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This study explored the novel immune checkpoint poliovirus recep-
tor-related immunoglobulin domain-containing (PVRIG) in acute 
myeloid leukemia (AML). We showed that AML patient blasts con-

sistently expressed the PVRIG ligand (poliovirus receptor-related 2, 
PVRL2). Furthermore, PVRIG blockade significantly enhanced naural killer 
(NK)-cell killing of PVRL2+, poliovirus receptor (PVR)lo AML cell lines, and 
significantly increased NK-cell activation and degranulation in the context 
of patient primary AML blasts. However, in AML patient bone marrow, 
NK-cell PVRIG expression levels were not increased. In order to under-
stand how PVRIG blockade might potentially be exploited therapeutically, 
we investigated the biology of PVRIG and revealed that NK-cell activation 
resulted in reduced PVRIG expression on the cell surface. This occurred 
whether NK cells were activated by tumor cell recognition, cytokines 
(interleukin 2 [IL-2] and IL-12) or activating receptor stimulation (CD16 
and NKp46). PVRIG was present at higher levels in the cytoplasm than on 
the cell surface, particularly on CD56bright NK cells, which further increased 
cytoplasmic PVRIG levels following IL-2 and IL-12 activation. PVRIG was 
continually transported to the cell surface via the endoplasmic reticulum 
and Golgi in both unstimulated and activated NK cells. Taken together, our 
findings suggest that anti-PVRIG blocking antibody functions by binding 
to surface-bound PVRIG, which undergoes rapid turnover in both unstim-
ulated and activated NK cells. We conclude that the PVRIG-PVRL2 
immune checkpoint axis can feasibly be targeted with PVRIG blocking 
antibody for NK-mediated immunotherapy of PVRL2+ AML. 
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ABSTRACT

Introduction 
Poliovirus receptor-related immunoglobulin domain-containing (PVRIG) has 

recently been identified as an immune checkpoint molecule with potential for ther-
apeutic development.1 In humans, PVRIG is expressed on T cells (predominantly 
CD8+ T cells) and natural killer (NK) cells, but not on B cells, monocytes or neu-
trophils.1 PVRIG binds to a single ligand, poliovirus receptor-related 2 (PVRL2, also 
known as CD112 or Nectin-2), and exerts an inhibitory effect on cytotoxic lym-
phocyte activity, likely via an ITIM-like motif in its intracellular domain.1-3 PVRL2 
is an adhesion molecule involved in the formation of cell-cell junctions, and is over-
expressed in various cancers.4-8 PVRL2 is also a ligand of the co-activating receptor 
DNAX accessory molecule 1 (DNAM-1)9,10 and weakly binds another inhibitory 
receptor, T- cell immunoreceptor with Ig and ITIM domains (TIGIT).11-13 Recently, 
Whelan et al. demonstrated the inhibitory effect of PVRL2 was predominantly 
mediated by PVRIG and not TIGIT.3 DNAM-1 and TIGIT (but not PVRIG) also 
bind to a closely related molecule, poliovirus receptor (PVR, also known as CD155 
or Necl-5).9,11,12 Competition studies have determined that PVR has higher affinity 
for TIGIT than DNAM-1, and PVRL2 has a higher affinity for PVRIG than DNAM-



1, suggesting that the inhibitory signal is dominant.1,11  
PVRIG inhibitory function was shown using anti-

PVRIG blocking antibodies. Xu et al. demonstrated that 
PVRIG blocking antibodies significantly increased NK-cell 
cytotoxicity against breast cancer cell lines in vitro, an 
effect that was further enhanced when used in combina-
tion with TIGIT blocking antibodies.2 An independent 
group using a different anti-PVRIG antibody similarly 
showed that PVRIG blockade enhanced T-cell cytotoxicity 
against melanoma and pancreatic cancer cell lines, which 
was also augmented by combination with TIGIT block-
ade.3 Notably, Whelan et al. demonstrated that T cells iso-
lated from patient tumors and activated via CD3 increased 
interferon g production in response to combination 
PVRIG/TIGIT blockade.3 PVRIG blockade also reduced 
tumour burden in a mouse model when combined with 
anti-PDL1.14 On the basis of these data, a human IgG4 
anti-PVRIG blocking antibody is currently undergoing 
phase I clinical trials in patients with advanced solid 
tumors.15 

