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The recruitment of cells with effector functions into the tu-
mor microenvironment holds potential for delaying cancer
progression. We show that subsets of human CD28-effector
CD8 T cells, CCR7– CD45RO+ effector memory, and CCR7–

CD45RO– effector memory RA phenotypes, express the chem-
erin receptor CMKLR1 and bind chemerin via the receptor.
CMKLR1-expressing human CD8 effector memory T cells
present gene, protein, and cytotoxic features of NK cells.
Active chemerin promotes chemotaxis of CMKLR1-expressing
CD8 effector memory cells and triggers activation of the a4b1
integrin. In an experimental prostate tumor mouse model,
chemerin expression is downregulated in the tumor microen-
vironment, which is associated with few tumor-infiltrating
CD8+ T cells, while forced overexpression of chemerin by
mouse prostate cancer cells leads to an accumulation of
intra-tumor CD8+ T cells. Furthermore, a4 integrin blockade
abrogated the chemerin-dependent recruitment of CD8+ T
effector memory cells into implanted prostate tumors in vivo.
The results identify a role for chemerin:CMKLR1 in defining
a specialized NK-like CD8 T cell, and suggest the use of chem-
erin-dependent modalities to target effector CMKLR1-ex-
pressing T cells to the tumor microenvironment for immuno-
therapeutic purposes.

INTRODUCTION
Chemerin (retinoic acid receptor responder 2 [RARRES2]) is a multi-
functional protein with chemotactic and metabolic properties. Hu-
man chemerin is secreted in the blood as a functionally inert
163-amino acid precursor (prochemerin, or Chem163S).1 Proteolytic
cleavage of prochemerin by proteases results in shorter isoforms with
various biological activities. The truncated variant Chem157S has
been described as the most potent chemotactic chemerin isoform2

in contrast to the chemotactically inactive Chem155A3,4 variant.
Upon binding to the chemerin chemokine-like receptor 1
(CMKLR1), active chemerin is known to trigger the directed migra-
tion of effector cells with innate immune functions such as plasmacy-
This is an open access article under the CC BY-NC-N
toid dendritic cells (pDCs),5 natural killer (NK) cells,6 and
macrophages.7

We and others have shown that expression of chemerin in the tumor
microenvironment regulates tumor growth, at least in part by
CMKLR1-dependent recruitment of effector cells. In human and
mouse, RARRES2 is often downregulated in tumor tissues compared
with normal tissue8; and, in breast cancer and melanoma, reduced
chemerin expression in tumors correlates with poor prognosis. Using
the EMT6 mouse model of breast carcinoma, we previously showed
that forced chemerin expression by tumor cells increases the recruit-
ment of NK cells and CD8 T cells within the TME, while NK or CD8
T cell depletion accelerates tumor growth.9 However, the mechanism
responsible for the increased infiltration of protective CD8 T cells into
the TME has not been defined: because CMKLR1 expression by CD8
T cells had not been appreciated, we speculated that the enhanced
CD8 response might be secondary to CMKLR1-dependent NK cell
recruitment.

We now report the discovery of a specialized CMKLR1-expressing
CD8 effector population in human and mouse. Using publicly avail-
able datasets of single-cell RNA sequencing (scRNA-seq), we identi-
fied selective CMKLR1 expression in rare CD8 and CD4 T cells in hu-
man blood and tumor tissues. We show that active but not inactive
chemerin isoforms bind subsets of CD28– but not CD28+ CD8
effector memory/effector memory RA (EM/EMRA) (CD3+ CD8+

CCR7– CD45RO+/�), defining a CD8 effector enriched for NK cell
genes and enhanced in tumor killing ability compared with CD28–

CD8 EMRA. Chemerin triggers integrin activation and chemotaxis
of the unique effector CD8 T cell, similar to its effects on NK cells.
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Molecular Therapy
In vivo a4 integrin antibody blockade abolished chemerin-dependent
recruitment of CD8+ TEM into tumors, confirming that chemerin
and a4 work along the same pathway to enhance tumor infiltration
by CD8+ T cells. Thus, our findings reveal an unexpected role for
chemerin:CMKLR1 in the migratory program of a specialized NK-
like effector CD8 T cell with promising anti-tumor potential.

RESULTS
Expression of CMKLR1 on subsets of highly differentiated

effector T cells

Forced expression of chemerin by tumor cells in the EMT6 mouse
model of breast carcinoma increased the recruitment of NK cells,
and perhaps more surprisingly CD8 T cells in the TME.9 We analyzed
T cell scRNA-seq datasets of peripheral blood, tumor tissues, and
normal adjacent tissues from patients with liver10 or lung11 cancer to
assess the gene expression profile of CMKLR1 on T cell subsets.
When comparing across cancer types, we found CMKLR1 specifically
expressed by two clusters characterized by high levels of CX3CR1 that
represent populations of EMRA CD8+ (Figure 1A). CMKLR1 was also
expressed by CD8+ EM/EMRA cells in blood and normal adjacent liver
and lung tissue (Figure 1A). CMKLR1 was not expressed in clusters
characterized by high expression levels of transcription factor
lymphoid enhancer binding factor 1 (LEF1) that represent populations
of naive CD8+ T cells, nor in clusters characterized by high expression
levels of layilin (LAYN) that represent populations of exhausted CD8+

T cells (Figure 1A). PDCD1 (which encodes exhaustion marker PD1)
was specifically expressed by exhausted CD8+ T cells in liver and lung
tumor tissue as anticipated, which validated the analysis strategy as
PD1 is well characterized to be upregulated in this population12 (Fig-
ure 1A). Similar to CMKLR1, killer cell lectin-like receptor D1
(KLRD1) was expressed on EM/EMRA but not naive CD8+ T cells.

We also assessed CMKLR1 expression on differentiated CD4+ T cell
subsets in the liver and lung cancer datasets by scRNA-seq analysis.
CMKLR1 was expressed by CD4+ EM/EMRA cells in tumor tissue,
blood and normal adjacent liver and lung tissues (Figure S1A).
CMKLR1 was not expressed in clusters characterized by high expres-
sion levels of chemokine receptor CCR7, which represent populations
of naive CD4+ T cells, nor in clusters characterized by high expression
levels of granulysin (GNLY), which represent populations of ex-
hausted CD8+ T cells (Figure S1A). PDCD1 was specifically expressed
by exhausted CD4+ T cells in liver and lung tumor tissue as expected
(Figure S1A). KLRD1 was expressed on EM/EMRA but not naive
CD8+ T cells (Figure S1A). Together, these data demonstrate selective
CMKLR1 expression on non-exhausted subsets of CD8+ and CD4+

EM/EMRA T cells present in the blood, normal adjacent tissues,
and tumor tissues from liver and lung cancer patients.

