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ABSTRACT

Background: KLRG1 is a lymphocyte co-inhibitory, or immune checkpoint,
receptor expressed predominantly on late-differentiated effector and effector memory
CD8+ T and NK cells. Targeting of KLRG1 neutralization in murine cancer models has
not previously been reported.

Methods: We studied KLRG1 expression in human blood and tumor samples from
available genomic datasets. Anti-KLRG1 neutralizing antibody was studied in the
murine 4T1 breast cancer as monotherapy, and in the MC38 colon cancer and B16F10
melanoma models as combination therapy with anti-PD-1 antibody.

Results: In human blood and tumor samples, KLRG1 expression is aligned with
cytotoxic T and NK cell differentiation, and upregulated in human tumor samples
after a variety of therapies, potentially contributing to adaptive resistance. In in
vivo murine models, anti-KLRG1 antibody monotherapy in the 4T1 breast cancer
model reduced lung metastases (decreased lung weights p=0.04; decreased nodule
count p=0.002), while anti-KLRG1 + anti-PD-1 combination therapy in the MC38 colon
cancer and B16F10 melanoma models produced synergistic benefit greater than anti-
PD-1 alone for tumor volume (MC38 p=0.01; B16F10 p=0.007) and survival (MC38
p=0.02; B16F10 p=0.002).

Conclusions: These studies provide the first evidence that inhibition of the KLRG1
pathway enhances immune control of cancer in murine models, and provide target
validation for KLRG1 targeting of human cancer. The mechanism of efficacy of KLRG1
blockade in murine models remains to be determined.

INTRODUCTION

Killer cell lectin-like receptor G1 (KLRGI) is a
co-inhibitory, or immune checkpoint, receptor inhibiting
the activity of T and NK cells. It’s ligands are E-cadherin
and N-cadherin with similar affinities of 7-12 uM [1],
respective markers of epithelial and mesenchymal cells
[2]. Whereas targeting of other co-inhibitory receptors
for applications in oncology has gained widespread
interest [3-5], including multiple FDA approvals for

targeting CTLA-4, PD-1, and its ligand PD-L1, less
attention has been focused on the therapeutic potential
of KLRG1 modulation. Unlike the obvious enhanced
immune activation present in CTLA-4 and PD-1 gene
knockout mice [6, 7], KLRG1 knockout mice initially
were found to have no abnormal features [8], though
were subsequently found to have enhanced immunity in a
tuberculosis challenge model [9]. No anti-mouse KLRG1
antibody with characterized neutralizing function has been
available as a reagent for murine model studies, and no
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murine cancer studies targeting KLRG1 neutralization
have been published. The characterization of KLRG1 as
a “senescent” marker, but all other co-inhibitory receptors
as “exhaustion” markers [10—12], may have contributed to
relatively fewer studies of this molecule.

Nevertheless, previous studies have demonstrated
that an anti-KLRG1 antibody can increase ex vivo human
NK cell interferon-gamma secretion [13] and that anti-E-
cadherin antibodies can result in enhanced ex vivo human
CDS8 T cell proliferation and NK cell cytotoxicity [14—16].
Because E-cadherin is also a ligand for the T cell receptor
aoEB7 integrin, the effects of anti-E-cadherin antibodies
leave uncertain the role of KLRG1 in human CD8 T
cell activation. Here, we report on translational studies
of human KLRG1 expression and the in vivo activity of
an anti-mouse KLRG1 neutralizing antibody in murine
cancer models.

RESULTS

KLRGTI is preferentially expressed on effector
and effector memory CD8 T cells and NK cells
and differentially expressed than PD-1

We mined available gene expression datasets and
publications (Supplementary Table 1) to compare human
co-inhibitory receptor expression by various blood
lymphocyte populations from healthy people. KLRG1
is differentially expressed from CTLA-4 and PD-1, with
predominant expression on cytotoxic CD8 T and NK cells
over CD4 T cells. Within the CD8+ T cell population,
KLRGI expression, unlike CTLA-4 and PD-1 expression,
is linked to greater antigen-driven differentiation states,
with increased expression on CD45RO+CCR7- T effector
memory (TEM) and CD45RA+CCR7- T effector memory
RA (TEMRA) cells compared to CD45RA+CCR7+ naive
T cells (TN) and CD45RO+CCR7+ central memory T
cells (TCM) (Figure 1A, 1B). The cytotoxic potential of
CD8+ T cells, as assessed by the presence of cytokine and
cytotoxic molecules IFNy, TNFa, perforin and granzyme
B, is aligned with KLRG1, but not CTLA-4 or PD-1,
expression (Figure 1C, 1D).

