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ABSTRACT
Checkpoint blockade therapy is effective against many cancers; however, new targets need to be 
identified to treat patients who do not respond to current treatment or demonstrate immune escape. 
Here, we showed that blocking the inhibitory receptor Killer cell lectin-like receptor G1 (KLRG1) enhances 
anti-tumor immunity mediated by NK cells and CD8+ T cells. We found that loss of KLRG1 signaling alone 
significantly decreased melanoma and breast cancer tumor growth in the lungs of mice. In addition, we 
demonstrated that KLRG1 blockade can synergize with PD-1 checkpoint therapy to increase the ther-
apeutic efficacy compared to either treatment alone. This effect was even observed with tumors that do 
not respond to PD-1 checkpoint therapy. Double blockade therapy led to significantly decreased tumor 
size, increased frequency and activation of CD8+ T cells, and increased NK cell frequency and maturation in 
the tumor microenvironment. These findings demonstrate that KLRG1 is a novel checkpoint inhibitor 
target that affects NK and T cell anti-tumor immunity, both alone and in conjunction with established 
immunotherapies.
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Introduction

Immunotherapy has brought new hope to countless cancer 
patients with advanced or previously untreatable disease 
through the generation of novel therapeutics.1–3 One specific 
area of this field, monoclonal antibodies (mAbs) that block 
immune inhibitory “checkpoint” receptors, have achieved 
great success in tumor control and significantly increased sur-
vival in patients. The most well-known checkpoint inhibitor 
targets are programed death-1 (PD-1),4,5 and cytotoxic 
T lymphocyte-associated molecule-4 (CTLA-4),6 used for 
treating melanoma, in addition to other cancers. However, 
a significant subset of patients will either not respond to treat-
ment or exhibit only transient benefits. Due to the poor efficacy 
in these patients, it is imperative to investigate additional 
immune cell types and receptor targets for modulation that 
can be used alone and in conjunction with current 
immunotherapies.

Recent studies have shown that natural killer (NK) cells are 
an important cell type for controlling certain types of cancer 
growth.7,8 NK cells can identify and kill cancer cells through 
multiple mechanisms, including degranulation and direct 
killing9 and can recruit various other immune cell populations 
to the tumor microenvironment via the release of chemokines 
and cytokines.10 Reduced NK cell function has been associated 
with a worse disease outcome11 and in some patient cohorts, 
the degree of NK cell infiltration in tumor tissues was 

associated with better prognosis.11,12 These data imply that 
therapies blocking inhibition of NK cells could be useful. 
While most current checkpoint blockade inhibitors target 
CD8+ T cells,13 targeting new receptors on multiple types of 
immune cells, in both the adaptive and innate immune system, 
is essential for expanding the effect of checkpoint blockade and 
limiting the incidence of tumor immune escape.

One such target is killer cell lectin-like receptor G1 
(KLRG1), a well-conserved transmembrane C-type lectin 
receptor that is expressed on NK cells and antigen experienced 
T cells. KLRG1 contains an immunoreceptor tyrosine inhibi-
tory motif (ITIM) in its cytoplasmic tail and has two main 
ligands, E-cadherin and N-cadherin.14,15 The cadherins have 
long been implicated in tumorigenesis. E-cadherin can be 
expressed on primary tumors and distant metastatic tumors16 

and N-cadherin upregulation enhances the invasiveness of 
tumor cells.17 Cadherin levels have been observed to be high 
in several different human cancers, including melanoma, pros-
tate, breast, hepatocellular carcinoma and renal cancer, among 
others.18–20 Engagement of KLRG1 with either cadherin leads 
to ITIM phosphorylation and recruitment of the phosphatases 
SHIP-1/SHP-215,21 inducing an inhibitory signaling cascade 
within the cell. High KLRG1 expression has been correlated 
with low proliferative capacity22 and increased apoptosis22 on 
both NK cells and T cells. KLRG1 expression is elevated on 
human CD8+ T cells during viral infection and may contribute 
to increased morbidity for several infectious diseases.22,23 
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While KLRG1 has historically been thought of as a marker of 
T cell senescence, research has shown that engagement of 
KLRG1 inhibits IFN-γ and TNF-α production.15,24 

Experiments with cultured cells have demonstrated that 
KLRG1+ NK cells had lower cytotoxicity against target cells,21 

which could be reversed by KLRG1 knockdown via siRNA 
treatment.25 Comparably less research has been done on 
KLRG1 signaling in cancer, however, significantly increased 
KLRG1 expression has been observed on T cells in a number of 
different human cancers,18,26 with 16–48% of tumor infiltrating 
CD8+ T cells being KLRG1+ in renal cell carcinoma, hepato-
cellular carcinoma, melanoma, ovarian cancer, and others.18 

These cells were found to have poor proliferative capacity with 
decreased effector cytokine production.26 A recent study has 
suggested that KLRG1 blockade could decrease tumor 
burden;18 however, the mechanism behind KLRG1 blockade 
remains to be elucidated.