As PVRIG is present on both T cells and NK cells, block-
ing PVRIG provides the opportunity to augment both 
major cytotoxic effector cell types. Although many studies 
focused on the capacity for immune checkpoint blockade 
to enhance T-cell responses, the contribution of NK cells 
should not be overlooked. For instance, tumors often 
downregulate human leukocyte antigen (HLA) class I to 
evade CD8+ T-cell recognition.16 However, this simultane-
ously removes the ligand for killer cell immunoglobulin-
like receptors (KIRs) on NK cells, rendering tumors more 
sensitive to NK cell-mediated killing.17 Reducing the 
inhibitory signal from KIR has also been shown to be effec-
tive in controlling acute myeloid leukemia (AML). AML is 
an aggressive disease in which myeloid progenitor cells 
proliferate uncontrollably, and which is frequently treated 
with allogeneic hematopoietic stem cell transplant (allo-
HSCT) when patients relapse after front-line chemothera-
py. In a seminal study of allo-HSCT patients, mismatches 
between KIR on donor NK cells and recipient HLA was a 
key predictor of survival.18,19 Recipients lacking HLA lig-
ands for one or more of the KIR expressed by the donor 
experienced graft-versus-host NK alloreactivity, which was 
significantly associated with a lower relapse rate.19,20  

Given the pivotal role of NK cells in AML, strategies to 
enhance NK-cell activity could provide significant benefit 
for patients with AML, who have a 5-year survival rate of 
less than 30% with current treatments.21 This study aimed 
to determine whether PVRIG blockade could be used to 
enhance NK-cell responses against AML. Using healthy 
donor and AML patient blood or bone marrow samples, 
we evaluated the expression of PVRIG and PVRL2 on NK 
cells and AML blasts respectively. We also investigated 
whether PVRIG blockade could enhance NK-cell-mediat-
ed killing of AML blasts, and the kinetics of PVRIG surface 
expression to reveal when the target is expressed follow-
ing AML target cell activation of NK cells. 

 
 

Methods 

Reagents and cell lines 
Anti-PVRIG and anti-TIGIT blocking antibodies were provided 

by Compugen, USA, Inc. Anti-DNAM-1 (11A8), anti-CD16 
(3G8), anti-NKp46 (9E2), anti-2B4 (eBioC1.7) and anti-NKG2D 
(1D11) purified antibodies were purchased from Biolegend. 

Recombinant human IL-2, IL-12, IL-15 and IL-18 were purchased 
from Peprotech. Monensin (GolgiStop, BD Biosciences) and 
brefeldin A (eBioscience) were both used at 1:1,000. Antibodies 
used for flow cytometry staining are listed in the Online 
Supplementary Table S1. SKBR3, KG1a, K562, ML-2, THP-1 and 
Kasumi-1 cell lines were maintained in RPMI 1640 (Gibco) supple-
mented with Glutamax, penicillin, streptomycin and 10% (or 
20% for Kasumi-1) fetal calf serum (FCS). AML-193 cell line was 
maintained in Iscove's Modified Dulbecco's Media supplemented 
with 5% FCS, 5 mg/mL transferrin, 5 mg/mL insulin and 2 ng/mL 
granulocyte-macrophage colony-stimulating factor. All cell lines 
tested negative for mycoplasma.  

Acute myeloid leukemia patient and healthy donor bone 
marrow samples 

All patient and healthy donor samples were obtained under 
ethics approval from the Peter MacCallum Cancer Center human 
ethics committee (HREC approval numbers 01/14 and 10-61). 
Cryopreserved AML patient diagnostic bone marrow samples 
were obtained from the Cancer Collaborative Biobank (Metro 
South Health, Queensland, Australia). Patient clinical characteris-
tics are summarised in the Online Supplementary Table S2. Healthy 
donor bone marrow samples were obtained from Royal 
Melbourne Hospital (Melbourne, Australia) or purchased from 
AllCells (Alameda, California). All bone marrow samples were 
used for flow cytometry staining immediately after thawing. 

Healthy donor peripheral blood mononuclear cells and 
natural killer cells 

Peripheral blood mononuclear cells (PBMC) were isolated from 
healthy donor buffy coats (Australian Red Cross Blood Service) by 
density gradient (Ficoll-Paque, GE Healthcare Life Science) and 
cryopreserved. One day prior to experiments, PBMC were 
thawed and treated with DNase I (Merck) for 15 minutes at 37ºC. 
Where required, NK cells were isolated by negative selection 
using a human NK Cell Isolation Kit (Miltenyi Biotec) according 
to the manufacturer’s instructions (except antibodies and beads 
were used at half the recommended concentration). The purity of 
NK cells as determined by flow cytometry was > 95%. Bulk 
PBMC or isolated NK cells were incubated in media containing 25 
U/mL IL-2 overnight at 37ºC before use in assays. 