KLRG! has been little studied in human tumor
samples. Together with additional datasets containing
single cell RNA-seq gene expression data from human
cancer biopsies, KLRG1+ TILS accounted for 16-48% of
CD8+ TILS, a frequency similar to that of PD-1+ TILS, in
renal cell carcinoma, hepatocellular carcinoma, melanoma,
ovarian cancer, HNSCC, and astrocytoma (Figure 1E, 1F).
A distinct population of PD-1-KLRGI1+ infiltrating CD8
T cells accounted for 13-26% of CD8+ TILS across a
range of cancer types.

We also studied the expression of the KLRGI1
ligands E-cadherin and N-cadherin in tumor sample data.
Their transcripts were highly expressed in single cell
RNA-seq data of melanoma, prostate, breast, HNSCC,

and colorectal cancer cells with expression levels
substantially higher than the PD-1 ligand PD-L1 (Figure
1G—11). In bulk RNA data across 6,358 cancer samples
from 19 different cancer types, E-cadherin and N-cadherin
expression were similarly over-expressed compared to
PD-L1 (Figure 1J).

Inhibition of metastasis in the 4T1 breast cancer
model with monotherapy

We confirmed that anti-KLRG1 antibody inhibited
binding of mouse E-cadherin to KLRG1 (Supplementary
Figure 1) and tested its effect on preventing metastasis in
the 4T 1 metastatic breast cancer model. 4T-1 cells express
high levels of E-cadherin (Supplementary Figure 2).
Although there was no effect of anti-KLRG1 antibody on
primary tumor growth, anti-KLRG1 antibody significantly
reduced lung metastases, measured by lung weight
(p=0.04) and lung nodule count (p=0.002) (Figure 2A, 2B).

Inhibition of primary tumor growth and
improved survival in the MC38 colon cancer and
B16F10 models with combination therapy

We tested anti-KLRG1 antibody as a combination
therapy with anti-PD-1 antibody (Figure 2C-2F). Both
MC38 and B16F10 cells express high levels of N-cadherin
(Supplementary Figure 2). Primary tumor growth was
inhibited by anti-KLRG1 + anti-PD-1 antibody greater
than anti-KLRG1 antibody or anti-PD-1 antibody or
control antibody alone (MC38: day 16 tumor volume
582 vs. 1259 vs. 1279 vs. 1461 mm?, respectively, Figure
2C; B16F10: day 21 tumor volume 544 vs 1799 vs 1464
vs 1687 mm?, respectively, Figure 2E). Anti-KLRGI
and anti-PD-1 antibody monotherapies had similar
efficacy not significantly different from control antibody.
Tumor growth inhibition by combination therapy was
significantly greater than anti-PD-1 monotherapy (MC38
p=0.01; B16F10 p=0.007) or control antibody treatment
(MC38 p=0.002; B16F10 p=0.0001) alone. Combination
therapy resulted in a survival benefit compared to anti-
PD-1 monotherapy (MC38 p=0.02 and B16F10 p=0.002)
or compared to control antibody (MC38 p=0.008 and
B16F10 p<0.0001) (Figures 2D, 2F). A tumor-free durable
response (alive with complete regression of visible tumor
at Day 35) was seen in 10% of combination therapy
treated mice and 0% of all other cohorts in both models.

KLRGT1 expression is upregulated in human
tumor after treatment with therapies that result
in T cell proliferation

As KLRGI1 expression increases as T cells
differentiate in response to antigen stimulation [17], and a
variety of cancer therapies are predicted to increase T cell
differentiation, either directly (e.g., immunotherapy) or
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indirectly (e.g., immune activation after tumor cell death 21 datasets (Supplementary Table 2). KLRG1 expression

