamicin sulfate (GIBCO), 100 
U/mL penicillin (HyClone), 100 μg/mL streptomycin (HyClone),
2 m M  GlutaMAX (Gibco), and 50 μ M  2-mercaptoethanol (Gibco). 
To generate stable NIH3T3 cell lines, cells were electroporated with 
Amaxa Nucleofector II (see below) with linearized plasmid and se-
lected using 2.5 μg/mL puromycin (Life Technologies). Puromycin 
was removed for 24 h prior to the experiments. Primary mouse em-
bryonic fibroblasts (MEF) were generated in the lab of Dr. Karen 
Mossman (McMaster University) and grown in αMEM with 15% 
FCS and supplemented with 1 m M  sodium pyruvate (HyClone) and 
2 m M  GlutaMAX (Gibco). MEF cells were validated for knockout 
status by PCR following Jackson Laboratory protocols. Primary sple-
nocytes and bone marrow cells were harvested from  Stat1  –/–  and WT 
mice, red blood cells were lysed using ACK lysis buffer, and cells 
were analyzed immediately following a 6 h IFN-α 4  treatment (10 3  
units/mL). Adult ear fibroblasts (AEF) were generated from minced 
ear tissue, dissociated, and cultured in 10% supplemented DMEM. 
Primary AEF cells were treated with or without the STAT1 inhibi-
tors, nifuroxazide or fludarabine (Cedarlane Labs), at titrated doses 
(50 μ M  is shown) during IFN-α 4  treatment. All cells were maintained 
in a subconfluent state and grown at 37   °   C and 5% CO 2 .

  Murine IFN-α 4  was provided by Dr. Eleanor N. Fish (Univer-
sity of Toronto). MCMV-Smith and MCMV-GFP were described 
previously  [20, 21]  and in vitro passaged in MEF cells in our labo-
ratory. For most MCMV infections or IFN-α 4  treatments, 2 × 10 5  
cells were plated in 1 mL medium and infected with MCMV (mul-
tiplicity of infection  ∼ 0.5 PFU/cell, spin-fected by centrifugation 
at 800  g  for 30 min at 37   °   C) or exposed to IFN-α 4  (10 3  U/mL) for 
24 h, unless otherwise indicated.

  A piggyBac tetracycline-inducible system  [22]  was modified to 
replace the β-geo cassette with a puromycin resistance gene (Puro R ); 
this vector was then used to generate doxycycline (Dox)-inducible 
NIH3T3 stable transfectants. Briefly, NIH3T3 cells were transiently 
transfected with the modified PB-TET vector containing viral ORF 
of interest, plus PB transposase and reverse transactivator (rtTA) 
vectors at a 1:   1:1 ratio. Dox was added at a concentration of 1.5 μg/
mL the next day, and then the cells were selected in 2.5 μg/mL pu-
romycin plus 1.5 μg/mL Dox for 5 days and allowed to recover for 2 
days in 10% dMEM before being used in the experiments.

  Flow Cytometry 
 Surface Clr-b was detected using biotinylated Clr-b mAb (4A6) 

 [8] , and IFNAR1 was detected using biotinylated mAb (MAR1-
5A3) (BioLegend) plus secondary streptavidin-allophycocyanin 
(Life Technologies). Cells were stained, washed, and analyzed  [23]  
using BD FACSCalibur and FlowJo software (TreeStar). All flow 
plots show cells gated by forward scatter, side scatter, lack of prop-
idium iodide uptake, and GFP expression, where necessary.

  Vector Construction 
 Respective B6-strain  Clec2d  upstream regulatory regions were 

cloned from BAC RP24-384I3 (BacPac Resources) using specific 
primers (online suppl. Table 1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000454926) and AccuPrime HiFi 
Taq (Life Technologies). The mutated 500-bp promoter PCR 
product was generated by GeneSOE using the indicated primers 
(online suppl. Table  1) and Expand PLUS  High-Fidelity enzyme 
(Roche). The mutated sequence was validated by 2 independent 
transcription factor search algorithms to be devoid of transcrip-
tion factor binding sites  [24]  (http://diyhpl.us/ ∼ bryan/irc/proto-
col-online/protocol-cache/TFSEARCH.html). PCR products were 
cloned into the luciferase vectors pGL3-Basic or pGL4.22 (Pro-
mega) and then sequenced (Macrogen Inc., South Korea, or TCAG 
Sequencing, Hospital for Sick Children, Toronto, ON, Canada). 
The pGL4.22 reporter vector was modified to contain a puromycin 
resistance cassette. The pRL-TK vector was used as a control for 
transfection efficiency (Promega).

  To overexpress IRF3/7/9, their respective coding sequences 
were PCR amplified from MCMV-infected NIH3T3 cDNA using 
the Q5 enzyme (New England Biolabs) and the primers listed in 
online supplementary Table  1. The sequences were ligated into 
pcDNA3.1 (Life Technologies) and sequenced. M27 and the im-
mediate early genes were amplified as described above from
MCMV-infected NIH3T3 cells and ligated into pIRES2-GFP for 
transient transfectants and the modified piggyBac tetracycline-in-
ducible system  [22]  for stable transfectants.

  DNA Transfections 
 NIH3T3 cells were electroporated using program U-030 on a 

Nucleofector II machine with the Nucleofector ®  Kit R (Lonza) ac-
cording to the manufacturer’s protocol. MEF cells were electro-
porated using a 10-μL Neon Transfection Kit (Life Technologies) 
with buffer R and the following program: 1,350 V, 30 ms, and 1 
pulse. The cells received a total of 1 μg DNA with a molar ratio
of 10:   1 (pGL3:pRL-TK) for transient luciferase reporter assays. 
BWZ.36 reporter cells were transfected with the 10-μL Neon 
Transfection Kit with buffer R and the following program: 1,400 
V, 20 ms, and 2 pulses.

