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Checkpoint blockade
Understanding the role of immune check-
points has undeniably changed the land-
scape of cancer immunotherapy. Pro-
grammed cell death protein 1 (PD-1) is 
induced after T cells are activated and 
serves as a marker of activation that pro-
vides inhibitory signals to T cells after 
engagement of its ligand, programmed 
death ligand 1 (PD-L1). PD-1 is also a mark-
er of chronic antigen stimulation, since 
checkpoint blockade with monoclonal 
antibodies against PD-1 abrogates T cell 
exhaustion, generating robust antitumor 
responses (1, 2). Cancers that have been 
clinically approved for PD-1 inhibition 
include melanoma, renal cell carcinoma, 
metastatic non-small cell lung cancer, 
urothelial carcinoma, classical Hodgkin 
lymphoma, and others (3, 4). Interestingly 
PD-1 blockade can induce responses in var-
ious cancers with low expression of major 
histocompatibility complex class I (MHCI), 
necessary for cytotoxic CD8+ T cell recogni-
tion, suggesting enhanced cytolytic activity 
by CD4+ T cells or effector cells capable of 
cytotoxicity independently of MHC.

NK cells are cytotoxic lymphocytes 
that can eliminate virally infected cells and 
tumors using cytotoxicity mechanisms sim-
ilar to CD8+ T cells, but that do not require 
recognition of MHC (5). Using deductive 
reasoning from the “missing self ” hypoth-
esis, blocking PD-1 on NK cells may aug-
ment antitumor effects for tumors that are 
refractory to T cell treatments due to low 
MHC expression (6). The fundamental 
basis behind applying checkpoint blockade 
against PD-1 on NK cells must, of course, 
assume that NK cells express PD-1.

PD-1 expression on activated 
murine NK cells
There is no doubt that studies of PD-1 
expression on NK cells, albeit with differ-
ent methods of isolating and activating NK 
cells as well as of evaluating PD-1 expres-
sion, report conflicting findings. In this 
issue of the JCI, Judge et al. comprehen-
sively examine induction of PD-1 expres-
sion by NK cells in multiple in vitro and in 
vivo models, providing direct comparisons 
among murine, canine, and human NK 
cells and validating PD-1 expression in tan-

dem with other activation and exhaustion 
markers using multiple techniques, includ-
ing flow cytometry, quantitative real-time 
PCR (qRT-PCR), and RNA-sequencing 
(7). The authors first evaluated in vitro 
IL-2–activated murine adherent lympho-
kine-activated killer (ALAK) cells as well as 
purified murine NK cells by flow cytometry 
and RNA-sequencing and found minimal 
expression of PD-1. This PD-1 analysis was 
repeated in Rag–/– mice, who lack B and T 
cells but have NK cells, and diet-induced 
obese mice, a model known to promote 
T cell exhaustion and PD-1 expression 
(7). The researchers failed to detect PD-1 
expression on NK cells in both of these 
models. Recent data had shown that intra-
tumoral NK cells express PD-1 and mediate 
antitumor responses (8), but using multiple 
murine tumor cell lines implanted into 
syngeneic mice, the authors found few 
intratumoral NK cells and minimal PD-1 
expression by flow cytometry and qRT-
PCR. A fluorescent reporter was used to 
measure intracellular or extracellular PD-1 
expression in mice bearing CT26 colon 
cancer cells, but tumor-bearing mice failed 
to reveal PD-1 expression in NK cells, con-
firming that the results did not reflect an 
inability to detect PD-1 due to intracellu-
lar localization (7). Early response to CMV 
infection is known to result in marked NK 
activation (9), so a murine CMV (MCMV) 
infection model was used to look for 
induction of PD-1 expression on NK cells. 
While PD-1 expression remained stable 
after exposure to MCMV, TIGIT, anoth-
er exhaustion marker, showed increased 
expression with MCMV infection in WT 
and Rag–/– mice. Curiously, murine NK 
cells expressed minimal to no PD-1 in these 
various inflammatory models, but perhaps 
human NK cells would be different (7).