in chemotherapy and radiation therapy), we searched for was numerically increased post-treatment in 20/21 (95%)
all publicly available gene expression data from paired of datasets, statistically significant in 10/21 (48%), in
pre- and post-treatment human tumor samples, identifying response to a range of treatments including radiotherapy,
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Figure 1: Expression of KLRG1 and its ligands in healthy blood and patient tumor samples. (A-D) Expression of KLRG1
in healthy blood. (A) KLRG1 protein expression by flow cytometry is greater for CD8 T and NK cells than for CD4 T cells, distinct from
CTLA-4 and PD-1, and (B) increases with CD8 T cell differentiation. (C-D) KLRG1 gene expression is aligned with cytotoxic potential of
CD8+ T cells (e.g., granzyme B and perforin) (E-F) Expression of KLRG1 in tumor. (E) Co-inhibitory receptor gene expression in single
cell RNA-seq human melanoma (GSE72046), in 1257 CD8+ T cells showing a distinct population of KLRG1+ cells (arrowhead) compared
to PD-1, CTLA-4, LAG-3, TIM-3, and TIGIT. (F) KLRG1+ cells in human tumor infiltrating lymphocytes (TILS) from publications and
datasets. (G—J) Expression of KLRG1 ligands in tumor. (G) Expression in 1184 melanoma cancer cells and (H) 177 prostate cancer cells
showing many more KLRGI1 ligand E- and N-cadherin positive cells than PD-1 ligand PD-L1 positive cells. (I) Multiple single cell RNA-
seq cancer datasets showing E- or N-cadherin compared to PD-L1 expression (log-scale). (J) Bulk tumor RNA data from TCGA showing
abundant E-cadherin expression compared to PD-L1 expression across 6,358 human cancer samples from 19 cancer types (log-scale).
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chemotherapy, endocrine therapy, and immunotherapies
(including ipilimumab, nivolumab, and pidilizumab), over
periods of time ranging from 1-25 weeks (Figure 3A-3E).

DISCUSSION

Extensive preclinical murine cancer models and
clinical development efforts have been undertaken for a
number of co-inhibitory, or immune checkpoint, receptors
that have been characterized as identifying exhausted
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T cells, including CTLA-4, PD-1, LAG-3, TIM-3, and
TIGIT [3-5]. In contrast, the co-inhibitory receptor
KLRGI has been viewed as a marker of senescent T cells
[10-12]. Very little human cancer data examining KLRG1
expression has been published, and no murine cancer
models involving neutralization of KLRG1 have been
reported.

Here, we illustrate through analyses of public domain
data that KLRG1 marks a highly cytotoxic population of
CDS8 T and NK cells. Within the CD8 T cell population,

4T1 Lung | 4T1Lung
Weight Nodules
1.0+ L * 2 : Fx : =50
[}
0.8+ ° 40
—_ [ X}
= o o
= 064 - 30 &
o)) . ) c
g 0.4+ N e® L2032
[ ] (]
0.2+ o. Sot L4 svv 10
[ ]
0.0 T T T = 0
Iso- Anti- Iso- Anti-
type KLRG1 type KLRG1
MC38 Survival
100%
= -
2
2
=]
& 50%-
: 1§
8
2
] I *k
0% T r r .
10 15 20 25 30 35
Day Post Tumor Implantation
B16F10 Survival
100% T
©
2
2
=
& 50%-
[
8
‘q-’ *hkk
o _| o
0% T T T 1
17 20 25 30 35

Day Post Tumor Implantation

Figure 2: In vivo murine efficacy of anti-KLLRG1 antibody. (A and B) Inhibition of metastasis in 4T1 breast cancer model.(A) No
effect on primary tumor growth. (B) Reduction in lung weights and nodule counts in anti-KLRG1 antibody treated mice. (C—F) Reduction
in tumor growth and improvement in survival with anti-KLRG1 + anti-PD-1 combination therapy in (C, D) MC38 colon cancer model
and (E, F) B16F10 melanoma model. Survival P-values compare combination therapy to control antibody. P-values: * <0.05, ** <0.01, "

<0.001, ™ <0.0001.
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KLRGI1 expression is tied to antigen experience and
differentiation status, an observation that has been
previously emphasized [18], and aligned with cytotoxic
potential, so that KLRG1 marks cells with the greatest
cytotoxic potential. Although KLRGI has infrequently been
studied among TILS [18-21], single cell RNA-seq data
indicates abundant KLRG1-expressing TILS across a range
of cancer types, and significant numbers (13-26%) of CD8
T cells that do not express PD-1 but do express KLRG1.

Although KLRG1 signaling involves intracellular
immunoreceptor tyrosine-based inhibitory motif (ITIM)
domains and inhibition of Akt phosphorylation [15]
resulting in vitro in T and NK cell inhibition, the in vivo
function of KLRG1 has been unknown. The current in
vivo KLRG1 neutralization studies confirm that KLRG1
restrains the immune system from cancer defense.