  Intronic qRT-PCR 
 Total RNA was extracted from NIH3T3 cells using an RNeasy 

Plus Mini Kit (Qiagen) following the manufacturer’s instructions. 
The RNA was digested with DNaseI (Life Technologies) and re-
verse transcribed using a Super-Script III Kit, with random hex-
amer primers (Life Technologies). qRT-PCR was performed using 
SsoFast EvaGreen Supermix (Bio-Rad) or PerfeCTa SYBR Green 
Supermix (Quanta BioSciences) on a CFX96 (Bio-Rad) instru-
ment. For SsoFast EvaGreen, the cycling conditions were 95   °   C for 
30 s and 40 cycles of 95   °   C for 5 s and 60   °   C for 5 s. For PerfecTa, 
the cycling conditions were 95   °   C for 3 min and 40 cycles of 95   °   C 
for 10 s and 60   °   C for 30 s. PCR products were confirmed by melt-
ing curve analysis. The primers used for intronic qRT-PCR are 
listed in online supplementary Table 1. For all qRT-PCR experi-
ments, primers targeting 5 independent housekeeping genes were 
tested for each condition, with the least variable gene(s) being se-
lected as reference gene(s) for those conditions. Analysis was done 
using CFX Manager software (Bio-Rad) and validated by manual 
calculations.
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  Luciferase Bioluminescence and Protein Assays 
 Following transfection, NIH3T3 or MEF cells were plated in 

6-well plates or 24-well plates, respectively. After overnight incu-
bation, cells were treated with IFN-α 4  or infected with MCMV for 
24 h. Transiently transfected cells were assayed using the Dual Lu-
ciferase reporter system (Promega) and a Varioskan microplate 
reader (Thermo Scientific). Transient transfection pGL3 vector re-
sults represent the averaged ratios of firefly  (Photinus)  to  Renilla 
 (sea pansy) relative light units (RLU), subsequently normalized to 
values obtained using the pGL3 empty vector, where indicated. 
Stably transfected cells were assayed using the Luciferase Reporter 
Assay System (Promega) and results represent the average firefly 
RLU values normalized to total protein per sample and indexed 
relative to empty vector values, where indicated.

  Chromatin Immunoprecipitation 
 NIH3T3 cells (10 × 10 6 ) were treated with IFN-α 4  (10 3  U/mL) 

or left untreated for 1.5 h. ChIP was performed as described previ-
ously  [25] . Briefly, cells were cross-linked with 1% formaldehyde 
at room temperature for 10 min, washed twice with ice-cold PBS, 
collected in 1 mL PBS, and spun down. Cells were resuspended in 
1 mL lysis buffer [1% SDS, 10 m M  EDTA, and 50 m M  Tris-HCl (pH 
8)] plus proteinase inhibitors, incubated on ice for 10 min, and 
sonicated to an average size of 500 bp. Chromatin was precleared 
with 25 μL Pansorbin (Merck Millipore) at 4   °   C for 15 min. A 100-
μL aliquot of sonicated chromatin was immunoprecipitated with 
2 μg STAT2 mAb (D9J7L; Cell Signaling Technology) or normal 
rabbit IgG (Santa Cruz Biotechnology) at 4   °   C overnight. Immu-
noprecipitated samples were centrifuged at 13,200 rpm and super-
natants were incubated with 10 μL Pansorbin at room temperature 
for 15 min. Precipitates were washed twice sequentially for 3 min 
in 1× dialysis buffer [2 m M  EDTA, 50 m M  Tris-HCl (pH 8), and 
0.2% sarkosyl] and then in IP wash buffer 4 times [1% Nonidet 
P-40, 100 m M  Tris-HCl (pH 9), 500 m M  LiCl 1%, and deoxycholic 
acid]. Samples were extracted twice with 150 μL elution buffer (1% 
SDS and 50 m M  NaHCO 3 ), heated at 65   °   C overnight to reverse 
cross-linking, and then DNA fragments were purified with a QI-
AEX II Gel Extraction Kit (Qiagen). For ChIP analysis, qPCR am-
plification was performed on the CFX Connect Real-Time PCR 
Detection System (Bio-Rad). Amplicons were detected using 
SYBR Green (Invitrogen) and the primers listed in online supple-
mentary Table 1.

  BWZ Reporter Cell Assays 
 BWZ.36 cells expressing the CD3ζ/NKR-P1B fusion receptor 

(BWZ.P1B) were used as reporter cells  [8] , with the following 
modification: the  Ifnar1  receptor gene was targeted using CRISPR-
Cas9 technology. Oligonucleotide pairs 5 ′ -caccg GCT GGT GGC 
CGG GGC GCC TT-3 ′ , or 5 ′ -aaac AAG GCG CCC CGG CCA 
CCA GC c-3 ′ , were designed following the Zhang lab protocol 
(http://crispr.mit.edu) and cloned into the pSpCas9-E2A-EGFP 
(PX458) plasmid. Plasmids were transiently transfected into 
BWZ(–) or BWZ.P1B cells using the Neon Transfection System 
(Life Technologies). Three days after transfection, the cells were 
single-cell sorted on a FACSDiva for a GFP +  and IFNAR1 –  pheno-
type. Clones were subsequently validated by flow cytometry for a 
lack of IFNAR expression.

  For reporter cell assays, NIH3T3 or MEF cells were used as 
stimulator cells and plated in 3-fold serial dilutions in flat-bot-
tomed 96-well plates. Modified BWZ.P1B reporter cells ( Ifnar1  –/– ) 

were added at a density of 5 × 10 4  cells/well. Half of the co-cultures 
were treated with 10 3  U/mL IFN-α 4  and the other half were left 
untreated. For a positive control, BWZ cells were stimulated with 
10 ng/mL PMA and 0.5 μ M  ionomycin. Purified blocking Clr-b 
mAb (4A6) antibody was added at 10 μg/mL. Co-cultures were 
incubated overnight at 37   °   C. Cells were washed with PBS and de-
veloped using 100 μL 1× CPRG buffer [90 mg/L chlorophenol-red-
β-D-galactopyranoside (Roche), 9 m M  MgCl 2 , 0.1% NP-40, in 
PBS] at room temperature. Optical densities (OD) were measured 
with a Varioskan microplate reader (Thermo Scientific) using dif-
ferential ΔOD 595–655  values.