Here, we show that KLRG1 blockade enhances anti-tumor 
immunity mediated by multiple types of immune cells in vivo. 
We developed KLRG1 deficient animals and a novel anti- 
KLRG1 blocking mAb which we used to determine the efficacy 
of KLRG1 blockade alone and in conjunction with PD-1 block-
ade. Loss of KLRG1 alone was found to significantly decrease 
melanoma and breast cancer tumor growth in the lungs of 
mice. We also found that KLRG1 synergizes with PD-1 to 
increase the therapeutic effect of either treatment alone, as 
combination blockade treatment led to significantly decreased 
tumor size. Increased NK cell frequency and maturation in the 
tumor microenvironment was quantified and increased levels 
of activated CD8+ T cells were also observed within the tumors 
of combination mAb treated mice. Overall, KLRG1 blockade 
was found to be effective at slowing tumor growth alone and in 
conjunction with PD-1 blockade by enhancing NK cell and 
CD8+ T cell presence within the tumor microenvironment.

Materials & methods

Mice and institutional animal care and use committee 
approval

C57BL/6NJ, C57BL/6, and Balb/c mice were purchased from 
Jackson Laboratory. All tumor measurements/tumor counts 
were performed blind. Both age and sex-matched mice were 
used for this study. All mouse experiments were carried out in 
accordance with the recommendations in the Guide for Care 
and Use of Laboratory Animals, as defined by the National 
Institutes of Health. Animal protocols were reviewed and 
approved by the Institutional Animal Care and Use 
Committee (IACUC) of Brown University. All animals were 
housed in a centralized and AAALAC-accredited research ani-
mal facility that is fully staffed with technical and veterinary 
personnel.

Generation of KLRG1−/- mice

Two guideRNAs (gRNAs) were generated to target exon 3 and the 
surrounding intron of klrg1: 5ʹ-ATTGTGGACCATTCAGCTTG- 
3ʹ and 5ʹ-CTTAACTATGTAGTCCAGAC-3ʹ. gRNAs were 
selected using the CRISPR Guide RNA design tool Benchling 

(https://www.benchling.com/crispr/). Cas9/plasmid injection 
was performed on C57BL/6NJ zygotes. Non-homologous end- 
joining led to deletion of the sequence between gRNAs (KLRG1−/- 

mice). Founders were genotyped via sequencing and long-range 
PCR. Genotyping primers of KLRG1−/- mice: Forward: 
TGACCTCATGAACTCTGTGAGC, Reverse: 
CAGCCATCGATAATGAGATCTG. This work was performed 
in conjunction with the Brown University Mouse Transgenic and 
Gene Targeting Facility. Littermate controls were used for each 
mouse line.

Cell lines and culture conditions

B16-F10 and B16-E-cadherin (a gift from Five Prime 
Therapeutics, San Francisco, CA) were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM)/High Glucose with 
L-Glutamine (4 mM), Glucose (4500 mg/L), and sodium pyr-
uvate (Thermo Fisher Scientific, Cat# SH30243.01). 4T1 (pur-
chased from ATCC, Cat# CRL-2539) were cultured in Roswell 
Park Memorial Institute medium (RPMI-1640) with 
L-glutamine (2.05 mM/L) (Thermo Fisher Scientific, Cat# 
SH30027.01). In all cases, media contained 8% fetal bovine 
serum (FBS) (Atlanta Biologics, Cat# S11550, or Gibco, Cat# 
10437–028), penicillin and streptomycin and glutamine 
(100 U/ml; Gibco, Cat# 10378–016), and 48 μM β- 
mercaptoethanol (Gibco, Cat# 21985–023). Cells were cultured 
in 5% CO2. B16-F10 and 4T1 cell lines were stimulated for 
24 hours with IFN-γ where noted (20 ng/mL, Cat# 14–8311- 
63). DO11 N-cadherin GFP and DO11 mock GFP transfectant 
cell lines were generated as described here.15

In vivo tumor growth experiments

Cells were washed and resuspended in sterile PBS. For most 
intravenous and subcutaneous B16 experiments, 2 × 105 cells 
in 200 μl were injected. For some intravenous injection experi-
ments (noted in figure legend), 2 × 104 B16 cells in 200 μl were 
injected. For intravenous and subcutaneous 4T1 experiments, 
1 × 105 cells in 200 μl were injected. Subcutaneous tumor 
growth was measured using calipers, and tumor volume was 
estimated using the formula V = (L*W2)/2. Tumor growth in 
the lungs from intravenous injection was quantified via macro-
scopic examination. For antibody blockade experiments, anti- 
KLRG1 (clone 1F10, generated as described below, 200 μg/ 
mouse), anti-PD-1 (clone RMP1-14, BioXcell Cat# BE0146, 
200 μg/mouse), or control antibody (rat IgG2a, BioXcell Cat# 
BE0089, 200 μg/mouse, mouse IgG1, BioXcell Cat# BE0083, 
200 μg/mouse) were intraperitoneally injected on day 7, 10, 13, 
and 16 post-tumor cell injection. Animals were monitored 
daily and tumor growth was measured every third day. 
Animals were euthanized on day 21 post-intravenous injection 
and on day 19 or 22 post-subcutaneous injection or when 
tumor volume reached 2000 mm3.