Immunofluorescence staining confirmed cell surface expression of
CMKLR1 on CD3+ CD8+ CCR7– CD45RO+ EM and, more impor-
tantly, CD3+ CD8+ CCR7– CD45RO� EMRA T cells, the vast major-
ity of which co-expressed CX3CR1 (>85%, Figure 1B). CMKLR1 was
significantly co-expressed with CX3CR1 on both EM and EMRA
CD8+ T cells, with almost no CMKLR1 staining on CX3CR1– cells,
2888 Molecular Therapy Vol. 31 No 10 October 2023
and significantly more CX3CR1+ EMRA cells expressed CMKLR1
than CX3CR1+ EM cells (Figure 1C). Naive and central memory
CD8 T cells stained negative for CX3CR1 and CMKLR1. Highly
differentiated CD8 T cells lose cell surface expression of the co-stim-
ulatory receptors CD27 and CD28.13 Staining for CD27 and CD28 re-
vealed that CD28–, but not CD28+ CD8 TEM and TEMRA, display
CX3CR1 and CMKLR1 at the cell surface (Figures 1D and 1E). Of
all TEM and TEMRA, the most terminally differentiated CD27 and
CD28 double-negative cells were CX3CR1 positive and the vast ma-
jority expressed CMKLR1. CMKLR1 was also expressed on CD4+

EMRA and to a lesser extent on CD4+ EM but not naive or central
memory CD4+ T cells (Figure S1B). Similar to CD8+ EM/EMRA,
CMKLR1 was expressed on CD4+ CD28– EM (Figure S1C) and
CD4+ CD28– EMRA (Figure S1D). Together, the data identify for
the first time CMKLR1 expression on populations of circulating
effector lymphocytes other than NK cells.

Given that CD8+ but not CD4+ T cells were required for suppressed
tumor growth associated with forced overexpression of chemerin in
an experimental model of breast cancer,9 we focused our studies on
CD8+ EMRA T cells.

CMKLR1-expressing CD8 TEMRA/TEM population binds chemerin

CMKLR1 attractant ligand chemerin has multiple isoforms of different
activities generated by proteolytic cleavage of its C-terminal domain.1

Full-length chemerin, Chem163S in humans, binds CMKLR1 but is
functionally weak in terms of chemoattraction or calcium signaling.
The truncated Chem156F and Chem157S isoforms are biologically
active and trigger chemotaxis, while Chem155A is inactive/dead. We
developedfluorescently labeled versions of full-length (hChem163AF647

and mChem162AF488), active (hChem157 AF647 and mChem156AF488),
and inactive (hChem155AF647 and mChem154AF488) chemerin to test
the functionality of the CMKLR1 receptor on TEM and TEMRA cells.
Full-length and active chemerin, but not inactive chemerin, binds to
subsets of human blood circulating TEM and TEMRA (Figure 2A).
Consistent with CMKLR1 expression, chemerin bound CD28–, but
not CD28+, TEM and TEMRA cells (Figures 2B and 2C, respectively).
Increasing concentrations of unlabeled chemerin potently competed
with tracer chemerin (hChem157 AF647) in competition binding assays
on human T cells (IC50 < 1 nM, Figure 2D). Active chemerin also binds
to a similar mouse subset of circulating CD3+ CD8+ CD62L� CD44+

EM T cells but not naive and central memory T cells (Figure 2E). We
found no binding of active chemerin to TEM cells genetically deficient
in CMKLR1, confirming that chemerin T cell binding was via
CMKLR1.

Given the conserved expression of CMKLR1 on human and mouse
blood EM CD8+ T cells under normal conditions, we next asked if
CMKLR1+ T cells were present in the circulation upon tumor chal-
lenge. In mice bearing spontaneous prostate tumors, chemerin-bind-
ing CD8 TEM and NK cells were present in the blood; however, these
cells were largely excluded from the tumor (Figure 2F). Furthermore,
chemerin expression was significantly reduced in TRAMP prostate
tumors compared with normal prostate tissue (Figure 2G). This is



Figure 1. scRNA-seq and flow cytometry analyses reveal CD8 subsets expressing CMKLR1

(A) Analysis of publicly available single-cell gene expression data from human CD8+ T cells (liver10; lung11). Boxplots showing expression of PDCD1, KLRD1, andCMKLR1 in

naive (C01_LEF1), exhausted (C04_LAYN), and effector memory or effector memory RA (EM/EMRA, C03_CX3CR1) CD8+ T cells from blood, tumor tissue, or normal tissue of

liver or lung cancer patients. (B) Flow cytometry of CX3CR1 and CMKLR1 immunostaining in subsets of human PBMC-derived CD8 effector memory (EM, CD45RO+CCR7–),

effector memory RA (EMRA, CD45RO– CCR7–), central memory (CM, CD45RO+ CCR7+), or naive (N, CD45RO– CCR7+). (C) The percentage of CMKLR1+ cells within

CX3CR1+ (pos) and CX3CR1– (neg) effector memory (EM) and effector memory RA (EMRA) is shown. (D and E) Flow cytometry of CX3CR1 and CMKLR1 immunostaining in

subsets of CD27+ CD28+, CD27– CD28+, CD27+ CD28–, or CD27– CD28– CD8 EM (D) or EMRA (B, D, and E). (Left) Shown are representative gating strategy and histograms

for CX3CR1 andCMKLR1 in eachCD8 subset. (Right) For each subset, the percentage of positive cells for CX3CR1 or CMKLR1 immunostaining is shown. Shown are pooled

data (mean ± SEM) from n = 2 experiments with 5 donors total. *p% 0.05, **p% 0.01, ****p% 0.0001 by ANOVA (one-way with Tukey or Sidak’s post-hoc) comparing EMRA

vs. CM or N (B), the indicated comparisons in (C), or CD28– subsets against CD28+ subsets (D and E) for both CX3CR1 and CMKLR1.
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consistent with our previous report that chemerin expression in pri-
mary or metastatic prostate cancer tissue was significantly lower than
in normal human prostate by RNA microarray.8 Additional analysis
of RNA-seq data in The Cancer Genome Atlas (TCGA) datasets by
the University of Alabama Birmingham Cancer Data Analysis
(UALCAN) portal14 further supports that chemerin is significantly
downregulated in prostate tumors compared with normal tissue (Fig-
ure 2H). As methylation of CpG positions in chemerin DNA is asso-
ciated with reduced expression,15 we used the UALCAN portal to
assess chemerin methylation status in prostate cancer. Chemerin
DNA in prostate tumors was significantly more methylated than
normal prostate controls (Figure 2I).

It is possible that chemerin downregulation in the TME may
contribute to tumor immune evasion. Indeed, chemerin expression
by prostate tumors significantly correlated with both CMKLR1
expression and CD8 expression by Spearman analysis of prostate tu-
mor gene expression in the PanCancer Atlas TCGA dataset16 by cBio-
Portal analysis (Figure 2J). Furthermore, by gene set variation analysis
(GSVA) of prostate tumor RNA-seq data,17 tumors expressing high
levels of chemerin were significantly enriched for CD8+ CMKLR1+

T cell effectors (Figure 2K). Finally, we asked if chemerin overexpres-
sion by tumor cells would lead to an increase in tumor-infiltrating
CD8+ T cells. Indeed, the frequency of CD8+ T cells was significantly
increased among tumor-infiltrating lymphocytes (TILs) in mice im-
planted with TRAMP-C1 prostate cancer cells overexpressing chem-
erin compared with empty vector controls (Figure 2L). Together, the
data show that active chemerin binds to CD28– EM CD8 T cells;
chemerin-binding CD8+ T cells circulate in tumor-bearing mice;
chemerin expression is suppressed in both human and mouse pros-
tate tumor microenvironments, which correlates with reduced tumor
Figure 2. CMKLR1-dependent binding of chemerin to CD8 EM/EMRA

(A–C) Percentage of positive cells inactive Chem155AF647, active Chem157AF647, or ful

CD8 subsets (A), CD8 EM subsets (B), and CD8 EMRA subsets (C). Shown are pooled

compared by two-way ANOVA with Dunnett’s multiple comparisons test. ***p% 0.001,

Chem157AF647 tracer was incubated with the indicated concentrations of unlabeled Ch

cytometry. (E) Flow cytometry of mChem156AF488 immunostaining of CD8 naive (CD44–