  Western Blots 
 Proteins were extracted from NIH3T3 cells using RIPA buffer 

(50 m M  Tris-HCl pH8.0, 150 m M  NaCl, 0.02% sodium azide, 1% 
NP-40, 0.1% SDS, 0.5% sodium deoxycholate) in the presence of 
complete protease inhibitor cocktail (Roche). Protein concentra-
tions were quantitated using Bio-Rad protein assay reagent (Bio-
Rad). Proteins were resolved using SDS-PAGE and transferred to 
PVDF membranes. Membranes were preblocked with 5% milk 
powder or 5% BSA in TBS-T and blotted using STAT2 mAb 
(D9J7L; Cell Signaling Technology) plus secondary anti-rabbit 
HRP-conjugated antibody. Signals were detected using ECL (Im-
mobilon Western HRP substrate; EMD Millipore) and a Micro-
Chem 4.2 imager (DNR Bio-imaging Systems).

  Statistical Analysis 
 Data were analyzed using GraphPad Prism 7 with a paired Stu-

dent’s  t  test or ANOVA. All graphs show means ± SEM. Only sig-
nificant differences are annotated.

  Results 

 MCMV Infection Reciprocally Modulates Clr-b Levels 
on Infected and Bystander Cells 
 Previous studies have shown that infection of various 

mouse and rat cells with a number of viruses (MCMV, RC-
MV-E, vaccinia, ectromelia) promotes a rapid loss of 
mouse Clr-b ( Clec2d ) and the rat Clr-b homolog rClr-11 
( Clec2d11 ) at both the steady-state transcript and cell sur-
face levels  [6, 16, 18, 19] . To distinguish between infected 
and uninfected (bystander) cells at the single cell level, we 
infected mouse NIH3T3 fibroblasts over an early time 
course using a modified MCMV-GFP reporter virus in 
which an enhanced GFP transgene is driven by an immedi-
ate early gene  (ie1/3)  promoter in the MCMV-Smith (VR-
194) strain  [19–21] . While we consistently observed a loss 
of Clr-b surface expression on the infected population at 
later time points (GFP + , 12–24 h postinfection), at early 
time points the uninfected bystander population expressed 
elevated Clr-b surface levels relative to mock-infected pa-
rental cells (GFP – , 3–12 h postinfection;  Fig. 1 a). Notably, 
exposure of NIH3T3 cells to UV-irradiated viral superna-
tants still promoted early Clr-b upregulation (data not 
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shown), while infection using highly purified MCMV viral 
particles did not cause significant bystander Clr-b upregu-
lation  [19] . This suggested that a soluble mediator in viral 
supernatants may promote bystander Clr-b upregulation.

  Time course analysis of total steady-state mRNA levels 
by qRT-PCR confirmed (at the population level) that 
MCMV-infected NIH3T3 cells initially induced and then 
downregulated Clr-b transcripts relative to mock-infect-
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  Fig. 1.  Reciprocal modulation of Clr-b expression on mouse cyto-
megalovirus (MCMV)-infected and interferon (IFN)-stimulated 
bystander cells. NIH3T3 cells were infected with MCMV-GFP su-
pernatants at a multiplicity of infection of 0.5 PFU/cell over an 
extended time course. Bold numbers represent the Clr-b median 
fluorescence intensity (MFI) for the uninfected cells.  a  Cells were 
analyzed by flow cytometry for Clr-b surface expression. Numbers 
represent median fluorescence intensities.  b  Quantitation of 
steady-state  Clec2d  transcripts in  a  by qRT-PCR normalized to 
 Tbp  expression and 0 h. Significance was determined by a 2-tailed 
 t  test ( n  = 3).  c  Flow cytometric analysis of wild-type (WT) and 

 Ifnar1  –/–  primary mouse embryonic fibroblasts cells with or with-
out IFN-α 4  treatment for 24 h. The shaded histogram represents 
Clr-b expression. Dotted lines represent the secondary reagent 
alone. Vertical dotted lines show median fluorescence intensities 
of untreated cells. Numbers represent median fluorescence inten-
sities.  d  NIH3T3 cells were exposed to medium alone (untreated) 
or 10 4  U/mL IFN-α 4  overnight, followed by MCMV-GFP infection 
at a multiplicity of infection of 1 PFU/cell or mock infection for
24 h. The results are representative of at least 3 independent ex-
periments. *** p < 0.001. 
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ed cells ( Fig. 1 b). Collectively, this suggests that MCMV 
infection may differentially modulate Clr-b levels in in-
fected and bystander cells, whereby early induction of 
Clr-b may be due to exogenous factors produced upon 
MCMV infection acting  in trans. 

  Bystander Clr-b Induction during MCMV Infection Is 
Type-I IFN Dependent 
 We hypothesized that the induced levels of Clr-b pro-

tein and  Clec2d  transcripts in uninfected bystander cells 
might be due to paracrine type-I IFN cytokine stimula-
tion. To test this, we exposed primary murine embryonic 
fibroblasts (MEF) from both WT B6 and  Ifnar1  –/–  mice to 
IFN-α 4  (or IFN-β; data not shown) and then examined 
Clr-b levels by flow cytometry. Treatment of WT MEF 
with IFN-α 4  upregulated Clr-b ( ∼ 2-fold at a low dose and 
 ∼ 6-fold at a high dose), while  Ifnar1  –/–  MEF showed no 
change in Clr-b levels ( Fig. 1 c). Clr-b expression also re-
mained elevated for  ∼ 2–4 h after IFN was removed from 
the culture medium (data not shown). Thus, Clr-b levels 
are upregulated on primary MEF cells in response to 
type-I IFN in an IFNAR1-dependent manner.