Lymphocyte isolation

Spleens were dissociated in 150 mM NH4Cl for 10 minutes, 
filtered through nylon mesh, and washed twice with 1% PBS- 
serum. Tumors were dissociated in collagenase IV (Sigma- 
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Aldrich Cat# C5138) using GentleMACS program 
m_impTumor_01.01 and incubated for 30 minutes at 37°C 
with shaking. Samples were then further dissociated on 
GentleMACS program m_impTumor_01.02 and incubated 
again for 30 minutes at 37°C with shaking. In a final dissocia-
tion step, tumors were run on GentleMACS 
m_impTumor_01.01 program and then passed through nylon 
mesh, washed with 1% PBS-serum and underlayed onto a two- 
step continuous Lympholyte gradient (GE Healthcare Bio- 
Sciences). Lymphocytes were harvested and washed once in 
1% PBS-serum. Live cell counts were obtained using 
a hemocytometer/trypan blue exclusion.

Antibodies and flow cytometry

Cells were stained in 1% PBS-serum containing Fc block (2.4G2, 
produced in house) and cell surface antibodies for 20 minutes on 
ice in the dark. Staining with KLRG1 tetramer (NIH Tetramer 
Core Facility) was performed for 15 minutes at room tempera-
ture and 15 minutes on ice, both in the dark. Samples were run 
on a FACSAria III (BD Biosciences) and analyzed using FlowJo 
(Tree Star Inc.). The mAbs listed below were used for flow 
cytometry and purchased from Biolegend, eBioscience, BD 
Biosciences or Thermo Fischer Scientific: APC-KLRG1 tetramer 
(NIH Tetramer Facility), APC-PD-1 (Cat# 135229), APC-PD-L1 
(Cat# 564715), APC-eF780- CD11b (Cat# 47–0112), BV41- 
KLRG1 tetramer (NIH Tetramer Facility), BV510-TCRβ (Cat# 
109234), BV570-CD45 (Cat# 103136), BV605- CD3 (Cat# 
100237), BV605- CD8 (Cat# 100744), BV785-NK1.1 (Cat# 
108749), eF450 CD69 (Cat# 50–112-4119), FITC- CD27 (Cat# 
11–0271), PerCP-Cy5.5-CD69 (Cat# 561931), PE-PD-1 (Cat# 
109103), PE-Cy7-KLRG1 (Cat# 25–5893-82), PerCP-Cy5. 
5-E-cadherin (Cat# 147317). Brilliant Stain Buffer (BD 
Biosciences, Cat# 563794) was added to the staining cocktail 
when multiple Brilliant Violet antibodies were used. The 
KLRG1 tetramer was produced in the lab15 or acquired from 
the NIH tetramer facility.

Western blot

Samples were separated on 4–20% gradient SDS–PAGE gels 
and transferred to a nitrocellulose membrane (Bio-Rad 
Laboratories, Hercules, CA, USA). The membrane was blocked 
in 5% milk for 1 h at room temperature and incubated with the 
indicated primary antibody overnight at 4°C. After washing, 
the membrane was incubated with the respective HRP- 
conjugated secondary antibody for 1 h at room temperature 
and developed using a ChemiDoc XRS+ System (Bio-Rad).

Fc silent anti-KLRG1 mAb

The variable light-chain and heavy-chain sequences were 
recovered from the 1F10 hybridoma and cloned into expres-
sion vectors in frame with constant regions to obtain a mouse 
IgG1/κ antibody harboring the N297Q mutation to abrogate 
binding to Fcγ receptors. The linearized vectors for the light 
chain and for the heavy chain were co-transfected into a CHO 
cell line using the Neon device (Invitrogen). The antibody was 
purified from the supernatant using the MabSelect PrismA 

resin (Cytiva). The antibody was eluted with citrate 0.1 M 
pH4.5 buffer, dialyzed overnight against PBS and 0.22 µM 
filtered. Size exclusion chromatography, SDS-PAGE and endo-
toxin levels quality controls were performed.

In vitro cell line proliferation

B16-F10 and B16-E-cadherin cell lines were labeled with Cell 
Trace Violet Proliferation dye (5uM, Thermo Fisher Scientific 
Cat# C34557) for 20 minutes in the dark at 37°C. Culture 
medium was then added at five times the original staining 
volume and samples were incubated for another 5 minutes. 
Cells were then pelleted by centrifugation and resuspended in 
pre-warmed complete culture medium. Cells were finally incu-
bated for 10 minutes before flow cytometry analysis to measure 
Day 0 staining. Samples were then allocated to flasks and flow 
cytometry was performed on Day 2 to assess proliferation cycles.

Statistical analysis

Analyses for determining statistical significance were per-
formed using Prism 7.0 (Graph-Pad Software, Inc.). Unpaired 
two-tailed Student’s t tests were used to compare two indivi-
dual groups. Graphs represent the mean and error bars indicate 
standard error of the mean (SEM). The number of animals/ 
sample size and total experimental replicates are noted in each 
figure legend. *p < .05, **p < .01, ***p < .0001, and 
****p < .00001.

Results

Loss of KLRG1 signaling decreases tumor burden

While KLRG1 is often thought of as a marker of lymphocyte 
maturity, its inhibitory properties in the context of viral infection 
suggest that it plays a significant role in the NK cell and T cell 
immune response.22,23 This, along with KLRG1 and its ligands 
high expression profile in human cancer samples, makes it an 
intriguing target for checkpoint blockade therapy.18,26 To study 
the effect of loss of KLRG1 in the context of tumor development, 
we generated KLRG1 deficient mice directly on the C57BL/6 
background (Figure S1A-B). Although KLRG1 deficient mice 
have been previously generated, they were derived from ES cells 
on the 129 background. This is significant, as it was recently 
demonstrated that up to 40 megabases of the original 129 gen-
ome can be retained, even after 20 backcrosses to C57BL/6. This 
is significantly more than the predicted 0.01% of the genome27 

and could potentially induce extraneous results. We did not 
observe any obvious developmental defects in our KLRG1 defi-
cient mice, with KLRG1 deficient mice displaying no changes in 
NK or CD8+ T cell frequency and NK cell maturation was not 
affected (Figure S1C-E).