In the MC38 colon cancer and B16F10 melanoma
models, monotherapy with KLRG1 was not significantly
different than anti-PD-1 therapy, but combination therapy
showed significant efficacy, including 10% of mice
showing tumor regression and durable cure. Because cancer
checkpoint immunotherapies induce T cell proliferation,
they are predicted to expand the population of KLRG1+
cells, resulting in a homeostatic checkpoint brake on
efficacy contributing to adaptive resistance. In animal
models, this expansion of KLRG1+ cells has been observed
with anti-CTLA-4 and anti-PD-1 [22], anti-4-1BB [23, 24],
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and HPV vaccine [25] therapies. The increase in KLRG1+
CDS8 T cells with anti-PD-1 therapy, a phenomenon also
seen in people treated with anti-PD-1 therapy, perhaps
contributed to limited efficacy of anti-PD-1 monotherapy
treatment in the MC38 model. Further studies using CDS8
and NK cell depleted mice could elucidate the mechanism
of anti-KLRG1 and anti-PD-1 combination efficacy.

More generally, here we have examined publicly
available human cancer gene expression datasets and found
that across a wide range of human tumors and therapies,
including radiation, endocrine therapy, chemotherapy,
and immunotherapy, KLRG1 is upregulated in post-
treatment compared to pre-treatment tumor biopsies.
These data suggest that the upregulation of the inhibitory
checkpoint receptor KLRG1 could contribute to limited
efficacy and adaptive resistance that develops with current
immunotherapies [26], and suggests KLRG1 blockade
may work efficaciously as a neo-adjuvant therapy.

Lastly, in vitro studies have demonstrated that
KLRGT is less inhibitory in mice than in humans, due
to different amino acids at position 62 of its stalk region
resulting in formation of KLRG1 monomers and oligomers
in mice, but only dimers in humans [27]. This observation
suggests that the inhibitory role of human KLRGI1 in
restraining anti-tumor responses is underestimated in
mouse studies, and that anti-KLRG1 neutralizing antibody
therapy could demonstrate substantial efficacy in people.
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Figure 3: Effect of cancer treatments on KLRG1 and other checkpoint receptor expression in human cancer pre- and
post-treatment tumor biopsy public domain datasets. (A-D) Illustrative examples of checkpoint receptor changes compared to
baseline pretreatment (fold-ratio = 1.0) after (A) immunotherapy, (B) chemotherapy, and (C, D). (E) Numerically increased post-treatment
KLRG1 expression changes in 20/21 datasets organized by treatment modality. Abbreviations: xRT, radiation therapy; Endo, endocrine
therapy; Chemo, chemotherapy; Immuno, immunotherapy. P-values: blank = not-significant; * < 0.05, *“<0.01, **<0.001, ***<0.0001.
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MATERIALS AND METHODS

Genomic datasets

All identified published flow cytometry data
of CTLA-4, PD-1, and KLRG1 expression in human
normal blood was compiled from publication tables and
figures after literature searches were used to attempt to
identify all available data sources (Supplementary Table
1). Bulk blood and tumor gene expression datasets
were searched for KLRGI1 and other relevant gene
expression data, identifying data from the European
Bioinformatics Institute ArrayExpress and the National
Institutes of Health Gene Expression Omnibus (GEO)
databases (Supplementary Table 2, 3). Median fold-
ratios to baseline were used and testing of significance
performed for unpaired (Mann—Whitney test) or paired
(Wilcoxon matched pairs signed rank test) data using
statistical software (Graphpad Prism). To understand
immune checkpoint receptor expression at a single cell
level in CD8+ T cells, human tumor single cell RNA-seq
data from experiments with sufficient numbers of CD8+
T cells were identified. To understand KLRGI1 (E- and
N-cadherin) and PD-1 (PD-L1) ligand expression at a
single cell level in cancer cells, human tumor single cell
RNA-seq data that include malignant cell analysis were
identified. For a global bulk tumor ligand expression view,
the Cancer Genome Atlas (TCGA) data were downloaded
from the Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov) where gene expression
levels were quantified with transcripts per million (TPM)
using RSEM (http://deweylab.biostat.wisc.edu/rsem).