  To test whether pre-conditioning cells with type-I IFN 
could block MCMV infection-mediated Clr-b loss,
NIH3T3 cells were pre-treated overnight with a high dose 
(10 4  U/mL) of IFN-α 4  prior to infection. Notably, IFN-α 4  
pre-exposure did not prevent MCMV-GFP virus infec-
tion ( Fig. 1 d). In addition, while an IFN-mediated induc-
tion of Clr-b was observed on all cells, infected (GFP + ) 
cells still displayed reduced Clr-b levels in comparison to 
uninfected (GFP – ) cells. This suggests that the IFN-in-
duced antiviral state is insufficient to prevent WT MCMV 
infection in vitro, and that infection-mediated Clr-b loss 
is IFN independent. To probe this reciprocal regulation 

further, we examined genomic control at the level of the
Clr-b  (Clec2d)  promoter.

  Reciprocal Modulation of Clec2d Promoter Activity by 
MCMV Infection and Type-I IFN 
 To elucidate the role of the  Clec2d  promoter, indepen-

dently of mRNA stability, we performed intronic qRT-
PCR to assess nascent (pre-mRNA)  Clec2d  transcript lev-
els, since intron removal during mRNA splicing usually 
occurs co-transcriptionally.  Clec2d  is a relatively compact 
gene, consisting of 5 known exons separated by 4 introns; 
therefore, the nascent abundance of introns 1–4 (i1–i4) 
was quantitated during MCMV infection relative to 
healthy cells. Following overnight MCMV-GFP infec-
tion, nascent  Clec2d  transcript levels were reduced  ∼ 5-
fold relative to mock-infected cells ( Fig. 2 a; MCMV-GFP 
vs. mock). In contrast, following overnight IFN-α 4  treat-
ment, a  ∼ 2- to 3-fold increase in nascent  Clec2d  tran-
scripts was observed ( Fig. 2 b; IFN-α 4  vs. untreated). Thus, 
MCMV infection promotes a significant decrease in na-
scent Clr-b transcript levels, while type-I IFN treatment 
causes a significant increase, suggesting that  Clec2d  pro-
moter activity is reciprocally modulated in infected and 
bystander cells.

  The Clec2d Promoter Is Regulated by a Functional 
Cluster of IRF Binding Sites (IRFC) 
 To decipher whether infected and bystander cells dis-

play differential  Clec2d  promoter activity, luciferase re-
porter assays were employed. To this end,  Clec2d  pro-
moter fragments of various sizes were subcloned from a 
BAC vector into luciferase reporter vectors (pGL3 for 
transient and pGL4.22 for stable transfectants) ( Fig. 3 a–
d). NIH3T3 transfectants were subsequently exposed to 
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either MCMV or IFN-α 4  overnight and assayed for lucif-
erase activity. As observed at the transcript level, MCMV 
infection caused a  ∼ 4- to 5-fold decrease in  Clec2d  pro-
moter activity, relative to the empty pGL4.22 vector, in 
transfectants containing  ≥ 300 bp upstream of the  Clec2d  
transcriptional start site (TSS) ( Fig.  3 c). In contrast, 
IFN-α 4  treatment resulted in a  ∼ 3-fold increase in  Clec2d  
promoter activity, relative to the empty pGL3 vector or 
the SV40 promoter, in transfectants containing  ≥ 200 bp 
upstream of the  Clec2d  TSS ( Fig.  3 d). Collectively, this 
suggests that MCMV-mediated downregulation and 
IFN-mediated induction of  Clec2d  are regulated by dis-
tinct regulatory regions, and that DNA element(s) within 
the first  ∼ 200 bp upstream of the  Clec2d  TSS are required 
for IFN-mediated Clr-b induction.

  We next analyzed the  Clec2d  promoter region to iden-
tify putative transcription factor binding sites responsible 

for Clr-b regulation. Several IFN regulatory factor (IRF) 
binding sites were predicted within the  ∼ 200- to 300-bp 
promoter responsible for IFN-mediated induction 
( Fig. 3 a, b, d). A putative IRF4 binding site was identified 
within the first 100 bp, although this region is not suffi-
cient to augment  Clec2d  promoter activity ( Fig.  3 a, d). 
Importantly, the 200-bp promoter fragment, which is suf-
ficient to induce  Clec2d  in response to IFN-α 4 , contains a 
cluster of overlapping binding sites for IRF3, IRF7, and 
IRF9 [see  Fig. 3 a and b for the IRF cluster (IRFC) nucleo-
tide sequence]; in addition, another IRF3 binding site was 
predicted within the 300-bp fragment ( Fig. 3 a). To inves-
tigate whether the  ∼ 200-bp IRFC was necessary for type-
I IFN induction, we mutated the IRF3/7/9 consensus mo-
tifs within the 500-bp promoter fragment (mut500bp) to 
sequences devoid of transcription factor activity (as de-
termined by MatInspector and TfSearch). In contrast to 
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the intact 500-bp promoter fragment, the mut500bp frag-
ment failed to augment  Clec2d  promoter activity in re-
sponse to IFN-α 4 , indicating that this region is necessary 
for Clr-b induction ( Fig. 3 d). However, reduced  Clec2d 
 promoter activity was still observed during MCMV infec-
tion using the mut500bp fragment ( Fig. 3 c), suggesting 
that virus infection more broadly affects the  Clec2d  pro-
moter. Interestingly, a recent study examined whole-ge-
nome RNA polymerase II (RNAPII) occupancy by ChIP-
Seq in MEF cells during HSV-1 infection  [26] ; analysis
of the  Clec2d  promoter from these data revealed that 
RNAPII was essentially absent following HSV-1 infection 
(online suppl. Fig. 1). Thus, the loss of  Clec2d  promoter 
activity and nascent Clr-b transcripts may be a general-
ized response to herpesvirus infection, and perhaps other 
viruses  [16, 18, 26] .