We have previously reported on the cadherin expression on 
several different murine cell lines, including A20 (B cell lym-
phoma), RMA-S (T cell lymphoma), RAW264.7 (macrophage 
leukemia) and L929 (fibroblast cell line) and found that these 
cell lines do not express cadherin.15 More recently, we have 
examined cadherin expression on the murine melanoma 
model, B16-F10. B16-F10 is a well-characterized murine 
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melanoma cell line, and its growth has been shown to be 
modulated by both NK cells and T cells.28 Although B16-F10 
was negative for E-cadherin, it was positive when stained with 
the KLRG1 tetramer (Figure 1a). Because the KLRG1 tetramer 

binds to both E-cadherin and N-cadherin,15 we concluded that 
B16-F10 must endogenously express N-cadherin. We con-
firmed that B16-F10 expresses N-cadherin via western blot 
(data not shown), as the available anti-N-cadherin antibodies 
do not work well for flow cytometry in our hands. In addition 
to the parental line of B16-F10, we utilized B16-F10 that was 
transduced to express high, yet physiological, levels of 
E-cadherin, another KLRG1 ligand (B16-E-cadherin) 
(Figure 1a). The proliferation rates of B16-F10 and B16- 
E-cadherin were comparable in vitro (Figure S2A). While 
only five out of eighteen C57BL/6 mice intravenously injected 
with B16-F10 developed at least one tumor in the lungs, 16 out 
of 18 C57BL/6 mice intravenously injected with B16- 
E-cadherin developed at least one tumor (Figure 1b). This 
suggests that E-cadherin increases B16-F10 aggressiveness, 
possibly through modulation of the immune response.

Having shown that E-cadherin expression renders B16-F10 
more aggressive, we next investigated whether the KLRG1- 
cadherin axis was responsible for the observed phenotype. 
Loss of KLRG1 did not impact the number of parental B16- 
F10 tumors in the lungs of KLRG1 deficient mice compared to 
wild-type controls (Figure 1c). This could be due to the rela-
tively low level of N-cadherin expression on B16-F10 (Figure 
1a). To examine the effect of loss of KLRG1 signaling in the 
presence of higher levels of cadherin expression, we performed 
the same experiment using B16-E-cadherin. Interestingly, 
there was a significant decrease in B16-E-cadherin tumor num-
ber in the lungs of KLRG1 deficient mice compared to control 
mice (Figure 1d). Together, these data indicate that KLRG1 
likely elicits an inhibitory effect on the immune response to 
cancer and validate KLRG1 as a target for checkpoint blockade 
therapeutics.

Combined KLRG1 and PD-1 blockade synergize to promote 
anti-tumor immunity against melanoma tumor growth

We investigated whether KLRG1 blockade could synergize 
with PD-1 blockade to decrease tumor burden. Combination 
checkpoint blockade therapies have demonstrated significant 
efficacy against a number of different types of cancer, often to 
greater benefit than one therapy alone.29 Since B16 endogen-
ously expresses PD-L1 and this expression is increased 
approximately 10-fold after IFN-γ stimulation (Figure 2a and 
S2B), it is a useful model to examine the effect of combination 
blockade. To understand if PD-1 checkpoint blockade can 
provide a synergistic advantage in a mouse model that lacks 
KLRG1 signaling, we implanted subcutaneous B16-E-cadherin 
tumors in KLRG1 deficient mice and administered anti-PD-1 
mAb or isotype control. We found that KLRG1 deficient mice 
that received anti-PD-1 mAb had reduced tumor volume com-
pared to KLRG1 deficient mice that received isotype control, 
and WT mice that received either anti-PD-1 mAb or isotype 
control (Figure S2C).

Having validated the potential synergy between KLRG1 and 
PD-1 pathways in mice that are deficient in KLRG1 signaling, 
we aimed to test this combination therapy in a wild-type mouse 
model. To this end, we generated a mouse Fc silent anti-mouse 
KLRG1 antibody (1F10) derived from a rat anti-mouse KLRG1 