CD44+ CD62L–) isolated fromwild-type (WT) or CMKLR1-deficient mice. A representativ

and anterior prostate tissue were isolated frommale prostate tumor-bearing TRAMP+/�

NK1.1+ (NK cells) or CD45+ CD19– CD3+ CD4– CD8+ CD44+ CD62L– (CD8 TEM) cells

chemerin+ cells within CD8 TEM and NK cell subsets, mean ± SEM, n R 8 mice. **p %

transcriptase polymerase chain reaction (qRT-PCR) in prostate tissue isolated from ma

RARRES2 expression was normalized toGAPDH for each sample and displayed relative

test; n = 4). Human chemerin (RARRES2) mRNA expression (transcripts per million) (H) o

methylated)) (I) in prostate adenocarcinoma compared with normal prostate tissue by

Correlation between human chemerin (RARRES2) expression and CMKLR1 (left) or C

samples). Spearman correlation coefficient and p values shown. (K) Human prostate tum

T effector cells (Teff). Bar plots show proportions of patients whose tumors are identifi

Enrichment of CD8+ populations is defined as enrichment of gene signatures defining

chemerin-low vs. -high defined by the median expression of each of these genes amon

CMKLR1+ gene signature in chemerin-high prostate tumors. N = 9 chemerin-low and n =

TRAMP-C1 tumor cells harboring vector control (VC) or chemerin-overexpressing (chem

into C57BL/6 male mice. At 9–11 weeks post-inoculation, tumors were resected, and tu

CD8+ T cells (CD45+ CD19– CD3+ CD4– CD8+) among TILs. Bar graph depicts the freque

each mouse. The data are pooled from two independent experiments with n R 5 mice
CMKLR1+ CD8+ gene expression signatures; and that chemerin over-
expression by prostate tumor cells increases intratumor CD8+ T cell
accumulation in vivo.

CMKLR1+ CD8+ EMRA T cell transcriptional,

immunophenotypic, and functional profiling identifies distinct

NK cell-like features and cytotoxic activity

We reasoned that the ability to bind chemerin may be a key traf-
ficking-related feature of a specialized subset of effector T cells. We
further reasoned that the functional capabilities of these cells may
be distinct from other near-neighbor chemerin non-binding lympho-
cytes. We therefore performed RNA-seq analysis of FACS-sorted
chemerin binding vs. non-binding CD8+ EMRA T cells from human
blood. Compared with chemerin non-binding cells, chemerin binding
CD8+ EMRA T cells had higher expression of several NK cell-associ-
ated molecules, such as natural killer cell granule protein 7 (NKG7),
killer cell lectin-like receptor D1 (KLRD1), and CD56/NCAM1
(Figures 3A and 3B). They also had upregulated levels of cytotox-
icity-associated effector molecules, such as granzyme B (GZMB),
serine protease 23 (PRSS23), and perforin (PRF1) (Figures 3A and
3B). Chemerin-binding CD8+ EMRA T cells had decreased expres-
sion of cell proliferation and adhesion-associated molecules Myc
(required for T cell growth and proliferation18), IL7R (essential for
T cell survival19), and CXCR6 (essential for survival and expansion
of effector-like cytotoxic T cells in the TME20), which is consistent
with their more-terminally differentiated phenotype compared with
chemerin non-binding T cells. By gene ontology (GO) term analysis,
chemerin-binding CD8 EMRA were significantly enriched in genes
associated with tumor cell defense, NK cell chemotaxis cytokine-
mediated signaling, and MHC protein binding (Figure S2A). Chem-
erin non-binding CD8+ EMRA T cells had significantly higher
l-length Chem163AF647 human chemerin immunostaining of human PBMC-derived

data (mean ± SEM) from two experiments with n = 4 donors in total. Groups were

****p% 0.0001. (D) Competitive binding of chemerin to human blood CD3+ T cells.

em157 and PBMC, and the fraction bound to CD3+ T cells was determined by flow

CD62L–), central memory (CM, CD44+ CD62L+), and effector memory T cells (TEM,

e gating strategy and histogram overlay are shown. (F) Mononuclear cells from blood

mice aged 24–28 weeks and stained with mChem156AF488 and CD45+ CD3– CD19–

. Representative histogram overlays are shown. Bar graph depicts the frequency of

0.01 by t test. (G) Chemerin (RARRES2) RNA expression by quantitative reverse-

le prostate tumor-bearing TRAMP+/� mice and age-matched C57BL/6 as controls.

to control/normal prostate across the dataset; mean ± SEM; *p < 0.05 by Student’s t

r DNA methylation (displayed as beta value ranging from 0 (unmethylated) to 1 (fully

UALCAN analysis of TCGA data; box-whisker plots; p value by Student’s t test. (J)

D8a (right) in localized prostate adenocarcinoma by cBioPortal analysis (n = 494

ors expressing high levels of chemerin (RARRES2) are enriched for CD8+ CMKLR1+

ed to be enriched in CD8+ CMKLR1+, CD8+ CMKLR1–, or neither of these (other).

CD8+ T cells via gene set variation analysis (GSVA). CMKLR1+ vs. CMKLR1– and

g the patient samples. *p = 0.04 by hypergeometric test for enrichment of the CD8+

9 chemerin-high prostate tumor samples. (L) CD8+ T cell prostate tumor infiltration.

erin OE) vector mixedwith VC in a ratio of 50:50 (mix) were implanted subcutaneously

mor-infiltrating lymphocytes (TILs) were isolated. Flow cytometry was used to identify

ncy of CD8+ T cells as percent of total live single CD45+ cells detected in the TIL from

per group in each experiment; mean ± SEM; *p < 0.05 by Student’s t test.
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expression of chemokine receptors CCR5, CCR6, CCR7, CCR8, and
CXCR5, perhaps implying a larger role for CMKLR1 in directing
the trafficking of CD8+ CD28– EMRA (Figures 3A and 3B). As antic-
ipated from the flow cytometry studies in Figure 1, chemerin-binding
cells expressed much higher levels of CMKLR1 and CX3CR1 and
much lower levels of CD28 (Figures 3A and 3B).

Given the RNA-seq data and recent identification of CD8+ CD27–

CD28– T cells as NK-like cells,21 we compared the cell surface expres-
sion of NK receptors (NKRs) between the CD8 TEMRA CD27/CD28
subpopulations and highly cytotoxic CD56dim NK cells. We stained
for the prototypical CD56 (neural cell adhesion molecule [NCAM])
NK cell marker, the Fc receptor CD16 (FcgRIII), the senescence
marker CD57, the CD94 lectin (KLRD1), and the inhibitory receptor
CD158 (KIR2DL1). We found all these markers to be exclusive to
CD28– TEMRA. Strikingly, the expression pattern for these markers
of the CMKLR1-expressing CD27– CD28– TEMRA closely mimicked
NK cells (Figure 3C), suggesting higher NKR recognition mecha-
nisms and innate-like activity for these cells. Among the CD27–

CD28– TEMRA, we also assessed the expression of exhaustion marker
PD1. The frequency of chemerin binding PD1– cells was significantly
higher than the frequency of chemerin-binding PD1+ cells, indicating
that most of the chemerin-binding CD27– CD28– TEMRA have a non-
exhausted phenotype (Figure 3D).