PD-1 expression on NK cells 
after ex vivo activation
Next, Judge and authors evaluated PD-1 
expression on human NK cells activated 
after in vitro cytokine stimulation with IL-2 
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Programmed cell death protein 1 (PD-1) has become one of the most 
investigated targets for cancer immunotherapy. Most research has centered 
on inhibiting PD-1 on T cells, but there is increased interest in understanding 
the role of PD-1 on NK cells. While the expression of PD-1 on NK cells has 
been controversial, with papers publishing contradictory results in multiple 
models, there is increased clinical interest in NK and PD-1 immunotherapy. 
In this issue of the JCI, Judge et al. comprehensively explore the lack of 
PD-1 expression on murine, canine, and human NK cells and the clinical 
implication of these findings.
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Different NK cell subsets can produce 
splicing variants of PD-1 for which their 
potential effect on NK cell regulation can-
not be overlooked (Figure 1). Differences 
in tissue processing between groups could 
result in PD-1 expression that is essential-
ly a false positive (Figure 1). For instance, 
PD-1–specific antibodies can crossreact 
with a nuclear antigen that is released by 
dying cells upon nuclear envelope rupture 
(12). Judge and colleagues costained with 
a fixable viability dye to verify that PD-1 
binding was confined to the dead cell 
despite discriminating for small size in 
the flow cytometry assay (7). These results 
suggest that studies need to account for 
quality control of their antibodies and/
or tissue processing while characterizing 
PD-1 expression and highlight how the 
methodology behind flow cytometry can 
influence cell metabolism, increasing the 
risk of cell death and thus the appearance 
of PD-1 expression.

Benson et al. was one of the initial 
groups to confirm PD-1 expression on 
isolated NK cells from patients with mul-
tiple myeloma (13). Although inactivat-
ed NK cells from healthy donors lacked 
PD-1, NK cell stimulation with 150 IU/mL 
IL-2 for 48 hours increased PD-1 expres-
sion from 1.4% to 16%, as measured by 
flow cytometry. Differential doses of IL-2 

by flow cytometry. Even in murine and 
human hematologic malignancies, IL-2–
activated NK cells did not express PD-1. 
In summary, Judge et al. performed a thor-
ough analysis for the expression of PD-1 on 
multiple species of NK cells using multiple 
readout methods and repeatedly demon-
strated that NK cells, activated by various 
conditions, such as cytokine stimulation or 
feeder cells, or by contexts such as obesity, 
infection, or tumor, all result in minimal 
PD-1 expression. The results in this study 
conflict with PD-1 expression demonstrat-
ed using models from other studies (Table 
1), but also highlight unique facets of the 
biology of PD-1 expression in NK cells and 
inconsistencies in how investigators mea-
sure PD-1 expression.

Potential mechanisms driving 
false-positive PD-1 expression 
in NK cells
RT-PCR and Western blot data have 
shown, using both human NK cell lines 
and purified NK cells from healthy donors, 
that resting NK cells and IL-2–stimulated 
NK cells harbor a cytoplasmic pool of 
PD-1 mRNA and protein despite low sur-
face-expression levels (11). These data 
demonstrate that PD-1 may cycle to the 
NK cell surface for externalization, but 
requires appropriate stimuli (Figure 1). 

for 3 days or ex vivo expansion with IL-2 
and feeder cells for 21 days. The research-
ers activated human peripheral blood 
mononuclear cells in vitro with concana-
valin A, a mitogen, and IL-2 or IL-15. This 
activation led to significantly increased 
PD-1 expression on T cells, but not NK 
cells, as detected by flow cytometry. Ex 
vivo expansion and activation of human 
NK cells via coculture with IL-2 and irradi-
ated human K562 feeder cells expressing 
membrane bound IL-21 and CD137 ligand 
upregulated TIGIT, CD69, granzyme B 
and CD107a, demonstrating NK cell acti-
vation. However, the coculture did not 
result in increased PD-1 expression (by 
flow cytometry or qRT-PCR), even when 
IL-15 was added. Canine NK cells also cul-
tured with the same feeder cells for 21 days 
did not exhibit increased PD-1 expression, 
as determined by qRT-PCR (7).

PD-1 expression from human 
NK cells in cancer patients
Human solid tumors can respond to NK cell 
therapy (10), so specimens from patients 
with solid tumors were used to evaluate 
PD-1 expression on peripheral blood and 
tumor-infiltrating NK cells. In the context 
of these tumors, peripheral and tumor-
infiltrating NK cells were found to express 
the immune receptor TIGIT, but not PD-1, 

Table 1. Summary of NK PD-1 expression studies

Reference Disease contexts or models NK source PD-1 detection methods PD-1 expression on NK cells

8 Kaposi sarcoma, HIV, HHV-8, hepatitis C Peripheral blood from patients Flow cytometry, immunohistochemistry, qRT-PCR 1%–4%

19 Esophageal, liver, colorectal, gastric,  
and biliary cancer

Peripheral blood from patients Flow cytometry, immunohistochemistry 5%–10%

16 Lymphoma, colon cancer Murine nondraining lymph nodes, 
splenocytes, and tumor-infiltrating 

lymphocytes

Flow cytometry, qRT-PCR, RNA-sequencing 30%–60%

20 Healthy donor Peripheral bloods Flow cytometry 50%

12 Pancreatic tumor Murine splenocytes Flow cytometry, qRT-PCR, ligand binding,  
confocal microscopy

8%

21 CMV Murine splenocytes and hepatocytes Flow cytometry, qRT-PCR, RNA sequencing 31%–53%

11 Healthy donor Peripheral blood samples Flow cytometry, siRNA, qRT-PCR,  
Western blot, ELISA

0.7%–2.5%

7 Rag–/– mice, diet-induced obese mice,  
murine tumor models (colon cancer, breast 

cancer, melanoma, lung cancer, AML),  
MCMV, and human tumor samples  

(soft tissue sarcoma, colon cancer, HNSCC, 
follicular lymphoma)