Figure 1. KLRG1 knockout mice display fewer B16-E-cadherin tumors in the lungs. 
(A) Flow cytometry profile of B16-F10 melanoma and B16-E-cadherin melanoma 
stained with an anti-E-cadherin mAb or KLRG1 tetramer. (B) KLRG1+/+ mice were 
intravenously injected with 2 × 104 B16-F10 cells or 2 × 104 B16-E-cadherin cells. 
Day 21 post-injection, the presence or absence of at least one tumor was 
examined macroscopically (n = 18). (C) KLRG1+/+ and KLRG1−/- mice were intra-
venously injected with 2 × 105 B16-F10 cells/mouse. Total tumor number in the 
lungs was quantified at day 21 post-injection (n = 13–14). (D) KLRG1+/+ and 
KLRG1−/- mice were intravenously injected with 2 × 105 B16-E-cadherin cells/ 
mouse. Left panel: Representative images of lungs from KLRG1+/+ untreated, 
KLRG1+/+ treated and KLRG1−/- treated mice. Right panel: Total tumor number 
in the lungs was quantified at day 21 post-injection (n = 14). (Data are represen-
tative of (A, D) or pooled from two experiments (B-D), error bars indicate S.E.M.) 
*p < .05, **p < .01, ***p < .001, and ****p < .0001.
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Figure 2. Combination KLRG1 and PD-1 therapy synergizes to decrease B16-E-cadherin tumor burden. (A) Flow cytometry profile of B16-F10 melanoma or B16-E-cadherin 
melanoma stained with an anti-PD-L1 mAb. (B) C57BL/6 mice were subcutaneously injected with 2 × 105 B16-E-cadherin cells. Tumor-bearing mice were treated with 
isotype control, anti-KLRG1 mAb, anti-PD-1 mAb or anti-KLRG1 + anti-PD-1 mAbs on day 7, 10, 13, and 16 post-tumor cell implantation. Tumor volume was measured via 
caliper every three days (n = 8–13). (C) Flow cytometry characterization of tumor infiltrating NK and CD8+ T cells from isotype control treated mice day 22 post-tumor 
implantation. Spleen was used as control. Upper panel: representative staining profiles of KLRG1 and PD-1 expression on tumor infiltrating NK and CD8+ T cells. Lower 
panel: Pie chart analysis of KLRG1 and PD-1 expression (mean ± SD) (n = 8–13). (Data are representative of (A, C) or pooled from two experiments (B, C), error bars 
indicate S.E.M.) *p < .05, **p < .01, ***p < .001, and ****p < .0001.
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mAb (Figure S3A). The original rat IgG2b mAb could not be 
used in mice due to the interaction between mouse Fc recep-
tors and rat IgG2b antibodies and potential xenogeneic effects. 
We examined the blocking potential of the newly generated 
anti-mouse KLRG1 mAb in vitro and showed that the new 
anti-KLRG1 antibody inhibited the binding of the KLRG1 
tetramer to mouse cadherin (Figure S3B). To investigate the 
effects of KLRG1 and PD-1 combination blockade therapy, 
B16-E-cadherin tumor-bearing mice were treated with isotype 
control, anti-KLRG1 mAb, anti-PD-1 mAb, or a combination 
of both blocking agents. Anti-PD-1 mAb treatment alone 
demonstrated a very modest effect on B16-E-cadherin growth 
(Figure 2b). Anti-KLRG1 mAb treatment alone did not impact 
B16-E-cadherin tumor growth (Figure 2b). Interestingly, com-
bination therapy with anti-KLRG1 and anti-PD-1 mAbs had 
a synergistic effect, improving the control of tumor growth as 
compared to either treatment alone (Figure 2b).

We then dissected the immune response to B16-E-cadherin 
in the tumor bed by analyzing tumor-infiltrating lymphocytes 
(TILs) (Figure S3C). In the isotype treated mice, ~16% of 
tumor-infiltrating NK cells and less than 1% of tumor- 
infiltrating CD8+ T cells expressed solely KLRG1 (Figure 2c 
and S3D). Around 6% of tumor-infiltrating NK cells and ~5% 
of tumor-infiltrating CD8+ T cells were found to be solely PD- 
1+ (Figure 2c and S3D). Approximately 1% of infiltrating NK 
cells and 1% of infiltrating CD8+ T cells were KLRG1+PD-1+ 

(Figure 2c).
We found that mice that had been treated with KLRG1 and 

PD-1 double blockade had significantly higher levels of NK 
cells within the tumor microenvironment compared to all 
other treatment groups (Figure 3a). There was also an increase 
in splenic NK cell frequency in the combination therapy trea-
ted group (Figure 3a). Our analysis revealed an increase in 
frequency of CD8+ T cells in mice treated with both mAbs, in 
both the spleen and tumor microenvironment (Figure 3a). 
Intriguingly, a higher frequency of TIL CD8+ T cells was 
positive for the activation marker CD69 in double blockade 
treated mice compared to all other treatment groups (Figure 3b 
and S3E). While the TIL NK cell population in double blockade 
treated animals did not display enhanced CD69 expression 
(Figure 3b and S3E), these NK cells were found to display 
a more mature (CD27−CD11b+) phenotype (Figure 3c). 
These data suggest that both NK and CD8+ T cells play a role 
in the improved tumor control that was observed.

Combined KLRG1 and PD-1 blockade also significantly 
decreased the growth of parental un-transfected B16-F10 
tumors (Figure 4a). This finding is of particular interest 
because it demonstrates that a tumor that does not respond 
to anti-PD-1 mAb therapy alone could still benefit from com-
bination therapy with KLRG1 blockade. The effect was less 
drastic than observed in the B16-E-cadherin model, but this 
is likely due to the overall lower expression of cadherin in the 
B16-F10 model (Figure 1a). As observed in the B16-E-cadherin 
tumors, there was a significantly higher NK cell frequency and 
CD8+ T cell frequency in the tumors of double mAb treated 
B16-F10 mice (Figure 4b). These tumor-infiltrating NK cells 
were significantly more mature in the double blockade treated 
cohort (Figure 4c), as seen in the B16-E-cadherin model as 
well. In addition, the KLRG1 and PD-1 expression profiles on 

tumor infiltrating NK and CD8+ T cells from B16-F10 tumors 
were similar to what was observed with B16-E-cadherin 
(Figure S4A-B). Taken together, these data indicate that the 
combination of anti-KLRG1 mAb and anti-PD-1 mAb have 
a synergistic therapeutic effect against tumor growth, signifi-
cantly enhancing CD8+ T cell responses. Similarly, although 
not significant in some contexts, a reproducible increase of the 
NK cell frequency is observed. In addition, these findings 