Natural killer cell stimulation 
Isolated NK cells were incubated at 37ºC alone, with the spec-

ified combination of cytokines, with target cells at a 1:1 ratio, or 
in wells precoated (overnight 4ºC) with agonistic antibodies 
against CD16, NKp46, 2B4 or NKG2D. After 24 hr, cells were 
washed and stained with LIVE/DEAD Fixable Yellow 
(ThermoFisher) followed by antibodies against CD56, CD16, 
CD69, PVRIG, TIGIT and DNAM-1. For analysis of short term 
kinetics, cells were incubated at 37ºC with the indicated stimuli, 
and at the specified time points were transferred to 4ºC. Cells for 
the 0 time point were kept at 4ºC. Upon completion of all time 
points, cells were stained with LIVE/DEAD Fixable Yellow fol-
lowed by antibodies against CD56, CD16, CD69 and PVRIG.  

Other methods 
Details of experimental procedures (flow cytometry, 

Chromium release assay, degranulation assay) are provided in the 
Online Supplementary Methods. 

Data analysis 
Flow cytometry data were analysed using FlowJo software 

(BD), and statistical analysis was performed in Prism (GraphPad). 
Figure 4G was created with BioRender.com. 
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Results 

PVRIG blockade enhances natural killer cell killing of 
PVRL2hiPVRlo acute myeloid leukemia cells 

In order to assess whether PVRIG blockade could 
enhance NK-cell responses against AML, we utilized the 
AML cell line KG1a. When co-cultured with healthy 
donor PBMC and PVRIG blocking antibody, a significant 

increase in KG1a cell death was observed compared to the 
untreated control (Figure 1A). In contrast, TIGIT blocking 
antibody did not significantly enhance KG1a target cell 
lysis, and KG1a lysis in the presence of combined anti-
PVRIG and anti-TIGIT was comparable to PVRIG block-
ade alone (Figure 1A). In order to compare across donors 
with variable baseline killing, we calculated the NK:target 
ratio required for 10% KG1a lysis for each donor. PVRIG 
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Figure 1. Blockade of PVRIG enhanced natural killer cell killing of tumor cell lines. (A) Percentage lysis of KG1a cells after 4-hour co-culture with peripheral blood 
mononuclear cells (PBMC) in the presence of anti-PVRIG, anti-TIGIT, anti-PVRIG + anti-TIGIT, or isotype antibodies, measured by 51Cr release assay. Representative 
data (mean ± standard deviation [SD] of triplicates) of four experiments shown. (B) Natural killer (NK):target ratio required to achieve 10% lysis, determined by non-
linear regression of curves plotted as in (A). Each symbol represents an individual donor, n=4. NK-cell expression of (C) CD69 and (D) CD107a after 4-hour co-culture 
of PBMC with KG1a (8:1 E:T ratio) in the presence of the indicated blocking antibodies or isotype control antibody. Representative data (mean ± SD of triplicates) of 
two experiments is shown. (E) Percentage lysis of KG1a cells after 4-hour co-culture with PBMC in the presence of anti-PVRIG or isotype antibodies, with or without 
4 mM EGTA. Representative data (mean ± SD of triplicates) of two experiments is shown. (F) Percentage lysis of SKBR3 cells after 4-hour co-culture with PBMC in 
the presence of anti-PVRIG, anti-TIGIT, anti-PVRIG + anti-TIGIT, or isotype antibodies, measured by 51Cr release assay. Representative data (mean ± SD of triplicates) 
of three experiments is shown. (G) NK:target ratio required to achieve 10% lysis, determined by non-linear regression of curves plotted as in (F). Each symbol repre-
sents an individual donor (n=3). NK-cell expression of (H) CD69 and (I) CD107a after 4-hour co-culture of PBMC with SKBR3 (2:1 E:T ratio) in the presence of the 
indicated blocking antibodies or isotype control antibody. Representative data (mean ± SD of triplicates) of two experiments is shown. (J) Expression of PVRL2 and 
PVR (red histograms) on SKBR3 and KG1a cells compared with isotype control stain (grey histograms). NK:target ratios in (A, E and F) were calculated using % of NK 
cells in PBMC determined by flow cytometry. Significance was determined by repeated measures one-way ANOVA (A, B, F and G) or one-way ANOVA (C, D, H and I) 
with Holm-Sidak’s multiple comparisons test, not significant (ns) P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. PVRIG: poliovirus receptor-related 
immunoglobulin domain-containing; TIGIT: T- cell immunoreceptor with Ig and ITIM domains; MFI: mean fluorescence intensity. 
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blockade significantly decreased the NK:target ratio 
required to reach 10% KG1a lysis, while TIGIT blockade 
had only a minor effect (Figure 1B). PVRIG blockade also 
significantly increased NK-cell activation and degranula-
tion, as measured by CD69 and CD107a staining respec-
tively (Figure 1C and D). TIGIT blockade had minimal 
effect on both NK-cell activation and degranulation and 
combined PVRIG and TIGIT blockade showed no benefit 
over PVRIG blockade alone (Figure 1C and D). The acti-
vating receptor DNAM-1 was important for recognition of 
targets, as blocking DNAM-1 significantly inhibited NK-
cell activation and degranulation (Figure 1C ,D, H and I). 
KG1a target cell death was perforin-dependent, as it was 
completely blocked when free calcium was complexed 
with EGTA (Figure 1E). 