  Next, we examined whether the IRFC was sufficient to 
mediate IFN-inducible expression in a minimal promot-
er/enhancer assay. In transient NIH3T3 transfectants, the 
IRFC alone provided limited IFN-dependent induction 
in the forward orientation only, although this was only 
significant using a 1-tailed  t  test ( Fig.  4 ). More impor-
tantly, the IFN-nonresponsive 100-bp promoter frag-
ment became IFN responsive upon upstream addition of 
a forward-oriented IRFC ( Fig. 4 ). However, providing an 
additional IRFC to the IFN-responsive 200-bp promoter 
fragment, or adding an intact IRFC upstream of the mut-
500bp promoter fragment, did not further increase the 
expression ( Fig.  4 ). Taken together, these orientation/

proximity-dependent results suggest that the IRFC acts as 
part of an IFN-inducible promoter but not an indepen-
dent enhancer. It remains possible that the additional 
IRF3 site may contribute to this context dependence.

  Requirement for IFNAR1, IRF9, STAT1, and STAT2 
in Clec2d Induction by Type-I IFN 
 To examine the mechanism of IFN-induced Clr-b in-

duction further, we utilized MEF cells deficient in type-I 
IFN signaling pathway components. To this end, MEF 
cells from WT,  Ifnar1  –/–  ,  and various IRF-deficient mice 
were exposed to IFN-α 4  or MCMV and examined for Clr-
b levels by flow cytometry. As shown previously, IFN-α 4  
upregulated Clr-b on WT but not  Ifnar1  –/–  MEF ( Fig. 5 a), 
demonstrating a requirement for IFNAR1 signaling. 
IFN-dependent Clr-b induction was also observed on 
 Irf1  –/–  Irf3  –/–  ,   Irf3  –/–  Irf7  –/–  ,   Irf3  –/–  ,  and  Irf7  –/–    MEF, but 
not on  Irf3  –/–   Irf9  –/–    or  Irf9  –/–  MEF, demonstrating a re-
quirement for IRF9 function ( Fig. 5 a and data not shown).

  On the other hand, upon MCMV-GFP exposure, in-
fected (GFP + ) MEF cells downregulated Clr-b indepen-
dently of genotype, and WT bystander (GFP – ) MEF cells 
routinely induced Clr-b, yet  Irf3  –/–  Irf9  –/–  and  Irf9  –/–  by-
stander (GFP – ) MEF cells did not upregulate Clr-b (on-
line suppl. Fig. 2). Results using  Irf3  –/–  and  Irf7  –/–  MEF 
were not as clear, with bystander cells inducing Clr-b in 
some but not all experiments (dependent upon resting 
Clr-b levels and viral multiplicity of infection; online sup-
pl. Fig. 2). Taken together, this suggests that IFN-mediat-
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ed Clr-b induction requires IRF9, while MCMV-mediat-
ed Clr-b downregulation is more complex and appears to 
be IRF1/3/7/9 independent.

  We next used mutant MEF cells to reanalyze  Clec2d  
promoter activity via luciferase reporter assays. As shown 
previously for NIH3T3, the 500-bp  Clec2d  promoter frag-
ment augmented the luciferase activity in response to 
IFN-α 4  in WT and  Irf3  –/–  MEF cells, while the mut500bp 
fragment did not ( Fig. 5 b). In contrast, neither the intact 
500-bp nor the mut500bp promoter fragments augmented 
luciferase activity in response to IFN-α 4  treatment in  If-
nar1  –/–  ,   Irf3  –/–  Irf9  –/–  ,  or  Irf9  –/–  MEF transfectants ( Fig. 5 b). 
This suggests that both IRF9 and the IRF3/7/9 cluster, in 
addition to intact IFNAR1 signaling, are required for IFN-
mediated  Clec2d  induction. Importantly, complementa-
tion studies using mutant MEF cells and overexpression of 
their deleted gene products demonstrated that re-intro-
duction of IRF9 into  Irf3  –/–  Irf9  –/–  and  Irf9  –/–  MEF cells re-
established IFN-dependent Clr-b induction, further con-
firming the importance of IRF9 ( Fig. 5 c).

  IRF9 commonly activates transcription of ISG by 
forming a complex with STAT1 and STAT2 (termed 
ISGF3). To dissect this pathway further, we analyzed the 
IFN-α 4  responses of primary cells from  Stat1  –/–  and WT 
control (129S6 strain) mice. Notably, Clr-b induction on 
 Stat1  –/–  splenocytes, bone marrow cells, and primary AEF 
was abrogated in response to IFN-α 4  treatment, while the 
same tissues from strain-matched (129S6) control WT 
mice upregulated Clr-b in response to IFN-α 4  (1.8-, 3.1-, 
and 2.4-fold, respectively;  Fig. 6 a). Furthermore, 2 inde-
pendent STAT1 inhibitors, i.e., nifuroxazide (which in-
hibits STAT1/3/5 phosphorylation by Jak2/Tyk2) and 
fludarabine (which specifically depletes STAT1 protein 
and mRNA)  [27–29] , also blocked Clr-b upregulation 
upon IFN-α 4  treatment of NIH3T3 cells ( Fig. 6 b). Taken 
together, these results suggest that type-I IFN-mediated 
Clr-b upregulation is dependent upon STAT1. Notably, 
it has been previously suggested that GAAA sequences 
localized upstream of IRF9 binding sites help to facilitate 
the recruitment of STAT1 and IRF9 to ISGF3-dependent 
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  Fig. 6.  Type-I interferon (IFN)-mediated 
Clr-b induction is dependent on STAT1.
 a  Splenocytes (SPL), bone marrow cells 
(BMC), and primary adult ear fibroblasts 
(AEF) were harvested from wild-type 
(WT) and        Stat1                                            –/–          mice, treated with 10         3  U/
mL IFN-α               4  for 6 h, and analyzed by flow 
cytometry for Clr-b expression.  b  NIH3T3 
cells were treated with vehicle alone 
(DMSO), 50 μ M  nifuroxazide, or 50 μ M  
fludarabine for 22 h, at which point 10               3  U/
mL IFN-α 4  was added for 3 h prior to flow 
cytometric analysis of Clr-b expression. 
Dotted lines represent the secondary re-
agent alone; solid lines represent cells not 
treated with IFN-α 4 ; shaded histograms 
represent IFN-α 4 -treated cells. Numbers 
reflect the median fluorescence intensity of 
untreated cells (left) or IFN-α 4 -treated cells 
(right); the lower number (e.g. 8×) repre-
sents the fold change in Clr-b MFI (IFN-α 4  
treated/untreated).                 
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IFN-stimulated response elements  [30] ; thus, the enrich-
ment of GAAA sequences in the IRFC ( Fig. 3 a, b) may 
explain both the STAT1 dependence and IRF3/7 inde-
pendence of this cluster.