Figure 3. Combination therapy increases NK cell and CD8+ T cell frequency in the 
tumor microenvironment. (A) Frequency of NK cells and CD8+ T cells in the spleen 
and within the tumor of B16-E-cadherin tumor-bearing mice on day 22 post- 
tumor cell implantation (n = 8–13). (B) Frequency of CD69+ NK and CD69+ CD8+ 

T cells in the tumor of B16-E-cadherin tumor-bearing mice on day 22 post-tumor 
cell implantation (n = 8–13). (C) Frequency of indicated NK cell maturation 
markers on tumor infiltrating NK cells day 22 post-tumor cell implantation 
(n = 8–13). (Data are pooled from two experiments (A-C), error bars indicate S. 
E.M.) *p < .05, **p < .01, ***p < .001, and ****p < .0001.
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demonstrate that KLRG1 blockade can be effective against 
tumor growth in the presence of E-cadherin and N-cadherin, 
or simply N-cadherin alone.

KLRG1 blockade, alone and in combination with PD-1 
blockade, increase anti-tumor immunity to 4T1 breast 
cancer

We next investigated whether KLRG1 blockade, both alone 
and in combination with PD-1 blockade, could decrease 
tumor growth of a cancer that endogenously expresses high 
levels of E-cadherin. To examine this question, we utilized the 
4T1 model, which is a well-characterized murine mammary 
carcinoma cell line. We found that 4T1 expresses high levels of 
E-cadherin and moderate levels of PD-L1 (Figure 5a). We also 
report that 4T1 does not express N-cadherin (Figure S4C). This 
allowed us to examine the effect of KLRG1 blockade on 
a different tumor type and in a different genetic background, 
as 4T1 is derived from the Balb/c mouse line. Balb/c mice were 
subcutaneously injected with 4T1 cancer cells. 4T1 tumor- 
bearing mice were then treated with isotype control, anti- 
KLRG1 mAb, anti-PD-1 mAb, or a combination of both block-
ing agents. Anti-PD-1 mAb treatment alone demonstrated no 
effect on 4T1 tumor growth (Figure 5b). Anti-KLRG1 mAb 
treatment alone also did not significantly decrease tumor bur-
den, although there was a trend toward lower tumor volume in 
this group (Figure 5b). Combination therapy with anti-KLRG1 
and anti-PD-1 mAbs had a synergistic effect, improving the 
control of tumor growth as compared to either treatment alone 
(Figure 5b). There were no significant differences observed in 
tumor infiltrating lymphocyte frequencies in these mice (data 
not shown). Importantly, using a second cancer model, we 
establish that a tumor that does not respond to anti-PD-1 
mAb therapy alone could still benefit from combination ther-
apy with KLRG1 blockade.

To examine the possibility of KLRG1 blockade controlling 
tumor metastasis, we intravenously injected Balb/c mice with 
4T1 cancer cells. Animals were then treated with isotype con-
trol, anti-KLRG1 mAb, anti-PD-1 mAb, or a combination of 
both blocking agents. Anti-KLRG1 mAb treatment alone led to 
significantly fewer tumors in the lungs (Figure 5c) compared to 
isotype treated mice. Anti-PD-1 blockade alone also decreased 
tumor number compared to isotype (Figure 5c). KLRG1 and 
PD-1 double blockade treatment decreased tumor number 
compared to the group treated with isotype, but the combina-
tion therapy did not synergize to decrease tumor burden com-
pared to KLRG1 or PD-1 treatment alone (Figure 5c). While 
PD-1 blockade led to a slightly more significant decrease in 
tumor burden versus isotype than the other treatments, anti- 
PD-1 treatment was not significantly different than either anti- 
KLRG1 treatment or combination treatment. Altogether, we 
conclude that KLRG1 blockade can be an effective checkpoint 
inhibitor alone under certain conditions and in combination 
with PD-1 blockade for multiple types of cancer. It also indi-
cates that KLRG1 blockade can be effective against tumors that 
solely express E-cadherin.

Discussion

Great strides have been made in T cell immunotherapy 
research, however, utilizing NK cells to better combat cancer 
has been studied comparably less. NK cells are intriguing 
targets of modulation for several reasons, not limited to their 