To further explore the innate-like killing activity of CMKLR1-
expressing TEMRA, we performed degranulation with sorted
CMKLR1+ vs. CMKLR1– CD28– TEMRA. Based on CD107a expres-
sion,22 CMKLR1+ TEMRA killed MHC class I-deficient human eryth-
roleukemic K562 cells more efficiently than CMKLR1– cells (Fig-
ure 3E). We also detected higher intracellular IFN-g levels in
CMKLR1-expressing TEMRA compared with non-expressing cells
(Figure 3F). We observed similar phenotypes in CMKLR1+ TEM (Fig-
ure S3). Finally, CD8+ CMKLR1+ TEMRA were more effective at killing
K562 tumor targets compared with CMKLR1– comparators by direct
assessment of induced K562 cell death (Annexin V and PI staining)
(Figure 3F). Together, the data show that CMKLR1 define a popula-
tion of effector T cells with NK-like cytotoxic functions.

CMKLR1+ CD8 T cells migrate toward active but not dead

chemerin

In addition to its cytotoxic properties and capacity to bind CMKLR1,
we tested the ability of active chemerin (Chem157) to induce
CMKLR1+ TEMRA migration in Transwell-based chemotaxis assay.
Active chemerin triggered significant migration of CD8 TEMRA

compared with dead chemerin (Figure 4A). While there was a trend
for CD8 TEM migration to active chemerin, it did not reach statistical
significance, and CMKLR1-naive and central memory CD8 cells failed
to migrate to active chemerin (Figure 4A). All four T cell subsets
migrated to positive control chemokine CXCL12, confirming their
migratory capacity (Figure S4A). Among CD8 TEMRA, active chemerin
inducedmigration of CMKLR1-expressing CD28– cells, but not CD28+

cells (Figure 4B), both of whichmigrated to positive control chemokine
CXCL12 (Figure S4B). Consistent with its inability to bind CMKLR1,
2892 Molecular Therapy Vol. 31 No 10 October 2023
dead chemerin (Chem155) did not induce the migration of
CMKLR1-expressing CD28– CD8 T cells (Figure 4B). We observed a
similar phenotype with CD28+ and CD28– TEM cells (Figures S4C
and S4D). The data suggest that active chemerin selectively induced
the chemotaxis of CMKLR1-expressing CD8 TEM/EMRA.

Active chemerin triggers activation of thea4 integrin inCMKLR1-

expressing CD8 T cells

Cell-cell recognition in the vasculature is a critical step of inflamma-
tion and leukocyte recruitment. Chemoattractants induce lympho-
cyte adhesion to the vasculature by triggering an increase in the affin-
ity of an integrin to its ligand.23 Given that chemerin promoted
adhesion of CMKLR1-expressing macrophages to the a4b1 ligands
vascular cell adhesion protein 1 and fibronectin,24 we reasoned that
chemerin might increase the affinity of the a4b1 integrin expressed
by TEM/EMRA for its ligand. We used the a4-specific LDV peptide con-
jugated to fluorescein isothiocyanate (LDV-FITC)25 to measure the
modulation of a4b1 affinity change upon chemerin stimulation. We
stained human CD8 T cells with antibodies to identify TEM/EMRA

cell subsets by flow cytometry. We stimulated cells pre-incubated
with LDV-FITC with either divalent manganese cation (Mn2+) taken
as a positive control used for normalization of the data, CXCL12 as a
potent chemokine control, or the chemerin constructs. Immediately
after stimulation with active chemerin we measured an important
change in the intensity of the LDV-FITC signal in CMKLR1-express-
ing CD28– TEMRA but not in CD28+ cells (Figures 5A, 5B, and 5D).
The response with active chemerin peaked at 1 nM. At that concen-
tration, active chemerin and CXCL12 triggered a similar a4b1 integrin
activation in CD28– TEMRA, while dead chemerin resulted in total lack
of signal (Figure 5C). We observed a similar phenotype with TEM cells
(Figures S4E–S4H). Together, the data identify chemerin as a potent
activator of integrin a4b1 on CMKLR1-expressing CD8 TEMRA/EM.

In vivo neutralization of a4 integrin blocks chemerin-dependent

recruitment of CD8+ TEM into prostate tumors

We next asked if a4 integrin plays a role in chemerin-mediated CD8+

TEM accumulation in prostate tumors in vivo. We implanted mice
with either chemerin-overexpressing or vector control TRAMP-C1 tu-
mor cells and then treated the animals with either a4 integrin neutral-
izing mAb (clone PS/2) or isotype control. Chemerin overexpression
significantly increased the frequency of CD8+ TEM among leukocytes
in the tumor compared with vector control tumors (Figure 6). This ef-
fect was abolished by treatment with anti-a4 neutralizing mAb (Fig-
ure 6). We therefore conclude that chemerin and a4 integrin work
cooperatively to recruit CD8+ TEM into prostate tumors.

DISCUSSION
We report a previously unappreciated expression of chemerin recep-
tor CMKLR1 on subsets of EM CD8 T cells displaying NK-like tran-
scriptional profiles, surface markers/cytolytic molecules, and killer
functions. Until this study, we and others had only identified
CMKLR1 expression and chemerin responsiveness at the protein level
on pDCs, NK cells, and macrophages among leukocytes. Here, we
showed that bioactive chemerin is both a functional a4b1 integrin



Figure 3. CMKLR1-expressing CD8 EMRA display transcriptomic,

immunophenotypic, and cytotoxic features of NK cells

(A) Transcriptomic analysis of human blood CD8+ EMRA T cells.

Transcripts from FACS-sorted chemerin binding and chemerin non-

binding CD8+ EMRA were analyzed by RNA-seq. Highly differentially

expressed transcripts are displayed in a volcano plot form. Each dot

represents a different gene plotted to show the fold difference between

the two group means (chemerin binding and chemerin non-binding) vs.

p value for three donors, with significantly differentially expressed genes

(DEGs) with at least a 2-fold difference in expression and adjusted p

value <0.05 colored red. (B) Heatmap display of selected genes out of

the 409 significant DEGs sorted by activity groups. Gene expression

counts were rlog-transformed for visualization and are colored from

blue (low expression) to red (high expression). (C) Flow cytometry of

CD16, CD57, CD158, CD94, and CD56 immunostaining in subsets of

NK cells, CD8 T naive and EMRA divided into CD27/CD28 subsets as

shown in Figure 1. (Left) For each subset, the percentage of positive

cells for each marker is shown. Shown are pooled data (mean ± SEM)

from n = 3 experiments with six to nine donors in total. (Right)

Representative histogram overlays are shown. (D) Flow cytometry of

hChem157AF647 and PD1 immunostaining on CD8+ CD27– CD28–

EMRA T cell subsets. Pooled data (left) and a representative dot plot

are shown. The pooled data represent the mean ± SEM from n = 2

experiments with four donors in total. (E–G) Cell surface expression of

CD107a (E) and intracellular IFN-g (F) in cell-sorted populations of CD8

EMRA T cells positive (CMKLR1+) or negative (CMKLR1–) for CMKLR1

cocultured with K562 cells at an effector-to-target ratio (E:T) of 2:1.