PVRIG blockade was clearly more effective than TIGIT 
blockade for enhancing NK-cell responses against KG1a 
but did not enhance lysis of the breast cancer cell line 

SKBR3. Rather, significantly more target cell death was 
observed with TIGIT blockade, or combined PVRIG and 
TIGIT blockade (Figure 1F). Pooled data from three donors 
suggested TIGIT blockade, but not PVRIG blockade, 
decreased the NK:target ratio required for 10% lysis, but 
the difference did not reach statistical significance (Figure 
1G). TIGIT blockade significantly enhanced NK-cell acti-
vation and degranulation, whereas PVRIG blockade had 
minimal effect on activation and a much smaller effect on 
degranulation (Figure 1H and I). Combined PVRIG and 
TIGIT blockade enhanced NK-cell activation and degran-
ulation cytotoxicity even further, suggesting that PVRIG 
blockade can have an additive effect to TIGIT blockade 
(Figure 1H and I).  

NK cells from all healthy donors tested expressed both 
PVRIG and TIGIT (Online Supplementary Figure S1). 
Although the levels of expression (particularly of TIGIT) 
varied, all donors were consistently more responsive to 
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Figure 2. PVRIG and its ligand PVRL2 are expressed in acute myeloid leukemia patient bone marrow. Expression of (A) poliovirus receptor-related 2 (PVRL2) (B) 
poliovirus receptor (PVR) or (C) poliovirus receptor-related immunoglobulin domain-containing (PVRIG) on blasts or immune cell types in the bone marrow of acute 
myeloid leukemia (AML) patients (n=19-20) or healthy donors (n=13). Open triangles mark the patient shown in (D to F). Representative histograms of (D) PVRL2 
and (E) PVR on AML blasts, or (F) PVRIG on natural killer (NK) cells in the bone marrow of an AML patient. Overlay histograms of test (red) and isotype control stains 
(grey) are shown. NK-cell expression of (G, I and K) CD69 and (H, J and L) CD107a after 4-hour co-culture of healthy donor peripheral blood mononuclear cells (PBMC) 
with AML patient bone marrow (8:1 E:T ratio) in the presence of the indicated blocking antibodies or isotype control antibody (mean ± standard deviation of triplicates, 
n= 3 patients). Significance was determined by one-way ANOVA with Holm-Sidak’s multiple comparisons test, not significant (ns) P>0.05, *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001; MFI: mean fluorescence intensity.
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PVRIG blockade against KG1a targets, and more respon-
sive to TIGIT blockade against SKBR3 targets. Because 
TIGIT binds preferentially to PVR, while PVRIG binds 
exclusively to PVRL2, we explored whether differential 
expression of the ligands on KG1a and SKBR3 could 
explain the different NK-cell responses to PVRIG or TIGIT 
blockade. Indeed, we observed that while both SKBR3 
and KG1a cells have high expression of PVRL2, KG1a 
expressed far less PVR than SKBR3 (Figure 1J). This sug-
gests that tumors expressing high levels of PVRL2 but low 
levels of PVR are more likely to inhibit immune cells via 
PVRIG, whereas when both ligands are present, inhibition 
via TIGIT appears to predominate. This trend was also 
observed with other AML cell lines (Online Supplementary 
Figure S2). Both AML-193 and Kasumi-1 cells were 
PVRL2+PVRlo (Online Supplementary Figure S2A) and were 
killed at significantly higher levels in the context of anti-
PVRIG with PBMC from healthy donors (Online 
Supplementary Figure S2B and C). By contrast, ML-2 and 
THP-1 AML cells were PVRL2+PVR+ (Online Supplementary 
Figure S2A) and were significantly increased killed in the 
presence of anti-TIGIT rather than anti-PVRIG (Online 
Supplementary Figure S2D and E). 