Figure 4. Combination KLRG1 and PD-1 therapy synergizes to decrease B16-F10 
tumor growth. (A) C57BL/6 mice were subcutaneously injected with 2 × 105 B16- 
F10 cells. Tumor-bearing mice were treated with isotype control, anti-KLRG1 mAb, 
anti-PD-1 mAb or anti-KLRG1 + anti-PD-1 mAbs on day 7, 10, 13, and 16 post- 
tumor cell implantation. Tumor volume was measured via caliper every three days 
(n = 8–13). (B) Frequency of NK cells and CD8+ T cells in the spleen and tumor of 
B16-F10 tumor-bearing mice on day 22 post-tumor cell implantation (n = 8–13). 
(C) Frequency of indicated NK cell maturation markers on tumor infiltrating NK 
cells day 22 post-tumor cell implantation (n = 8–13). (Data are pooled from two 
experiments (A-C), error bars indicate S.E.M.) *p < .05, **p < .01, ***p < .001, and 
****p < .0001.
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cytotoxic abilities and relatively short lifespan.9,11,30 Finally, 
NK cell tumor infiltration is associated with a better prognosis, 
while low activity of peripheral blood NK cells is associated 

with increased cancer risk.9,11,12,30 Therapeutic targets for 
checkpoint inhibition that are expressed on both NK and 
CD8+ T cells are of great interest for improving current immu-
notherapy treatment options. One example of this type of 
broad-spectrum immune checkpoint is the inhibitory receptor 
NKG2A. Blockade of NKG2A has been shown to promote NK 
cell and CD8+ T-cell anti-tumor immunity in mice.31 

Monalizumab, a humanized anti-NKG2A antibody, enhanced 
NK cell activity and rescued CD8+ T cell function in combina-
tion with PD-1 blockade and is currently undergoing clinical 
trials.31

In this study, we focus on KLRG1, a well-conserved trans-
membrane C-type lectin inhibitory receptor that is expressed 
on both NK cells and T cells. Engagement of KLRG1 inhibits 
IFN-γ and TNF-α production15,24 and high KLRG1 expression 
correlates with low proliferative capacity and increased 
apoptosis.22 Importantly, significantly increased KLRG1 
expression has been observed on T cells in a number of differ-
ent human cancers.18,26 These KLRG1+ cells were found to 
have poor proliferative capacity, with decreased effector cyto-
kine production.26 KLRG1 has two main ligands, E-cadherin 
and N-cadherin,14,15,21 both of which are known to play a vital 
role in tumorigenesis and tumor progression.32 While 
E-cadherin is essential for maintaining epithelial tissue 
integrity,33 N-cadherin promotes increased cell motility and 
migration.17 E-cadherin expression is usually lost during the 
epithelial to mesenchymal transition,34–37 which is a key player 
in metastasis.38,39 However, it has been shown that E-cadherin 
can be expressed in primary tumors and again upregulated 
once cancer cells reach distant sites, including lymph nodes.16 

N-cadherin, while absent or expressed at low levels in normal 
epithelial tissue, has been shown to enhance migratory and 
invasive capacities of tumor cells when it is upregulated.17,40 

Overall, cadherin expression during tumor development is still 
an area of intense investigation. However, it is clear that it plays 
an important role. We show here that cadherin allows tumor 
cells to undergo immune evasion and increases cancer aggres-
siveness, indicating that blocking cadherin interactions should 
be an important area of therapeutic inquiry.

We selected B16-F10 melanoma and 4T1 mammary carci-
noma, which endogenously express moderate levels of 
N-cadherin and high levels of E-cadherin, respectively. We 
also took advantage of B16-F10 that has been transduced 
with E-cadherin. We found that significantly more mice devel-
oped tumor nodule(s) in the lungs after injection of B16- 
E-cadherin compared to mice injected with the parental B16- 
F10 line, suggesting that the presence of E-cadherin impaired 
the immune response to tumor development. While KLRG1 
deficient mice did not display any changes in tumor develop-
ment in the lungs after B16-F10 injection compared to con-
trols, KLRG1 deficient mice did display significantly fewer B16- 
E-cadherin tumors compared to wild-type controls. A similar 
effect was observed when we administered our Fc-silent 
KLRG1 monoclonal antibody to mice as a treatment after 
4T1 intravenous injection. These findings, along with the fact 
that lung NK cells express high levels of KLRG1,41 and B16-F10 
growth in the lungs has been shown to be heavily controlled by 
NK cells,28 suggest that KLRG1 inhibits NK cell functions in 
these models. Intriguingly, NK cells have been implicated in 

Figure 5. KLRG1 therapy alone decreases 4T1 tumor burden in the lungs while 
double blockade therapy decreases subcutaneous 4T1 tumor burden. (A) Flow 
cytometry profile of 4T1 mammary carcinoma, unstimulated or treated with IFN-γ, 
and stained with an anti-E-cadherin mAb or an anti-PD-L1 mAb. (B) Balb/c mice 
were subcutaneously injected with 1 × 105 4T1 cells. Tumor-bearing mice were 
treated with isotype control, anti-KLRG1 mAb, anti-PD-1 mAb or anti-KLRG1 
+ anti-PD-1 mAbs on day 7, 10, 13, and 16 post-tumor cell implantation. Tumor 
volume was measured via caliper every three days (n = 13–14). (C) Balb/c mice 
were intravenously injected with 1 × 105 4T1 cells. Tumor-bearing mice were 
treated with isotype control, anti-KLRG1 mAb, anti-PD-1 mAb or anti-KLRG1 
+ anti-PD-1 mAbs on day 7, 10, 13, and 16 post-tumor cell injection. Tumors 
were quantified macroscopically on day 21 post-tumor cell injection (n = 11–12). 
(Data are representative (A) or pooled from two experiments (B-C), error bars 
indicate S.E.M.) *p < .05, **p < .01, ***p < .001, and ****p < .0001.
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preventing or controlling metastasis by eliminating circulating 
tumor cells.42 While intravenous injection is considered 
“experimental metastasis” not “spontaneous metastasis,” it 
has long been viewed as a preliminary model to understanding 
metastatic control,43 raising the possibility that KLRG1 block-
ade could be useful in a metastatic setting. Minimally, the data 
demonstrate that targeting KLRG1 is sufficient to control 
metastasis in two different experimental metastasis tumor 
models. This area of research warrants further inquiry using 
“spontaneous metastasis” models.