Shown are pooled data (mean ± SEM) from n = 3 experiments. For

each experiment, the percentage of CD107a or IFN-g-positive cells is

set to 100 for the CMKLR1–group, and the data for the CMKLR1+

group are shown as a percentage of the CMKLR1–control group. (G)

Tumor target (K562) killing by sorted populations of CMKLR1+ and

CMKLR1– CD8+ EMRA T cells. Shown are pooled data (mean ± SEM)

from n = 4 different donors. Groups were compared by two-way

ANOVA with Dunnett’s multiple comparisons test (C) or two-tailed

Student’s t test (D–F) or one-tailed t test (G) *p % 0.05, **p % 0.01,

***p % 0.001, ****p % 0.0001. For (D), Dixon’s Q test was used to

remove one outlier (99% confidence; outlier marked with “x” symbol).
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Figure 4. CMKLR1+ CD8 EMRA T cells migrate toward active but not dead chemerin

Migration of CD8 subsets (A) or CD8 EMRA CD28– or CD28+ subsets (B) in response to active human chemerin (Chem157AF647) (A) or dead chemerin (Chem155AF647) (B).

Shown are pooled data (mean ± SEM) from two experiments with n = 3–4 donors in total. For each donor and subset, results are shown as a percentage of the absolute

migrating cell number in absence of chemerin in the bottom chamber. *p% 0.05 by one-tailed t tests comparing EMRA subset migration to active vs. dead chemerin (1 and

10 nM) (A) or by comparing CD28+ vs. CD28– subset migration to 10 nM chemerin (B); non-significant p values of interest are also shown.
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activator and chemoattractant for CMKLR1+ CD8+ EM/EMRA
lymphocyte subsets and therefore capable of regulating their systemic
positioning (extravasation from blood into tissues) and/or intra-tis-
sue localization. Indeed, in mice bearing chemerin-overexpressing
prostate tumors, treatment with a4 integrin neutralizing antibody
blocked chemerin-dependent recruitment of CD8+ TEM into tumors.
This result confirms that chemerin and integrin a4 work coopera-
tively in vivo to enhance tumor infiltration by CD8+ T cells with
NK-like anti-tumor killer activity.

The role and function of populations of CD8 T cells negative or low
for CD28 has been controversial. Some studies suggested that
CD28– CD8 T cells are subsets of regulatory T cells with immuno-
suppressive properties26; others suggested that loss of CD28 was
associated with immunosenescence.13 We found that chemerin
binding CD28– CD8 T cells expressed low levels of master regulato-
ry T cell transcription factor FoxP3 (Figure S2B) and displayed
robust non-senescent NK cell-like cytolytic activity (e.g., degranula-
tion, IFN-g production, K562 target killing; Figures 3E–3G). In
addition to the increased gene expression of non-senescent, non-
exhaustion-related cytotoxicity effectors such as granzyme B, serine
protease 23, and perforin, chemerin-binding TEM cells expressed
higher levels of candidate immune checkpoint receptor GPR56 (Fig-
ure 3B). GPR56 was recently reported to be selectively expressed by
cytolytic and/or pre-exhausted CD8 TILs.27 Our results further align
with a recent paper characterizing the in vivo expansion of CD28–

CD8+ T cells with NK-like properties following CMV viremia28;
an older report describing increased cytolytic activity in CD28–

CD8+ T cells in HIV+ persons29; and a paper reporting high per-
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forin levels in CMV-specific CD28– CD8+ T cells.30 Overall, these
findings reflect the heterogeneity of CD8+ T cells and further under-
line the importance of leukocyte trafficking receptors in defining
functionally distinct lymphocyte subsets.

We hypothesize that chemerin expression in the TME drives the
recruitment of leukocytes with tumor cell-killing capabilities such
as CMKLR1+ NK cells and CD8+ TEM cells as part of routine cancer
immune surveillance. Many tumor cells downregulate MHC class I to
evade T cell-dependent anti-tumor immunity; however, this sensi-
tizes the tumor cells to killing by CMKLR1+ NK cells. Tumor cells
that retain MHC class I would be protected against NK cell cytotox-
icity; however, they would be susceptible to killing via CMKLR1+

CD8+ T cell effector. Thus, immune surveillance by both
CMKLR1+ NK cells and CD8+ TEM cells provide maximal immune
security to detect and suppress cancer cell growth.

Chemerin downregulation in the TME may provide an additional
mechanism by which tumors can evade detection and killing by
anti-tumor leukocytes. DNA modification via methylation at CpG
sites can regulate gene expression by altering transcription factor
binding. Decreased chemerin DNA methylation was associated
with increased serum chemerin protein levels in mothers with gesta-
tional diabetes,31 and with increased chemerin mRNA expression in
skin collected from infants born to mothers who smoked during preg-
nancy.32 On the other hand, increased methylation of CpG sites in the
chemerin promoter region �252 to +258 led to reduced chemerin
mRNA transcription in a 3T3-L1 adipocyte precursor reporter cell
line.15 Chemerin hypermethylation also led to reduced gene



Figure 5. Active chemerin triggers activation of the a4 integrin in CMKLR1+ CD8 EMRA T cells

Flow cytometry analyses of LDV-FITC binding to CD28– (A and B) or CD28+ (C and D) EMRA upon stimulation with humanChem155AF647, Chem157AF647, or CXCL12. For

each sample, the median fluorescence intensity (MFI) of the LDV-FITC staining was calculated per 10 s bins, and data expressed as a percentage of the maximal MFI

recorded upon manganese stimulation, taken as a positive control. Shown are pooled data (mean ± SEM) from four experiments with n = 6 donors in total. Groups were

compared by two-way ANOVA with Tukey’s multiple comparisons test. ****p % 0.0001; ns, not significant.
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expression in adrenocortical carcinoma cell lines, which was reversed
upon treatment with a DNA methyltransferase inhibitor.33 Given the
sensitivity of chemerin to regulation by DNA methylation, chemerin
hypermethylation may provide a key method for gene silencing in tu-
mors where chemerin is downregulated.34 Our analysis of human
prostate adenocarcinoma aligns with this hypothesis, as we report
that chemerin RNA expression is suppressed while chemerin DNA
methylation is increased in prostate tumor tissue vs. normal controls
(Figures 2H and 2I).

The results define chemerin:CMKLR1 as a pathway for regulation of
T cell adhesion and migration and show that it selectively impacts
NK-like CD8 T cells armed with tumor cell-killing capabilities.
We hypothesize that therapies designed to enhance chemerin in tu-
mors may redirect circulating CMKLR1+ immune effector lympho-
cytes into tumors and provide an effective immunotherapeutic
intervention. In patients with liver or lung cancer (Figure 1A),
and in prostate tumor-bearing mice (Figure 2F), circulating
CMKLR1+ CD8 and NK cell effectors are available for tumor
recruitment (Figure 2F), and chemerin overexpression by prostate
cancer cells significantly enhanced intra-tumor CD8+ T cell accu-
mulation (Figure 2H). In terms of numbers of available endogenous
effector cells that could be recruited to a tumor, based on an esti-
mate of �4 � 1010 CD8+ T cells in an adult human,35 the frequency
of EMRA cells among CD8+ T cells (�15%), and the frequency of
CMKLR1+ cells among EMRA cells (�40%), there would be
�2.4 � 109 CMKLR1+ NK-like CD8+ T cells available. For compar-
ison, the median dose of CAR T cells infused in clinical trials is
1.5 � 108, and most dose escalation studies range from 1 � 106

to 1 � 10936; for Provenge, prostate cancer patients receive a min-
imum dose of 5 � 107 antigen-presenting cells as part of the vacci-
nation.37 The number of available endogenous CMKLR1+ CD8+

EMRA cells therefore compares favorably with current FDA-
approved immune cell transfer cancer treatments. As outlined
above, the unique phenotype of CMKLR1+ CD8 effectors includes
expression of CD94, an immune checkpoint receptor that sup-
presses NK cell cytotoxicity when engaged by its ligand HLA-E. It
is intriguing to speculate that monalizumab therapy targeting
CD94 may unleash their cytolytic activity, contributing to anti-tu-
mor immunity.38 Indeed, a combination strategy suggested by the
results presented here of chemerin-driven recruitment and immune
check point antagonism of recruited CD8 T cell effectors may pro-
vide an optimal avenue for enhanced cancer treatment.