Acute myeloid leukemia patient bone marrow contains 
PVRL2hiPVRlo blasts and PVRIG+ natural killer cells 

We next examined the expression of PVRIG, PVR and 
PVRL2 in AML patient bone marrow. Using multicolour 
flow cytometry, we distinguished various lymphoid 
(CD3–CD56+ NK cells, CD3+CD56+ NKT cells, CD3+CD8+ 
T cells, CD3+CD8– T cells), myeloid (SSChiCD14+CD11b+ 
monocytes) and blast (CD45loSSCint) populations collected 
at diagnosis (Online Supplementary Figure S3). Primary 
AML blasts were PVRL2+PVRlo, and PVR was expressed at 
higher levels on CD14+CD11b+ monocytes (Figure 2A, B, 
D and E). In healthy donor bone marrow samples, the 
CD45loSSCint immature myeloid population (gated as per 
Online Supplementary Figure S3) were also PVRL2+PVRlo, 
suggesting that high PVRL2 expression is a feature of nor-
mal myeloblasts (Figure 2A and B). Nonetheless, the 
PVRL2hiPVRlo phenotype of the AML blasts suggested 
they would be a good target for PVRIG blockade, provid-
ed that patient effector cells expressed PVRIG. T cells and 
NK cells expressed PVRIG in all AML patients tested, with 
higher expression in NK, NKT and CD8+ T cells and lower 
expression in CD8- T cells (Figure 2C and F). There was no 
statistical difference in PVRIG expression levels on bone 

PVRIG blockade in acute myeloid leukemia

haematologica | 2021; 106(12) 3119

Figure 3. PVRIG expression on natural killer cells is decreased upon activation. (A) Poliovirus receptor-related immunoglobulin domain-containing (PVRIG) expression 
on isolated natural killer (NK) cells after 24-hour cultured alone, or co-cultured with K562 or KG1a cells (1:1 ratio). Shown is percentage change in PVRIG mean flu-
orescence intensity (MFI) relative to NK alone, each point represents an individual donor (n=3), bars represent mean ± standard deviation (SD). (B) PVRIG expression 
on isolated NK cells after 24-hour incubation alone or in the presence of 100 U/mL interleukin 2 (IL-2) and 10 ng/mL IL-12. Shown is percentage change in PVRIG 
MFI relative to NK alone, each point represents an individual donor (n=3), bars represent mean ± SD. (C) Expression of PVRIG and CD69 on isolated NK cells after 
24-hour incubation with 25 U/mL IL-2, 100 U/mL IL-2, or combinations of IL-2 (100 U/mL), IL-12 (10 ng/mL), IL-15 (50 ng/mL) and IL-18 (50 ng/mL), as indicated. 
Representative data of two independent experiments is shown. Expression of (D) CD69 or (E) PVRIG on isolated NK cells after 24-hour incubation with the indicated 
plate-bound antibodies. Shown is percentage change in PVRIG MFI relative to isotype. Each donor is represented by a distinct symbol (n=3), bars represent mean ± 
SD. (F) Expression of PVRIG vs. CD69 on isolated NK cells after 24-hour incubation with indicated stimuli, as in (C) and (E). Significance determined by one-way ANOVA 
with Holm-Sidak’s multiple comparisons test (A, Dand E) or Student’s t-test (B), not significant (ns) P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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marrow immune subsets of AML patients compared with 
healthy donors (Figure 2C). PVRIG and PVRL2 expression 
levels varied considerably amongst patients, but this did 
not correlate with AML subtype or the percentage of bone 
marrow blasts (Online Supplementary Figure S4). 

In order to assess whether PVRIG blockade could 
enhance NK-cell killing of AML patient blasts, we co-cul-
tured healthy donor PBMC with bone marrow from an 
AML patient with a high percentage (>90%) of 
PVRL2hiPVRlo AML blasts. In this context, NK cells 
showed significantly increased CD69 expression and 
degranulation with PVRIG or TIGIT blockade. In addition, 
combined PVRIG and TIGIT blockade was associated 

with significantly higher NK-cell activation and degranu-
lation (Figure 2G and H). Similar results were obtained for 
a further two AML patients tested (Figure 2I to L). This 
indicates that PVRIG blockade or combination 
PVRIG/TIGIT blockade could enhance NK-cell cytotoxic-
ity against PVRL2+ tumor targets in AML patients. 