Combination of checkpoint blockade therapies have been 
shown to be effective against many different types of 
cancer.29,44 In support of this, we found that while anti- 
KLRG1 mAb treatment alone was not sufficient to decrease 
B16-E-cadherin subcutaneous tumor growth, combination 
treatment of anti-KLRG1 mAb and anti-PD-1 mAb signifi-
cantly decreased subcutaneous tumor burden. A similar result 
was observed for B16-F10 and 4T1 subcutaneous growth, 
although to a slightly lesser extent. The difference observed 
could be a consequence of B16-E-cadherin expressing 
N-cadherin and E-cadherin molecules simultaneously, while 
B16-F10 and 4T1 only express either N-cadherin or 
E-cadherin, respectively. Nonetheless, it indicates that KLRG1 
blockade and PD-1 blockade can synergize to increase anti- 
tumor immunity.

A prior report has been published on the effect of KLRG1 
blockade during cancer; however, the study focused mainly on 
identifying KLRG1 and its ligands in human cancer data sets. 
The report notes that tumors were smaller and survival was 
increased in a small cohort of mice18 but the mechanism 
behind this effect was not explored. We sought to assess the 
role of immune cells within the tumor during KLRG1 antibody 
treatment. Examination of the TIL population in the isotype 
control group revealed that very few tumor infiltrating lym-
phocytes were KLRG1/PD-1 double positive. Instead, expres-
sion of these markers was compartmentalized, with a clear 
KLRG1+ NK cell population and a clear PD-1+ CD8+ T cell 
population within the tumor microenvironment. The mutually 
exclusive expression of these two inhibitory receptors is not 
totally surprising, as it has been shown that the HMG-box 
transcription factor TOX represses KLRG1 expression and up 
regulates PD-1 expression, at least on CD8+ T cells.45 

Irrespective of the dynamic of PD-1 and KLRG1 expression, 
the lack of a substantial double positive population indicates 
that double blockade treatment is unlikely to function at the 
single cell level. Instead, the success of double antibody therapy 
reveals a cooperation between these two effector cell subsets to 
combat tumor development. Toward this end, NK cells have 
repeatedly been shown to be important in helping T cells 
mount an anti-tumor response, as NK cell frequency correlates 
with protective intratumoral dendritic cell recruitment, patient 
responsiveness to PD-1 therapy, and increased overall 
survival.46–48 Importantly, this does not rule out that either 
molecule can regulate/inhibit both NK and CD8+ T cells. For 
instance, it has been shown that PD-1 blockade can unleash 
NK cells,9,49 as well as CD8+ T cells.50 Our data and a recent 

study51 suggest that in current checkpoint blockade therapies, 
the effect on NK cell function may have been overlooked.

We also found that combination therapy treated tumors 
contained significantly higher frequencies of both NK cells 
and CD8+ T cells. This may be the result of higher levels of 
infiltration into the tumor microenvironment or increased 
levels of proliferation. Since KLRG1 engagement has been 
shown to induce defective Akt (ser473) phosphorylation lead-
ing to proliferative dysfunction,22,52 it is tempting to spec-
ulate that the observed increase in NK and CD8+ T cell 
populations is due to increased proliferative capacity when 
KLRG1 is blocked. Increased proliferation levels of NK and 
CD8+ T cells within the tumor could also work to further 
increase immune cell infiltration via increased cumulative 
levels of cytokine and chemokine release. These increased 
levels of TILs were complemented by increased expression 
of CD69, a well-known activation marker, on infiltrating 
CD8+ T cells, indicating their activation in situ. Tumor- 
infiltrating NK cells from combination therapy treated mice 
were significantly more mature than infiltrating NK cells in 
the isotype treated group or either mAb treatment group 
alone, as seen by a higher frequency of CD27−CD11b+ NK 
cells. It is well documented that CD27−CD11b+ NK cells have 
been heavily educated via exposure to activating ligands.53 

These findings indicate that both NK cells and CD8+ T cells 
play a role in the slower tumor growth observed in the 
combination blockade treated animals, possibly through 
a combination of enhanced immune cell recruitment and 
activation.

In conclusion, these results indicate that KLRG1 checkpoint 
blockade therapy can be effective alone in some contexts and 
can synergize with PD-1 blockade to increase anti-tumor 
immunity against local and disseminated tumor models. Our 
research elucidated that anti-KLRG1 and anti-PD-1 combina-
tion mAb therapy significantly decreased primary tumor 
growth and led to the accumulation of larger populations of 
mature NK and activated CD8+ T cells within the tumor 
microenvironment. The ubiquitous expression of cadherin 
during solid tumor growth and metastasis progression rein-
forces the attractiveness of the KLRG1/cadherin axes as 
a potential treatment for cancers. Altogether, our investigation 
expands the arsenal of checkpoint inhibitor targets available to 
oncologists.
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