MATERIALS AND METHODS
Mice

C57BL/6 wild-type (WT) and C57BL/6-Tg(TRAMP)8247Ng/J
(transgenic adenocarcinoma of the mouse prostate [TRAMP]) mice
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Figure 6. a4 integrin blockade inhibits chemerin-dependent recruitment of

CD8+ TEM into prostate tumors in vivo

TRAMP-C1 tumor cells harboring vector control (VC) or chemerin-overexpressing

(chemerin OE) vector were implanted subcutaneously into C57BL/6 male mice.

Once tumors reached palpable sizes, mice received four intraperitoneal injections of

anti-a4 integrin mAb or control IgG, 4 days apart. Mice were euthanized 4 days after

final antibody injection and tumors were analyzed for TIL CD8+ TEM cells (CD45+

CD19– CD3+ CD4– CD8+ CD62L– CD44+) by flow cytometry. Bar graph depicts the

frequency of CD8+ TEM cells as percent of total live single CD45+ cells detected in

the TIL from each mouse. n = 5–9 mice per group; mean ± SEM; *p < 0.05,

**p < 0.01 by ANOVA.
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were purchased from The Jackson Laboratory. CMKLR1 knockout
(KO) mice were obtained from Deltagen and fully backcrossed
(nine generations) onto the C57BL/6 background.39 Animal experi-
ments were conducted in accordance with approved Veterans Affairs,
National Institutes of Health, and Institutional Animal Care and Use
Committee guidelines.

Chemerin constructs

Human and mouse active chemerin generation—recombinant hu-
man active chemerin (UniProt entry Q99969; residues 21–157) and
recombinant mouse active chemerin (UniProt entry Q9DD06; resi-
dues 21–156) were cloned into a proprietary mammalian expression
vector and produced by expression of hIgG1 monovalent Fc-TEV-
chemerin fusions constructs in transiently transfected HEK293F cells
(Lifetech). Expression was performed with a temperature drop to
28�C during production phase. Cultures were harvested by centrifu-
gation (30 min, 3,000 rpm) and clarified by 0.2 mm filtration. The
monoFc fusions were affinity purified using Protein A (MabSelect
SuRe; Cytiva, formerly GE Healthcare Life Sciences, Pittsburgh,
PA). The Protein A eluates were buffer exchanged to 20 mM Tris,
150 mM NaCl (pH 8.0) to prepare for TEV protease treatment. The
Fc-TEV-chemerin fusions were cleaved using 50 mg TEV protease
(produced in-house) per mg of Fc protein with overnight incubation
at 25�C. Chemerin was purified from the mixture using passive
Protein A and Ni-NTA resin (QIAGEN) to remove the monoFc
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and His-tagged TEV protease, respectively. Preparative size-exclusion
chromatography (Superdex 75 pg, Cytiva) was performed to remove
aggregation. Identity and samples purity was determined by QTOF
mass spectrometry, aSEC-MALS, and SDS-PAGE.

Analysis of publicly available single-cell RNA-seq data

Single-cell gene expression data from human T cells were generated
previously (liver10; lung11). Raw gene expression counts and cell-
type classifications were accessed via the Gene Expression Omnibus
(GEO): GSE98638 (liver); GEO: GSE99254 (lung). The data were pro-
cessed as described previously.40 In brief, raw gene expression count
data normalization and variable gene identification was performed
using the scran package.41 Imputed expression values were calculated
using the MAGIC (Markov affinity-based graph imputation of cells)
algorithm42 and optimized parameters (t = 2, k = 9, ka = 3) and
plotted using the JMP Pro v.16.

GSVA analysis of prostate cancer RNA-seq data

We reanalyzed previously published RNA-seq data from 18 prostate
cancer patients.17 Raw gene read counts were obtained and renormal-
ized as transcript per million and subsequently used in a GSVA anal-
ysis43 to identify tumors enriched in individual gene sets defining
CD8+ cells. Genes used to identify CD8+ CMKLR1+ were CD3E,
CD8A, CD8B, CX3CR1, KLRD1, and NCAM1. Genes used to iden-
tify CD8+ CMKLR1– were CD3E, CD8A, CD8B, CD28, and
GZMK. In addition, CMKLR1 expression level stratified by median
expression was used to confirm and assign CMKLR1 status to the
CD8+ enriched population.

Analyses of RNA-seq

Approximately 100,000 chemerin-binding and non-binding blood
CD8+ EMRA T cells were sorted from three donors by flow cytometry.
RNA library preparations and sequencing reactions were conducted at
Azenta US (South Plainfield, NJ). Ultra-low input RNA sequencing li-
brary was prepared by using SMART-Seq HT kit for full-length cDNA
synthesis and amplification (Takara, San Jose, CA), and Illumina Nex-
tera XT (Illumina, San Diego, CA) library was used for sequencing li-
brary preparation. In brief, cDNA was fragmented, and adaptor was
added using transposase, followed by limited-cycle PCR to enrich
and add index to the cDNA fragments. The sequencing librarywas vali-
dated on the Agilent TapeStation (Agilent Technologies, Palo Alto,
CA) and quantified by using Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA) as well as by qPCR (KAPA Biosystems, Wil-
mington, MA). The sequencing libraries were multiplexed and clus-
tered on a flowcell. After clustering, the flowcell was loaded on the Il-
lumina HiSeq instrument according to manufacturer’s instructions.
The samples were sequenced using a 2 � 150 paired end (PE) config-
uration. Image analysis and base calling were conducted by the HiSeq
Control Software (HCS). Raw sequence data (.bcl files) generated from
Illumina HiSeq were converted into fastq files and de-multiplexed us-
ing Illumina’s bcl2fastq 2.17 software. One mis-match was allowed for
index sequence identification. After investigating the quality of the raw
data, sequence reads were trimmed to remove possible adapter se-
quences and nucleotides with poor quality using Trimmomatic
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v.0.36. The trimmed reads were mapped to the Homo sapien reference
genome available on ENSEMBL using the STAR aligner v.2.5.2b. BAM
files were generated as a result of this step. Unique gene hit counts were
calculated by using feature Counts from the Subread package v.1.5.2.
Only unique reads that fell within exon regions were counted. After
extraction of gene hit counts, the gene hit counts table was used for
downstream differential expression analysis. Using DESeq2, a compar-
ison of gene expression between the groups of samples was performed.
The Wald test was used to generate p values and lg2 fold changes.
Genes with adjusted p values <0.05 and absolute log2 fold changes
>1 were called as differentially expressed genes for each comparison.
EnrichR software was used for GO term enrichment analysis and
GO terms with adjusted p values <0.05 were deemed significant.
Human PBMC isolation and CD8 T cell purification

Leukoreduction System (LRS) chambers were obtained from the
Stanford Blood Center. PBMCs were isolated by density gradient
(Histopaque 1077) from LRS chambers. CD8+ T cells were isolated
from PBMCs using negative selection (Stem Cells) kits according to
the manufacturer’s instructions.
FACS staining for chemerin and cell surface markers