 
PVRIG expression on natural killer cells is modulated 
by activation 

In order to understand why PVRIG was not upregulated 
on AML patient NK cells, we explored the mechanisms reg-
ulating NK cell PVRIG expression. In order to do this, we 
activated healthy donor NK cells for 24 hours via co-culture 
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Figure 4. Modulation of DNAM-1 and TIGIT expression on natural killer cells upon activation. (A to C) T-cell immunoreceptor with Ig and ITIM domains (TIGIT) or (D 
to F) DNAX accessory molecule 1 (DNAM-1) expression on isolated natural killer cells after 24-hour culture with (A and D) K562 or KG1a cells (1:1 ratio); (Band E) 
100 U/mL interleukin 2 (IL-2) and 10 ng/mL IL-12; or (C and F) with the indicated plate-bound antibodies. Percentage change in mean fluorescence intensity (MFI) 
relative to natural killer (NK) alone is shown, each point represents an individual donor (n=3), bars represent mean ± standard deviation (SD). Significance deter-
mined by one-way ANOVA with Holm-Sidak’s multiple comparisons test (A, C, D and F) or Student’s t-test (B and E), not significant (ns) P>0.05, *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. (G) Model of PVRIG-TIGIT-DNAM-1 modulation upon NK-cell activation. Left: upon recognition of tumor cells expressing poliovirus 
receptor (PVR) and poliovirus receptor-related 2 (PVRL2), NK cells increase TIGIT but lose expression of both poliovirus receptor-related immunoglobulin domain-con-
taining (PVRIG) and DNAM-1. This loss of DNAM-1 may result from a tumor-intrinsic mechanism of immune escape, whereby tumor cells expressing DNAM-1 ligands 
induce loss of DNAM-1 expression on immune cells. Right: upon activation via cytokines such as IL-2 and IL-12, or by stimulation of activating receptors such as 
CD16, NK cells decrease expression of PVRIG while increasing expression of TIGIT and DNAM-1. The increased expression of DNAM-1 relative to the decreased 
expression of PVRIG may serve to push the balance within the cell towards more activating signaling. In this way, PVRIG may act to constitutively dampen NK respon-
siveness in the steady state and is lost upon activation to lower the activation threshold of the NK cell.
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with tumor targets, NK-cell activating cytokines or via ago-
nistic antibodies to NK-cell activating receptors. NK cells 
consistently decreased PVRIG expression after interaction 
with target cells, although to a much greater degree with 
K562 than KG1a cells (Figure 3A). This may be because 
K562 lacks human leukocyte antigen (HLA) class I, resulting 
in greater activation of the NK cells. We next investigated 
whether activation of NK cells via cytokines would also 
cause loss of PVRIG. Indeed, NK cells stimulated with IL-2 
and IL-12 had significantly decreased PVRIG expression 
(Figure 3B). Using IL-2 or combinations of IL-2, IL-12, IL-15 
and IL-18, NK cells were increasingly activated, as meas-

ured by CD69 levels. Interestingly, NK-cell surface PVRIG 
and CD69 levels were inversely correlated in NK cells 
undergoing cytokine-mediated activation (Figure 3C). 
Stimulation of NK cells with plate-bound agonistic antibod-
ies against the activating receptors CD16, NKp46, 2B4 and 
NKG2D also resulted in differing levels of activation (Figure 
3D) and a concomitant decrease in NK-cell PVRIG levels 
(Figure 3E). When PVRIG and CD69 expression was exam-
ined in individual NK cells, there was a trend for more acti-
vated NK cells (higher CD69) to express proportionally less 
PVRIG after anti-CD16 or anti-NKp46 stimulation (Figure 
3F). In contrast, following cytokine stimulation NK cells 
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Figure 5. Differential regulation of surface and intracellular PVRIG by CD56dim and CD56bright natural killer cells. (A) Poliovirus receptor-related immunoglobulin 
domain-containing (PVRIG) expression on isolated natural killer (NK) cells (gated on CD56dim or CD56bright subsets) after 24-hour stimulation with 100 U/mL IL-2 
and 10 ng/mL IL-12, measured by surface or total (intracellular + surface) staining. Representative of two to three experiments. (B and C) Expression of surface 
PVRIG on isolated NK cells (gated on CD56dim or CD56bright) after 24-hour culture with (B) 100 U/mL interleukin 2 (IL-2 )and 10 ng/mL IL-12; or (C) with K562 or KG1a 
cells (1:1 ratio). Shown is percentage change in mean fluorescence intensity (MFI) relative to NK alone, bars represent mean ± standard deviation (SD) of three 
experiments. PVRIG expression on NK cells gated on (D) CD56dim or (E) CD56bright subsets, measured by surface or total (intracellular + surface) staining after 24-
hour stimulation with 100 U/mL IL-2 and 10 ng/mL IL-12. Shown is the percentage change in PVRIG MFI relative to NK alone, bars represent mean ± SD of two to 
three experiments. Significance determined by Student’s t-test, not significant (ns) P>0.05, *P<0.05, **P<0.01.
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increased CD69 and decreased PVRIG expression more uni-
formly (Figure 3F). 