  To demonstrate a role for STAT2 in type-I IFN-medi-
ated  Clec2d  induction, we overexpressed the MCMV im-
munoevasin M27, known for its ability to target and de-
grade STAT2  [31] , in NIH3T3 cells. Strikingly, M27 
overexpression resulted in a complete loss of STAT2 pro-
tein, in turn preventing Clr-b upregulation in response 
to IFN treatment; thus, STAT2 is necessary for IFN-de-

pendent Clr-b induction ( Fig. 7 a, b). To formally show 
recruitment of STAT2 to the  Clec2d  promoter, we per-
formed chromatin immunoprecipitation (ChIP) experi-
ments on IFN-treated NIH3T3 cells. Here, the IFN-α 4  
treatment was reduced to  ∼ 1.5 h, a time point reflecting 
an optimal increase in nascent Clr-b transcript levels pri-
or to protein induction (online suppl. Fig. 3a, b). Inter-
estingly, an enrichment of  Clec2d  promoter gDNA (con-
taining the IRFC) was observed upon ChIP of IFN-treat-
ed NIH3T3 cells using a STAT2 mAb ( Fig. 7 c), while this 
was not observed for downstream  Clec2d  exon-5 gDNA. 
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 a  and then examined by Western blot for STAT2 expression the 
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In addition, similar results were observed using stable 
Dox-inducible NIH3T3.M27 transductants  [22] , where-
by Dox induction of M27 expression mitigated the IFN-
dependent recruitment of STAT2 to the  Clec2d  promot-
er containing the IRFC ( Fig. 7 d). This demonstrates that 
STAT2 is directly and specifically recruited to the  Clec2d 
 promoter IRFC element upon type-I IFN treatment.
Notably, attempts to perform ChIP on mouse cells us-
ing multiple anti-IRF9 antibodies and Flag-tagged IRF9 
failed due to specificity and sensitivity problems (data 
not shown). Nonetheless, the above results collectively 
demonstrate that ISGF3 heterotrimer (IRF9/STAT2/
STAT1) recruitment to the IRFC is likely responsible for 
Clr-b induction.

  IFN-Dependent Clr-b Induction Augments
NKR-P1B-Ligand Function 
 To assess the functional consequences of Clr-b up-

regulation by type-I IFN, we utilized BWZ reporter cell 
assays. Here, BWZ.36 reporter cells expressing a CD3ζ-
fusion receptor of the NKR-P1B ectodomain (BWZ.
P1B cells) were used to specifically quantitate NKR-
P1B-ligand (Clr-b) function on various stimulator cells. 
Preliminary experiments using native BWZ.P1B cells 
suggested that reporter cell signaling was partially re-
duced by type-I IFN in a dose-dependent fashion (on-
line suppl. Fig. 4a, c), possibly due to altered signaling 
 [32, 33]  or threshold effects on the BWZ.36 (T-lineage) 
cell line. Therefore, we utilized CRISPR-Cas9 gene-ed-
iting technology to generate  Ifnar1  –/–  BWZ.P1B and 
control BWZ(–) cells. IFNAR1 deficiency was con-
firmed for multiple BWZ clones by flow cytometry us-
ing IFNAR1 mAb (online suppl. Fig.  4b). Notably, 
IFN-α 4  treatment of NIH3T3 stimulator cells augment-
ed NKR-P1B-ligand function using IFNAR1-deficient 
BWZ.P1B versus BWZ(–) cells ( Fig.  8 a; online suppl. 
Fig. 4c). This signal was Clr-b-specific, as it was blocked 
using Clr-b mAb.

  To confirm a role for IRF9 in Clr-b induction, we
repeated these assays using primary MEF from WT, 
 Irf9  –/–  ,  and  Irf3  –/–  Irf9  –/–  mice as stimulator cells. Nota-
bly, treatment of WT MEF with IFN-α 4  greatly aug-
mented BWZ.P1B reporter activity, which was blocked 
using Clr-b mAb ( Fig.  8 b). In contrast, treatment of 
 Irf9  –/–  or  Irf3  –/–  Irf9  –/–  MEF with IFN-α 4  yielded almost 
no BWZ.P1B responses, with minimal dose-dependent 
induction ( Fig. 8 c, d). Taken together, these results con-
firm that  Irf9  –/–  MEF cells possess an intrinsic function-
al defect in IFN-dependent induction of the NKR-P1B-
ligand Clr-b.
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Fig. 8. BWZ.NKR-P1B reporter cell analysis of Clr-b ligand func-
tion on type-I interferon (IFN)-treated stimulator cells. NIH3T3 
cells ( a ), primary wild-type mouse embryonic fibroblast cells ( b ), 
primary        Irf9                                                –/–          mouse embryonic fibroblast cells (                           c ), or primary 
         Irf3  –/–  Irf9  –/–    mouse embryonic fibroblast cells ( d ) were used as 
stimulator cells for                        Ifnar1  –/–            CD3ζ/NKR-P1B receptor-bearing 
BWZ.36 reporter cells, either untreated or treated overnight with 
10 3  U/mL IFN-α 4 , in the absence or presence of blocking Clr-b 
mAb. Control  Ifnar1  –/–  BWZ.36 cells are not shown. Experiments 
were analyzed using ANOVA with Bonferroni’s post hoc analysis 
comparing treated to untreated. The results are representative of 
at least 4 independent experiments, and the graphs show means ± 
SEM. OD, optical density.  *   p  < 0.05,  *  *  *   p  < 0.001,  *  *  *  *   p  < 0.0001.
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  The MCMV ie3 Gene Product Cell-Autonomously 
Represses Clec2d Expression 
 In an attempt to understand mechanistically how 