Antibodies

Antibodies used for in vivo studies were anti-
KLRG1 (ABC-m01, Abcuro, Inc.), anti-PD-1 (clone
RMP1-14, BioXcell), and control (rat [gG2a, clone 2A3,
BioXcell). Antibodies used for flow cytometry were anti-
CD8a (clone 53-6.7, PerCP-Cy5.5, Beckton Dickinson)
and anti-KLRGI (clone 2F1, Biolegend).

4T1, MC38, and B16F10 models

For the 4T1 model, 20 female 6-8 week old
BALB/c mice were inoculated subcutaneously with 1x103
4T1 cells suspended in 50uL RPMI 1640. Ten animals
each were assigned into either of 2 groups, anti-KLRG1
or control antibody 10 mg/kg intraperitoneal injections on
Days 1,4,7, and 11. For the MC38 and B16F10 models,
80 female 6-8 week old C57BL/6 mice were inoculated
subcutaneously with 1x10® MC38 cells (N=40 mice) or
1x10° B16F10 cells (N=40 mice) suspended in 100puL
DMEM. In each tumor model, ten animals each were
assigned into 4 groups, control antibody (10 mg/kg), anti-
KLRGI1 (10 mg/kg), anti-PD-1 (5 mg/kg) (suboptimal
dosage chosen to detect a combination effect), or anti-

KLRG1 + anti-PD-1 on Day 6, 9, 12, 16 in the MC38
model and Day 5, 8, 11, and 15 in the BI6F10 model.
Randomized block designs based upon body weight and
order of inoculation were used. Animals were sacrificed
within 1 hour of when examined and found to have tumor
volume of at least 2000 mm?® and, for 4T1, lungs examined
for metastases, and for the MC38 anti-PD-1 treated cohort,
blood sampled for flow cytometry detection of KLRG1
expression using ABC-m0O1. Animals were monitored
daily and for tumor growth measured 3 times per week.

Author contributions

SAG, ET, and SVG analyzed and interpreted all
data. SK performed bioinformatics analyses. All authors
read and approved the final manuscript

DECLARATIONS

Ethics approval and consent to participate

Animal studies have been conducted in accordance with
the ChemPartner Institutional Animal Care and Use Committee
(work performed by ChemPartner, Shanghai, China).

Availability of data and material

The datasets analysed during the current study are
available in the GEO repository with accession numbers
indicated in the Supplementary Table 2.

CONFLICTS OF INTEREST

ET and SVG are employees of Abcuro, Inc. SAG is a
consultant to Abcuro, Inc. SAG, ET, and SVG are inventors
on intellectual property owned and managed by Brigham
and Women’s Hospital, and own equity in Abcuro, Inc.

FUNDING

No grant support to any authors; funding for murine
models from Abcuro, Inc.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Nakamura S, Kuroki K, Ohki I, Sasaki K, Kajikawa M,
Maruyama T, Ito M, Kameda Y, Ikura M, Yamamoto
K, Matsumoto N, Maenaka K. Molecular basis for
E-cadherin recognition by killer cell lectin-like receptor

www.oncotarget.com

1404

Oncotarget


www.oncotarget.com
https://portal.gdc.cancer.gov
http://deweylab.biostat.wisc.edu/rsem

11.

12.

G1 (KLRG1). J Biol Chem. 2009; 284:27327-35.
https://doi.org/10.1074/jbc.M109.038802.

Rosshart S, Hofmann M, Schweier O, Pfaff AK, Yoshimoto
K, Takeuchi T, Molnar E, Schamel WW, Pircher H.
Interaction of KLRG1 with E-cadherin: new functional
and structural insights. Eur J Immunol. 2008; 38:3354—64.
https://doi.org/10.1002/eji.200838690.

Pauken KE, Wherry EJ. Overcoming T cell exhaustion in
infection and cancer. Trends Immunol. 2015; 36:265-76.
https://doi.org/10.1016/].it.2015.02.008.

Mahoney KM, Rennert PD, Freeman GJ. Combination
cancer immunotherapy and new immunomodulatory
targets. Nat Rev Drug Discov. 2015; 14:561-84.
https://doi.org/10.1038/nrd4591.

Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and
TIGIT: Co-inhibitory receptors with specialized functions
in immune regulation. Immunity. 2016; 44:989-1004.
https://doi.org/10.1016/j.immuni.2016.05.001.