 
TIGIT and DNAM-1 expression on natural killer cells is 
modulated by activation 

TIGIT and DNAM-1 are NK-cell receptors within the 
same receptor-ligand axis as PVRIG.9-12 We investigated 
whether a similar modulation of TIGIT and DNAM-1 
occurred following NK-cell activation. In contrast to 
PVRIG, TIGIT expression was increased after stimulation 
of NK cells with target cells, cytokines or agonistic antibod-
ies (Figure 4A to C), whereas changes in DNAM-1 levels 
were dependent on the stimulus. DNAM-1 was reduced 
by interaction with target cells (Figure 4D), but increased 

after activation with IL-2 and IL-12 or anti-CD16 (Figure 4E 
to F). Overall, our results indicated that the expression lev-
els for different NK receptors are regulated differently, 
depending on the stimulus. PVRIG was consistently 
decreased and TIGIT increased upon NK-cell activation, 
regardless of the stimulus, and the magnitude of change 
was correlated with the level of activation. On the other 
hand, DNAM-1 expression decreased upon target recogni-
tion, but was increased by activation via cytokines or ago-
nistic antibodies to activating receptors (Figure 4G). The 
loss of DNAM-1 may result from a form of immune eva-
sion, which has previously been described to occur on con-
tact with PVR+ tumor cells.22 DNAM-1 increase in response 
to stimulation via cytokines or activation receptors could 
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Figure 6. PVRIG is constitutively trafficked to the naural killer cell surface. (A) Poliovirus receptor-related immunoglobulin domain-containing (PVRIG) and (B) CD69 
expression on isolated natural killer (NK) cells incubated alone, with K562 cells (1:1 ratio), or with plate-bound anti-CD16 antibody at 37ºC for the indicated time 
points. Representative data (mean ± standard deviation [SD] of duplicates) of two experiments is shown. (C and D) PVRIG expression on isolated NK cells incubated 
either (C) alone or (D) with plate-bound anti-CD16 antibody at 37ºC for the indicated time points, in the presence or absence of monensin (mon) or brefeldin A (BFA). 
Representative data (mean ± SD of duplicates) of two experiments is shown. Significance determined by multiple t-tests with Holm-Sidak’s correction, *P< 0.05 com-
pared with NK alone (A and B) or untreated (C and D). 

  A                                                                                          B

  C                                                                                          D

  E



be a means to increase the net activation signal, which, in 
conjunction with decreased PVRIG expression, could serve 
to lower the activation threshold of the NK cell.  

Intracellular PVRIG does not decrease upon activation 
We next investigated whether PVRIG levels are regulat-

ed differently in the two principal peripheral blood NK-cell 
subsets, CD56dimCD16+ and CD56brightCD16–. After IL-2 
and IL-12 stimulation, the CD56dim subset showed 
decreased PVRIG surface expression, as was seen previ-
ously for unfractionated NK cells (Figure 5A and B). This 
was unsurprising given that CD56dim comprise 90-95% 
of all circulating NK cells. By contrast, CD56bright NK cells 
showed no loss of PVRIG (Figure 5A and B). This was not 
due to failed activation, as both subsets upregulated CD69 
equally (data not shown). Interestingly, this distinct pattern 
of regulation of PVRIG occurred only with cytokine stim-
ulation (Figure 5B), but not following interaction with tar-
get cells, which caused both subsets to downregulate 
PVRIG (Figure 5C). We next determined whether an intra-
cellular pool of PVRIG exists, or if it is solely expressed on 
the cell surface. Using permeabilized cells, we detected 
total (surface plus intracellular) PVRIG levels. For both 
CD56dim and CD56bright NK-cell subsets, total PVRIG stain-
ing was far greater than surface staining, indicating that a 
pool of PVRIG is present in the cytosol (Figure 5A). 
Interestingly, while CD56dim NK cells lost their surface 
PVRIG upon activation with IL-2 and IL-12, the total 
amount of PVRIG was unchanged compared with untreat-
ed NK cells (Figure 5D). This suggested that PVRIG lost 
from the cell surface upon activation was internalized. 
Alternatively, the total PVRIG level could be maintained 
despite decreased surface expression by synthesis of new 
molecules, which then egress to the cell surface. The latter 
appeared to be the case for CD56bright NK cells, which 
maintained PVRIG surface expression and increased total 
PVRIG levels upon activation by IL-2 and IL-12 (Figure 5E). 

 
Natural killer cell surface PVRIG levels are maintained 
by continuous trafficking to the cell surface 

In order to further explore the mechanisms by which 
NK cells regulate surface PVRIG levels, we first assessed 
the kinetics of PVRIG loss from the cell surface under dif-
ferent stimulation conditions using a short term time 
course. NK cells co-cultured with K562 cells showed loss 
of PVRIG expression within 1-2 hours, at which time 
CD69 began to be upregulated (Figure 6A-B). Stimulation 
of NK cells with anti-CD16 caused a similar level of 
PVRIG loss and activation, although K562 appeared to be 
the stronger stimulus at early time points (Figure 6A and 
B). Within the 4 hours assessed, IL-2 and IL-12 stimulation 
had no appreciable effect on PVRIG expression, and min-
imal effect on activation (Online Supplementary Figure S5), 
indicating that cytokine stimulation influences PVRIG lev-
els more slowly. Next, we used monensin and brefeldin A 
to determine whether intracellular trafficking via the 
endoplasmic reticulum (ER) and Golgi network was 
important for maintaining NK-cell surface PVRIG. Both 
monensin and brefeldin A inhibit the trafficking of mole-
cules to the cell surface, by disrupting the Golgi apparatus, 
trans-Golgi network or endosomal network.23-26 Untreated 
NK cells maintained constant PVRIG surface levels over 4 
hours. However, the addition of either monensin or 
brefeldin A resulted in significant loss of surface PVRIG 
levels (Figure 6C). Interestingly, the presence of monensin 