MCMV infection downregulates Clr-b, we have tested a 
number of MCMV large genomic-deletion mutants and 

cloned numerous MCMV gene products for independent 
overexpression. Importantly, neither m02 or m145 fam-
ily immunoevasin genes nor several core genes were 
found to negatively regulate Clr-b levels in isolation. 
However, overexpression of a single immediate-early 
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      Fig. 9.  Immediate early gene 3 (           ie3 ) cell autonomously promotes 
downregulation of Clr-b levels by repressing  Clec2d  promoter ac-
tivity.  a  Vectors encoding the MCMV immediate early gene ORF 
( ie1,2,3 ) or the empty pIRES2-GFP vector were transiently trans-
fected into NIH3T3 cells and then analyzed for GFP and Clr-b ex-
pression after 24 h. Dotted lines represent the secondary reagent 
alone; solid black lines represent Clr-b expression gated on GFP                       –  
(untransfected) cells, and shaded histrograms represent Clr-b ex-
pression gated on GFP +  (transfected) cells. Numbers represent the 
fold change in Clr-b expression (GFP + /GFP –  cells).    b  NIH3T3 sta-
ble transfectants of Dox-inducible piggyBac vectors encoding the 
       ie  gene products or empty vector controls were induced for 2 days 
in 1.5 μg/mL Dox and then analyzed by flow cytometry. Dotted 
lines represent the secondary reagent alone; solid black lines rep-

resent Clr-b expression on untreated cells (–Dox); shaded histo-
grams represent Clr-b expression on Dox-treated cells (+Dox). 
Numbers represent the fold change in Clr-b expression (+Dox/–
Dox).      c  RNA from the cells in  a  was analyzed by qRT-PCR for
 Clec2d  nascent pre-mRNA transcripts of introns 1–4 normalized 
relative to  Tbp  ( n  = 3 experiments). Significance was determined 
by a 2-tailed  t  test.                            d  RNA from the cells in  b  was analyzed for
         Clec2d  steady-state levels by qRT-PCR relative to  Tbp  (n = 3–4 ex-
periments).          e  Cells as in  b  were transfected with luciferase-report-
er vectors containing various                      Clec2d  promoter fragments and then 
promoter activity was assayed by luciferase reporter assay relative 
to  Renilla  luciferase and normalized to the empty vector control 
(pGL3). Significance was determined by a 2-tailed  t  test on log-
transformed values ( n  = 3 experiments).    *         p  < 0.05,          *  *   p  < 0.01.                   
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gene product,  ie3 , but not  ie1  or  ie2 , consistently promot-
ed a significant ( ≥ 50%) Clr-b downregulation when tran-
siently transfected into NIH3T3 cells ( Fig. 9 a).

  To further assess the effects of  ie3  on Clr-b levels, we 
generated stable Dox-inducible NIH3T3 transfectants of 
the alternately spliced  ie1/3  genes  [22] . Following Dox 
induction,  ie3  was found to promote a significant ( ≥ 66%) 
loss of surface Clr-b, with minimal downregulation ob-
served for  ie1  and empty vector controls ( Fig. 9 b). To ex-
amine the effect of  ie3  on  Clec2d  gene expression, we next 
quantitated Clr-b nascent and steady-state transcript lev-
els by qRT-PCR. Here, Dox-induced  ie3  expression pro-
moted a significant decrease in both Clr-b nascent and 
steady-state transcript levels ( ≥ 2- to 3-fold;  Fig. 9 c, d). To 
determine whether the  ie3  gene product directly repressed 
 Clec2d  promoter activity, dual-luciferase constructs of 
the promoter fragments were transfected into the Dox-
inducible stable NIH3T3.IE1/3 transfectants. In line with 
Clr-b protein and transcript data, overexpression of  ie3  
resulted in significantly decreased  Clec2d  promoter activ-
ity using the intact 500-bp promoter construct, while  ie1  
had no significant effect ( Fig. 9 e). Taken together, these 
findings suggest that the  ie3  gene product cell-autono-
mously represses the  Clec2d  promoter, in turn partially 
extinguishing Clr-b nascent transcripts and downregu-
lating surface Clr-b protein early during MCMV infec-
tion.

  Discussion 

 This study provides mechanistic evidence that Clr-b 
( Clec2d ) is an inducible IFN-stimulated gene (ISG), in ad-
dition to its demonstrated function as a “missing-self” 
marker of cell health that interacts with the NKR-P1B in-
hibitory receptor on NK cells and ILC subsets  [7] . In 
keeping with this dual function, we propose that Clr-b 
enhances self-nonself discrimination by NK cells during 
viral infection by two means: (i) MCMV-infected cells 
downregulate resting levels of Clr-b via a host pattern rec-
ognition mechanism, in order to render the “missing-
self” cells more susceptible to clearance via NK cell disin-
hibition, while (ii) normal “bystander” cells in the vicin-
ity of infected cells induce Clr-b as a marker of cell health 
in response to paracrine type-I IFN, thereby reinforcing 
NK cell inhibition via NKR-P1B. The net effect is that NK 
cells encounter a broader dynamic range of Clr-b-medi-
ated inhibition/disinhibition during self-nonself discrim-
ination, in turn rendering them better able to integrate 
signaling inputs and redirect cytotoxic machinery to rec-

ognize pathological versus healthy target cells in a battle-
field of infection.