Murine splenocytes and hepatocytes

Peripheral blood from healthy  
human donors

Canine peripheral blood

Peripheral blood and intratumoral 
biopsies from cancer patients

Flow cytometry, fluorescent reporter gene,  
qRT-PCR, RNA-sequencing

0.3%–3%

AML, acute myeloid leukemia; HHV-8, human herpesvirus-8; HNSCC, head and neck squamous cell carcinoma; MCMV, murine cytomegalovirus.
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combined with rigorous cell surface and 
intracellular analysis of PD-1 expression 
may provide a more consistent under-
standing of the role, if any, of the PD-1/
PD-L1 pathway in NK cells. The clinical 
relevance of PD-1 checkpoint blockade 
on NK cells may become clearer as better 
detection methods and reagents are devel-
oped. More data, specifically from patients 
given anti–PD-1 who are deficient in T cells 
(such as in HIV or early after bone marrow 
transplant) or chimeric antigen receptor–
modified NK cells that are engineered as 
PD-1 deficient, will ultimately inform the 
debate on whether PD-1 expression on NK 
cells is fact or fiction.
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of cancer, it is possible that the antitumor 
benefits seen by others with anti–PD-1 
therapy may have alternative explana-
tions. Perhaps the tumor microenviron-
ment provides complex immune cell inter-
actions that cause dynamic changes in 
PD-1 expression that are difficult to reca-
pitulate in vitro or identify in vivo with the 
limited murine NK cells that traffic to sub-
cutaneous tumor models. One could imag-
ine NK cells picking up PD-1 from other 
cells within the tumor, such as T cells, by 
trogocytosis or even through extracellular 
vesicles (Figure 1). Or perhaps the tumor 
has homologous receptors to PD-1 that 
antibodies recognize yet that induce anti-
body-dependent cellular cytotoxicity via 
CD16 expression on NK cells (Figure 1).

Conclusion
As Judge et al. suggest, PD-1 expression 
on murine, canine, and human NK cells 
remains minimal to absent, especially 
compared with expression on T cells (7). 
Consistency in NK cell activation methods 

and incubation times are commonplace 
among different research groups (14–16), 
as exemplified in the current study (7), 
which used 1000 IU/mL IL-2 for 72 hours 
with human NK cells and for 7 days with 
murine NK cells. Perhaps overstimulating 
NK cells with cytokines can paradoxically 
suppress PD-1 expression or cause produc-
tion of splice variants that fail to stimulate 
protein expression (Figure 1). While the 
Judge et al. results (7) show minimal PD-1 
expression after MCMV infection, PD-1 
expression has been identified in subsets 
of mature dysfunctional human NK cells 
in posttransplantation lymphoprolifer-
ative disorders (17) and after EBV, HIV, 
and human CMV infection (6, 18). While 
the human viral infection studies relied 
solely on flow cytometry to measure PD-1 
expression, many studies included func-
tional experiments with anti–PD-1 agents 
verifying enhanced NK cell activity. Thus 
PD-1 expression on NK cells may be spe-
cies and infection specific as well as even 
patient dependent. Finally, in the context 

Figure 1. Potential mechanisms of PD-1 expres-
sion on NK cells and anti–PD-1 treatment. (i) 
When activating receptors on NK cells engage 
with ligands on tumor cells, cytokine receptors 
with cytokines or viral receptors with associated 
viruses. (ii) PD-1 mRNA and splice variants may 
(or may not) lead to PD-1 protein cell surface 
expression. (iii) NK cell apoptosis can result in 
release of a nuclear antigen that can be mis-
taken for PD-1. While NK cells may inherently 
minimally express PD-1, even after activation, 
NK cells could acquire PD-1 through (iv) uptake 
of extracellular vesicles released from T cells or 
by trogocytosis upon contact with a neighboring 
T cell within the tumor microenvironment. (v) 
False-positive results could result from anti–
PD-1 labeling a currently unidentified cell sur-
face homolog of PD-1 on NK cells. Benefits from 
anti–PD-1 checkpoint blockade could also result 
from anti–PD-1 binding a homolog on the tumor 
cell, which instead of preventing exhaustion 
in the NK cells, in fact, stimulates antibody-
dependent cellular cytotoxicity (ADCC).
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