or brefeldin A also caused greater loss of PVRIG in NK 
cells undergoing activation via anti-CD16 stimulation 
(Figure 6D). These results suggest there is trafficking of 
PVRIG molecules to the cell surface, via the ER and Golgi, 
in both untreated and activated NK cells (Figure 6E).  

In summary, PVRIG is downregulated on the NK-cell 
surface following activation by tumor targets, anti-CD16 
or cytokines. Furthermore, a pool of PVRIG is present in 
the NK-cell cytoplasm, and cell surface PVRIG is main-
tained by trafficking to the surface. Taken together, our 
findings suggest that anti-PVRIG blocking antibodies 
enhanced NK-cell killing of AML target cells by blocking 
PVRIG present on the NK-cell surface. This resulted in 
decreased PVRL2-PVRIG mediated inhibition, and a 
decreased threshold for NK-cell activation and increased 
AML blast killing.  

 
 

Discussion 

Enhancing the activity of NK cells following HSCT may 
be beneficial for AML patients. NK cells are the first lym-
phoid cells to be reconstituted after HSCT, reaching nor-
mal levels within 1 month after transplant, much earlier 
than T cells.27,28 However, their capacity to kill residual 
leukemic blasts can be limited by the interaction of NK-
inhibitory receptors with ligands in the tumor microenvi-
ronment.27,29,30 Thus, blocking inhibitory receptors such as 
PVRIG could potentially be useful after HSCT to enhance 
NK-cell activity to delay or prevent relapse.  

In this study, we showed PVRIG blockade enhanced 
human NK-cell activity against PVRL2hiPVRlo AML target 
cells. AML blasts in patient bone marrow were 
PVRL2hiPVRlo, suggesting PVRIG blockade may increase 
NK-mediated killing of AML blasts. The AML blast 
PVRL2hiPVRlo phenotype is consistent with previous stud-
ies in AML patients.31 Our study is the first to report NK 
cell PVRIG expression in AML patient bone marrow.  
NK-cell PVRIG expression was not upregulated in AML 
patients. Our subsequent analysis suggested PVRIG 
upregulation is not required for PVRIG blockade to be 
effective. Even though interaction with AML cells caused 
loss of PVRIG from the NK-cell surface, PVRIG molecules 
trafficked via the ER-Golgi network and were then 
expressed on the cell surface. This suggests that, over 
time, a far greater amount of PVRIG is available on the cell 
surface to be blocked by anti-PVRIG antibodies than is 
detected at a single time point. 

In contrast to PVRIG, other NK-cell immune checkpoint 
receptors, such as TIGIT, are upregulated with activa-
tion.2,11 Despite sharing the same ligand as TIGIT, the 
modulation of PVRIG does not follow this model, suggest-
ing it could have a distinct biological function. It is possi-
ble that PVRIG acts as a regulator to keep NK cells in 
check in the steady state. The downregulation of PVRIG 
in response to cytokines or target recognition would then 
allow greater activation of NK cells in response to inflam-
matory stimuli. Our data showed NK cell PVRIG was 
present at higher levels in the cytoplasm than on the cell 
surface; this intracellular PVRIG was not decreased by 
activation. This cytoplasmic pool of PVRIG could repre-
sent either newly synthesized or recycled protein. A 
recent study by Whelan et al.3 examined PVRIG expres-
sion on isolated human T cells, and observed a similar 
trend for loss of PVRIG expression immediately after acti-
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vation. However, sustained activation of T cells with anti-
gen, IL-2 and IL-7 resulted in increased PVRIG expression 
by day 11.  

This study reveals unique aspects of PVRIG biology that 
should be considered when determining potential indica-
tions for its therapeutic use. Our results suggest that 
PVRIG blockade may still have a therapeutic effect, pro-
vided the tumor cells express the  PVRL2hiPVRlo pheno-
type. Furthermore, when AML blasts express both PVRL2 
and PVR, combination PVRIG and TIGIT blockade may 
also induce an effective NK-cell mediated anti-tumor 
response. These findings also have broader implications 
for the study of other checkpoint receptors. As more novel 
receptors are identified as potential targets, they should 
not be assumed to have the same biology as previously 
established immune checkpoints, and their potential effi-

cacy should not necessarily be measured by the same 
parameters. 
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