  This work has shown that both of the above responses 
are facilitated at the genomic level, where significant 
changes in  Clec2d  promoter activity lead to direct and 
immediate changes in nascent Clr-b transcript and pro-
tein levels. In this model, infected cells lose Clr-b in a 
manner partially attributable to  ie3 -mediated  Clec2d  re-
pression, presumably involving a loss of transcription 
factors and/or RNAPII occupancy at the  Clec2d  promot-
er (see below). Meanwhile, infected cells secreting type-I 
IFN may be sensed in a paracrine manner by uninfected 
bystander cells via the IFNAR1 receptor. Subsequently, 
canonical IFNAR1 signaling activates JAK1/TYK2 to 
phosphorylate and activate STAT1 and STAT2 to het-
erotrimerize in a complex with IRF9 as ISGF3. An IS-
GF3-containing transcription factor complex is then re-
cruited to the  Clec2d  promoter at the proximal  ∼ 200-bp 
IRFC element (the IRF3/7/9 cluster, which acts as an 
IFN-stimulated response element), in turn augmenting 
Clr-b nascent transcripts and protein levels. This com-
bined regulation mechanism is significant because it cre-
ates a greater disparity between the infected and unin-
fected cell populations, facilitating enhanced NK cell rec-
ognition.

  On the other hand, in infected cells, pattern recogni-
tion receptor (PRR) signaling events following the detec-
tion of MCMV-specific pathogen-associated molecular 
patterns (such as cytosolic nucleic acids), in combination 
with the effects of  ie3  on host gene transcription (and/or 
unidentified immunoevasins), lead directly to the loss of 
 Clec2d  promoter occupancy, Clr-b transcripts, and sur-
face protein. While the complexity of this “missing-self” 
host response mechanism remains to be elucidated, the 
direct repressive effects of  ie3  on host gene expression in 
general and  Clec2d  in particular follow the tenets of a pat-
tern recognition system, implicating the NKR-P1B:Clr-b 
interaction as a pattern recognition receptor axis where 
the pattern itself is host transcriptional integrity.

  In support of this, previous studies have shown that  ie3  
(M122) is critical for MCMV fitness, such that without it 
infectious viral progeny can only be produced by cellular 
 ie3  complementation  [34–36] . Thus, MCMV (the patho-
gen) cannot easily mutate  ie3  (the molecule) to avoid cel-
lular detection of its effects on host cells (the pattern – 
shutting down host gene expression and turning on early 
viral genes) without compromising viral fitness. In turn, 
the  Clec2d  gene serves by proxy as an innate detector (the 
recognition axis) of the active repression of cellular host 
gene expression by diverse viruses. Following the shut-off 
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of  Clec2d,  this signal is relayed to NK cells via the “miss-
ing-self” loss of Clr-b, which acts as a marker of cell health 
and the loss of which disinhibits (activates) NK cells via 
NKR-P1B (the receptor). In contrast, normal bystander 
cells augment  Clec2d  and Clr-b expression in response to 
type-I IFN as a mechanism to relay to NK cells that they 
are indeed healthy yet responding to paracrine IFN as a 
byproduct of pathological infected cells in the nearby vi-
cinity.

  One remaining unanswered question is how infection 
with diverse viruses (CMV, HSV, and poxviruses) mech-
anistically promotes a rapid loss of  Clec2d  transcription 
in infected cells. One possibility is a general viral shut-off 
and subversion of host mRNA transcription. Another 
possibility is that MCMV may encode an immunoevasin 
that directly modulates Clr-b levels by design. Interest-
ingly, we have previously shown that both rat CMV and 
MCMV encode decoy (Clr-b-surrogate) immunoevasins 
to elude missing-self recognition via NKR-P1B  [16, 19] , 
perhaps suggesting that the viruses cannot otherwise 
subvert general host mRNA loss and instead directly tar-
get host Clr-b and/or NKR-P1B function. Notably, while 
previous attempts have failed to identify CMV genes that 
directly lead to the loss of Clr-b expression, here we show 
that exogenous expression of  ie3  autonomously pro-
motes Clr-b downregulation in the absence of infection. 
Since  ie3  is required for productive virus infection and 
early CMV gene expression  [34–36] , the virus cannot 
easily circumvent this requirement, making Clr-b a pat-
tern recognition axis and the NKR-P1B receptor a self-
specific pattern recognition receptor. IE3 is known to 
promote cell cycle arrest in G 1 /G 0  and interact in MCMV 
replication compartments with PML, Daxx, and ND10 
complex proteins involved in viral restriction, and the 
HCMV homolog IE2 functions to repress important host 
transcription factors (including HDAC and TBP/TFIID) 
 [37–40]  and it is thought to function as a transcription-
associated factor  [41] . This is interesting because the Clr-
b promoter contains an inverted TATA motif and may 
function as a TBP-dependent promoter. Future studies 
will elucidate  ie3- interacting partners in host gene tran-
scriptional regulation. It is also possible that  ie3  is not the 
sole gene involved in Clr-b downregulation during infec-
tion. Rather, since it is an immediate early gene,  ie3  like-
ly acts as an immediate repressor of  Clec2d,  whereas ear-
ly or late gene products may then contribute to the com-
plete loss of surface Clr-b and/or counteract the loss of 
Clr-b ligand or NKR-P1B inhibition specifically. Indeed, 
our current work implicates an m02 family member as a 
decoy ligand for the NKR-P1B receptor, and other ongo-

ing work implicates an m145 family member in moder-
ately antagonizing Clr-b downregulation during MCMV 
infection.

  In conclusion, this work has demonstrated that Clr-b, 
a marker of cell health and a self ligand for the NKR-P1B 
inhibitory receptor, is reciprocally regulated on MCMV-
infected and bystander cells. While the mechanism of 
“missing-self” Clr-b downregulation remains to be fully 
characterized, Clr-b induction on bystander cells occurs 
via a canonical paracrine type-I IFN signaling mecha-
nism, making Clr-b a bona fide ISG. This dual tuning 
mechanism involving the inhibitory NKR-P1B:Clr-b axis 
facilitates NK cell self-nonself discrimination during viral 
infection by increasing the recognition threshold be-
tween pathological (missing-self) targets and normal 
(healthy-self) bystander cells.
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