Nishimura H, Nose M, Hiai H, Minato N, Honjo T.
Development of lupus-like autoimmune diseases by
disruption of the PD-1 gene encoding an ITIM motif-
carrying immunoreceptor. Immunity. 1999; 11:141-51.
Tivol EA, Borriello F, Schweitzer AN, Lynch WP,
Bluestone JA, Sharpe AH. Loss of CTLA-4 leads to
massive lymphoproliferation and fatal multiorgan tissue
destruction, revealing a critical negative regulatory role of
CTLA-4. Immunity. 1995; 3:541-7.

Grundemann C, Schwartzkopff S, Koschella M, Schweier
O, Peters C, Voehringer D, Pircher H. The NK receptor
KLRGI1 is dispensable for virus-induced NK and
CD8+ T-cell differentiation and function in vivo. Eur J
Immunol. 2010; 40:1303—14. https://doi.org/10.1002/
€ji.200939771.

Cyktor JC, Carruthers B, Stromberg P, Flano E, Pircher
H, Turner J. Killer cell lectin-like receptor G1 deficiency
significantly enhances survival after Mycobacterium
tuberculosis infection. Infect Immun. 2013; 81:1090-9.
https://doi.org/10.1128/IA1.01199-12.

Melis L, Van Praet L, Pircher H, Venken K, Elewaut
D. Senescence marker killer cell lectin-like receptor
G1 (KLRG1) contributes to TNF-alpha production by
interaction with its soluble E-cadherin ligand in chronically
inflamed joints. Ann Rheum Dis. 2014; 73:1223-31.
https://doi.org/10.1136/annrheumdis-2013-203881.

Akbar AN, Henson SM. Are senescence and exhaustion
intertwined or unrelated processes that compromise
immunity? Nat Rev Immunol. 2011; 11:289-95.
https://doi.org/10.1038/nri2959.

Henson SM, Akbar AN. KLRGI--more than a marker
for T cell senescence. Age (Dordr). 2009; 31:285-91.
https://doi.org/10.1007/s11357-009-9100-9.

Wang JM, Cheng YQ, Shi L, Ying RS, Wu XY, Li GY,
Moorman JP, Yao ZQ. KLRGI1 negatively regulates natural

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

killer cell functions through the Akt pathway in individuals
with chronic hepatitis C virus infection. J Virol. 2013;
87:11626-36. https://doi.org/10.1128/JVI.01515-13.

Henson SM, Macaulay R, Franzese O, Akbar AN. Reversal
of functional defects in highly differentiated young and old
CD8 T cells by PDL blockade. Immunology. 2012; 135:355—
63. https://doi.org/10.1111/j.1365-2567.2011.03550.x.

Henson SM, Franzese O, Macaulay R, Libri V, Azevedo
RI, Kiani-Alikhan S, Plunkett FJ, Masters JE, Jackson
S, Griffiths SJ, Pircher HP, Soares MV, Akbar AN.
KLRGI1 defective Akt (serd473)
phosphorylation and proliferative dysfunction of highly
differentiated CD8+ T cells. Blood. 2009; 113:6619-28.
https://doi.org/10.1182/blood-2009-01-199588.
Schwartzkopff S, Grundemann C, Schweier O, Rosshart S,
Karjalainen KE, Becker KF, Pircher H. Tumor-associated
E-cadherin mutations affect binding to the killer cell lectin-
like receptor G1 in humans. J Immunol. 2007; 179:1022-9.
Reynaldi A, Smith NL, Schlub TE, Venturi V, Rudd BD,
Davenport MP. Modeling the dynamics of neonatal CD8(+)
T-cell responses. Immunol Cell Biol. 2016; 94:838-48.
https://doi.org/10.1038/icb.2016.47.

Legat A, Speiser DE, Pircher H, Zehn D, Fuertes
Marraco SA. Inhibitory receptor expression depends

signaling induces

more dominantly on differentiation and activation than
“exhaustion” of human CD8 T cells. Front Immunol. 2013;
4:455. https://doi.org/10.3389/fimmu.2013.00455.

Attig S, Hennenlotter J, Pawelec G, Klein G, Koch SD,
Pircher H, Feyerabend S, Wernet D, Stenzl A, Rammensee
HG, Gouttefangeas C. Simultaneous
polyfunctional effector and suppressor T cells into
renal cell carcinomas. Cancer Res. 2009; 69:8412-9.
https://doi.org/10.1158/0008-5472.CAN-09-0852.