Purified hu-CD8 T cells were stained with fluorescently labeled anti-
bodies against CD3-AF700 (UCHT1, BD Pharmingen), CD4-BV786
(RPA-T4, BioLegend), CD8a-BV650 (RPA-T8, BioLegend), CD56-
PE/BV711 (NCAM16.2, BD Bioscience), CD45RO-BV605 (UCHL1,
BioLegend), CCR7-PerCpCy5.5 (150503, BD Pharmingen), CD27-
BV711 (LG.3A10, BioLegend), and CD28-PeCF594 (CD28.2, BDHo-
rizon). In some experiments, human CD8 T cells were additionally
stained with fluorescently labeled antibodies against CX3CR1-
BV421 (2A9-1, BioLegend), CMKLR1-PE (84939, R&D Systems),
CD16-BUV737 (3G8, BD Bioscience), CD57-PE-Cy7 (QA17A04,
BioLegend), CD158-PE (HP-MA4, BioLegend), CD94-APC/Fire750
(DX22, BioLegend), PD1-PE-Cy7 (EH12.2H7, BioLegend), or
CD107a-APC (H4A3, BD Bioscience). The dead cells were excluded
by staining with 40,6-diamidino-2-phenylindole (DAPI) or the LIVE/
DEAD Fixable Aqua dye (Invitrogen). Samples were acquired on a
Fortessa flow cytometer (BD Biosciences) using FACSDiva Software
(BD Biosciences; v.8.0.1) and were analyzed using FlowJo (BD Biosci-
ences; 10.3).
Mouse blood leukocyte isolation and flow cytometry

Mouse blood was removed post mortem via the inferior vena cava and
incubated with 2% Dextran (Mr 450,000–650,000, Sigma) for 45 min
at 37�C to settle RBCs. Remaining RBCs were lysed in RBC lysis
buffer (Sigma). Blood cells were incubated with the A488-MonoFc-
mChemerin156 construct for 45 min at 37�C followed by staining
with the following antibodies for 30 min at 4�C; BUV737 anti-
mCD45 (clone 30-F1 1), BV421 anti-mCD3e (clone 145-2C11),
AF700 anti-mCD8 (clone 53–6.7), APC-Cy7 anti-mCD4 (clone
GK1.5), BV650 anti-mNK1.1 (clone PK136), BV 711 anti-mCD44
(clone IM7), PeCy7 anti-mCD62l (clone Mel-14), BV510 CD19
(clone 6D5), and PerCpCy5.5 CD11b (clone M1/70). For CMKLR1
detection, cells were stained with BZ18639 for 30 min at 4�C followed
by rat anti-mIgG1-PE secondary for 30 min at 4�C.

Binding competition studies

PBMCs were purified from human Trima residuals (Blood Centers of
the Pacific) and resuspended in RPMI supplemented with 10% FBS.
PBMCs were rested overnight at 37�C in a tissue culture incubator.
At the start of the assay, PBMCs were resuspended in 0.2% bovine
serum albumin (BSA) and 2 million cells were plated in each well
of a 96-well V-bottom plate. An immunophenotyping panel of anti-
bodies against cell surface markers including CD3, CD56, and CD16
were added to each well. All antibodies were used at a 1:50 final dilu-
tion. A competitive binding assay was carried out, concurrent to
staining for cell surface markers: 8 nM of A647-labeled human chem-
erin was added to each well. Binding of A647-labeled chemerin was
challenged by an 11-point, 3-fold dilution series of unlabeled chem-
erin, ranging from 16 pM to 1,000 nM. PBMCs were incubated for
1 h in dark on ice. PBMCs were washed 3 times in PBS + 0.2%
BSA and then fixed using 0.5% PFA. Data was collected on a BD
LSR Fortessa and analyzed using FlowJo software.

TRAMP prostate tumor-infiltrating leukocyte isolation and flow

cytometry

Male mice hemizygous for the TRAMP gene and WT mice aged
25 weeks were euthanized and perfused with 30 mL PBS. The anterior
prostate was removed, mashed through a steel mesh, and the resulting
cell pellet was stained and analyzed by flow cytometry (as described for
blood cells). Experiments with TRAMP-C1 subcutaneous tumors were
performed in 8- to 10-week-old male C57BL/6 WT mice. Mice were
implanted s.c. with 3� 106 TRAMP-C1 (in RPMI), harboring control
vector (VC) or chemerin-overexpressing vector mixed with VC in a ra-
tio of 1:1. Chemerin-overexpressing TRAMP-C1 generally fail to grow
tumors in WT C57BL/6 mice, so we added this mix group to analyze
the effects of chemerin on TILs. At 9–11 weeks post-implantation, tu-
mors were resected, and single-cell preparations of TILs were made by
mechanically disrupting and enzymatically digesting tumors using gen-
tleMACS (Miltenyi Biotec). The digestion medium contained collage-
nase IV and dispase II (1 mg/mL each; Thermo Fisher Scientific) in
DMEM medium. The cells were stained and analyzed by flow cytom-
etry. In brief, cells were lysed in RBC lysis buffer (Sigma), stained with
Zombie Aqua Fixable Viability dye (BioLegend) for 25 min at room
temperature, followed by staining with the following antibodies for
30 min at 4�C: APC/Cy7 anti-mCD45 (clone 30-F11), FITC anti-
mCD3 (clone 17A2), BV785 anti-mCD8 (clone 53–6.7), BUV395
anti-mCD4 (clone GK1.5), and BV605 CD19 (clone 6D5). For a4 in-
tegrin blockade studies, once tumors reached palpable sizes, mice
received four intraperitoneal injections (250 mg in 0.1 mL PBS) of
anti-a4 integrin mAb or control IgG, 4 days apart. Mice were eutha-
nized 4 days after final antibody injection and tumors were analyzed
for TIL CD8+ TEM cells by flow cytometry.

Real-time RT-PCR

For mRNA expression studies, prostate tumor or control prostate tis-
sues were collected from male prostate tumor-bearing TRAMP+/�
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mice (24–28 weeks old) and age-matched healthy C57BL/6WTmice,
respectively. Tissues were fixed in formalin and RNA was isolated
using a GenElute FFPE RNA Purification Kit (Sigma) as per the
manufacturer’s guidelines. RNA quality and concentrations were
determined using NanoDrop 2000 (Thermo Fisher Scientific).
ReadyScript cDNA synthesis mix (Sigma) was used to convert RNA
to cDNA via the manufacturer’s protocol. cDNA was amplified
with iTaq Universal SYBR Green Supermix (Bio-Rad) via the manu-
facturer’s protocol using mouse Rarress2 (50 CCAAGAGATCGGT
GTGGACAG 30, 50 CGGCTTTTTCCAGTCCTTCTTGG 30) and
Gapdh (50 CATGGCCTTCCGTGTTCCTA 30, 50 GCGGCACGTC
AGATCA 30) primers. A StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific) was used to quantify mRNA expression
via the 2�DDCt analysis method. Rarress2 expression was normalized
to Gapdh for each sample individually and then normalized to the
mean of the control group across the dataset.

Detection of chemerin expression in TRAMP-C1 by ELISA

Chemerin expression in stably overexpressing TRAMP-C1 (chemerin
OE) or VC cells was determined by ELISA (R&D Systems) as per the
manufacturer’s instructions. In brief, 2.5 � 106 cells were plated in
RPMImedium supplemented with 10% fetal bovine serum, penicillin,
streptomycin, and glutamine (RPMI complete; Thermo Fisher Scien-
tific) in a 10-cm tissue culture plate and incubated at 37�C with 5%
CO2 for 48 h. Cell culture supernatants were collected and filtered
before using in ELISA. Chemerin concentrations in each sample
were measured against a standard curve with known concentrations
of chemerin. Chemerin-overexpressing TRAMP-C1 had significantly
higher chemerin expression (1.180 ± 0.019 ng/mL) compared with
VC (0.045 ± 0.013 ng/mL), mean ± SEM; *p < 0.01 by t test, n = 6
wells each.