Schwartzkopff S, Woyciechowski S, Aichele U,
Flecken T, Zhang N, Thimme R, Pircher H. TGF-beta
downregulates KLRG1 expression in mouse and human
CD8(+) T cells. Eur J Immunol. 2015; 45:2212-7.
https://doi.org/10.1002/eji.201545634.

Li L, Wan S, Tao K, Wang G, Zhao E. KLRG1 restricts
memory T cell antitumor immunity. Oncotarget. 2016;
7:61670-8. https://doi.org/10.18632/oncotarget.11430.

Fehlings M, Simoni Y, Penny HL, Becht E, Loh
CY, Gubin MM, Ward JP, Wong SC, Schreiber RD,
Newell EW. Checkpoint blockade
reshapes the high-dimensional phenotypic
heterogeneity of murine intratumoural neoantigen-
specific CD8(+) T cells. Nat Commun. 2017; 8:562.
https://doi.org/10.1038/s41467-017-00627-z.

Curran MA, Geiger TL, Montalvo W, Kim M, Reiner SL,
Al-Shamkhani A, Sun JC, Allison JP. Systemic 4-1BB
activation induces a novel T cell phenotype driven by high
expression of Eomesodermin. J Exp Med. 2013; 210:743—
55. https://doi.org/10.1084/jem.20121190.

infiltration of

immunotherapy

www.oncotarget.com

1405

Oncotarget


www.oncotarget.com
https://doi.org/10.1074/jbc.M109.038802
https://doi.org/10.1002/eji.200838690
https://doi.org/10.1016/j.it.2015.02.008
https://doi.org/10.1038/nrd4591
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.1002/eji.200939771
https://doi.org/10.1002/eji.200939771
https://doi.org/10.1128/IAI.01199-12
https://doi.org/10.1136/annrheumdis-2013-203881
https://doi.org/10.1038/nri2959
https://doi.org/10.1007/s11357-009-9100-9
https://doi.org/10.1128/JVI.01515-13
https://doi.org/10.1111/j.1365-2567.2011.03550.x
https://doi.org/10.1182/blood-2009-01-199588
https://doi.org/10.1038/icb.2016.47
https://doi.org/10.3389/fimmu.2013.00455
https://doi.org/10.1158/0008-5472.CAN-09-0852
https://doi.org/10.1002/eji.201545634
https://doi.org/10.18632/oncotarget.11430
https://doi.org/10.1038/s41467-017-00627-z
https://doi.org/10.1084/jem.20121190

24. Chen S, Lee LF, Fisher TS, Jessen B, Elliott M, Evering

25.

W, Logronio K, Tu GH, Tsaparikos K, Li X, Wang
H, Ying C, Xiong M, et al. Combination of 4-1BB
agonist and PD-1 antagonist promotes antitumor
effector/memory CD8 T cells in a poorly immunogenic
tumor model. Cancer Immunol Res. 2015; 3:149-60.

https://doi.org/10.1158/2326-6066.CIR-14-0118.

van Duikeren S, Fransen MF, Redeker A, Wieles
B, Platenburg G, Krebber WIJ, Ossendorp F, Melief
CJ, Arens R. Vaccine-induced -effector-memory
CD8+ T cell responses predict therapeutic efficacy
against tumors. J Immunol. 2012; 189:3397-403.
https://doi.org/10.4049/jimmunol.1201540.

26.

27.

Koyama S, Akbay EA, Li YY, Herter-Sprie GS,
Buczkowski KA, Richards WG, Gandhi L, Redig AJ,
Rodig SJ, Asahina H, Jones RE, Kulkarni MM, Kuraguchi
M, et al. Adaptive resistance to therapeutic PD-1
blockade is associated with upregulation of alternative
immune checkpoints. Nat Commun. 2016; 7:10501.
https://doi.org/10.1038/ncomms10501.

Hofmann M, Schweier O, Pircher H. Different inhibitory
capacities of human and mouse KLRG1 are linked to distinct

disulfide-mediated oligomerizations. Eur J Immunol. 2012;
42:2484-90. https://doi.org/10.1002/eji.201142357.

www.oncotarget.com

1406

Oncotarget


www.oncotarget.com
https://doi.org/10.1158/2326-6066.CIR-14-0118
https://doi.org/10.4049/jimmunol.1201540
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1002/eji.201142357