Chemotaxis studies

Purified hu-CD8 T cells (100,000–500,000) were added to Transwell
inserts (5 mM pore) in 100 mL chemotaxis medium (RPMI 1640 plus
0.5% BSA). Test samples were added to the bottom well in 600 mL
chemotaxis medium. Chemotaxis plates were incubated for 2 h at
37�C, then inserts were removed, and the cells of the lower chamber
were stained for flow cytometry analysis, and counting beads were
added to calculate absolute cell numbers.

LDV-FITC experiments

Purified hu-CD8 T cells were stained with fluorescently labeled anti-
bodies against CD3, CD4, CD8, CD56, CD45RO, CCR7, CD27, and
CD28. After cell surface staining, cells were placed at 37�C for 15–
20 min in HBSS containing calcium/magnesium and 4 nM LDV-
FITC. Immediately prior to flow cytometry acquisition, each sample
were stained with DAPI for dead cells exclusion and analyzed for 30 s
prior to addition of 1 mM Mn2+, Chem157, Chem155, CXCL12, or
VC buffer (PBS) and acquisition for an additional 2 min. For each
sample, the median fluorescence intensity (MFI) of the LDV-FITC
staining was calculated per 10-s bin, and data expressed as a percent-
age of the maximal MFI for the manganese sample, taken as a positive
control.
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Cytotoxic assay—CD107a degranulation and IFN-g stain

Purified hu-CD8 T cells were stained with fluorescently labeled anti-
bodies against CD3, CD8, CD45RO, CCR7, CD28, and CMKLR1.
Cells were stained with DAPI for dead cells exclusion and sorted
for live CMKLR1+ and CMKLR1– CD8+ TEM and live CMKLR1+

and CMKLR1– CD8+ TEMRA. Freshly sorted T cells were incubated
at 37�C for 5 h with K562 cells (effector-to-target ratio of 2:1) with
APC-conjugated CD107a antibody. Brefeldin A and Monensin
(1 mg mL�1 each) were added for the final 4 h of incubation. In
some conditions, T cells were incubated without target cells. At the
end of the incubation, cells were stained with the LIVE/DEAD Fixable
Aqua dye (Invitrogen), followed by cell surface staining (same as
above), fixed using 1% paraformaldehyde (Invitrogen) in PBS for
5 min at 4�C, permeabilized in 1� permeabilization buffer from In-
vitrogen for 30 min at 4�C, stained for IFN-g in 1� permeabilization
buffer overnight at 4�C, and analyzed by flow cytometry.

Cytotoxicity assay—K562 tumor cell killing

Purified hu-CD8 T cells were stained with fluorescently labeled anti-
bodies against CD3, CD8, CD45RO, and CCR7, as well as with the
A647-MonoFc-huChemerin157 construct. Cells were stained with
DAPI for dead cell exclusion and sorted for live “CMKLR1+” (chem-
erin binding) and “CMKLR1–” (chemerin nonbinding) CD8+

TEMRA cells, and live CD8+ naive T cells using the BD FACSAria
III cell sorter. NK cells were enriched from PBMCs using a negative
selection kit (Stem Cell Technologies) according to the manufac-
turer’s instructions. Freshly sorted T cell subsets and enriched NK
cells were incubated at 37�C for 3 h with K562 cells (effector-to-target
ratio of 20:1) in complete medium (RPMI supplemented with 1%
penicillin/streptomycin, 1% nonessential amino acid, 1% sodium py-
ruvate, 50 mM 2-ME, 10% FBS, and 1% L-glutamine). At the end of
the incubation, cells were stained with Annexin V-FITC (Thermo
Fisher Scientific) according to the manufacturer’s instructions and
propidium iodide (1 mg/mL), acquired by flow cytometry using a
BD LSRFortessa Cell Analyzer, and analyzed using FlowJo software.
Tumor cells were differentiated from effector cells based on distinct
forward and side scatter properties.
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Figure S1.  scRNA-seq and flow cytometry analyses reveal CD4 subsets expressing CMKLR1. (A) 

Analysis of publicly available single cell gene expression data from human CD4+ T cells (Liver10; Lung11). 
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Boxplots showing expression of PDCD1, KLRD1, and CMKLR1 in naïve (C06_CD4-CCR7), exhausted 

(C10_CD4-CXCL13), and effector memory or effector memory RA (EM/EMRA, C11_CD4-GNLY) CD4+ T 

cells from human blood, tumor tissue or normal tissue of liver and lung cancer patients at single cell 

resolution. (B-D) Flow cytometry of CMKLR1 immunostaining in subsets of (B) CD4 effector memory 

(EM, CD45RO+ CCR7-), effector memory RA (EMRA, CD45RO- CCR7-), central memory (CM, CD45RO+ 

CCR7+), or naïve (N, CD45RO- CCR7+) (C-D) CD28- CD27- (28- 27-), CD28- CD27+ (28- 27+), CD28+ 

CD27- (28+ 27-), or CD28+ CD27+ (28- 27-) CD4 EM (C) or EMRA (D). (Left) Shown are representative 

gating strategy and histograms for CMKLR1 in each CD4 subsets. Representative dot plots from n= 2 

experiments with 5 donors total.   
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Figure S2.  RNAseq analysis of human CD8 EMRA T cells.  (A) Gene set enrichment analysis (EnrichR) 

was performed to identify GO terms enriched in chemerin-binding CD8 EMRA subset relative to 

chemerin non-binders.  Significantly enriched GO term-defined functional properties are listed 

(adjusted P-value <0.05).  (B) Heat map of selected genes encoding transcription factors and markers 

of T cell immune checkpoints/exhaustion.  Gene expression counts were rlog-transformed for 

visualization and are colored from blue (low expression) to red (high expression).   
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Figure S3.  CMKLR1-expressing CD8 EM display phenotypic and cytotoxic features of NK cells (A) 

Flow cytometry of CD16, CD57, CD156, CD94, and CD56 immunostaining in subsets of NK cells, CD8 T 

naïve and EM divided into CD27/CD28 subsets as shown in Figure 1. (Left) For each subset, the 

percentage of positive cells for each marker is shown. Shown are pooled data (means ± s.e.m.) from n= 

3 experiments with 6-9 donors total. (Right) Representative histogram overlays are shown. (B-C) Cell 

surface expression of CD107a (B) and intracellular IFN-g (C) in cell-sorted populations of CD8 EM T 

cells positive (CMKLR1+) or negative (CMKLR1-) for CMKLR1 cocultured with K562 cells at an effector 

to target ratio (E:T) of 2:1. Shown are pooled data (means ± s.e.m.) from n = 3 experiments.  For each 
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experiment, the percentage of CD107a or IFN-g positive cells is set to 100 for the CMKLR1- group, and 

the data for the CMKLR1+ group is shown as a percentage of the CMKLR1- control group. Groups were 

compared by two-way ANOVA with Dunnett’s multiple comparisons test (A) or two-tailed Student’s t-

test (B-C). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001, ns: not significant. 
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Figure S4.  Active chemerin triggers chemotaxis and alpha 4 integrin activation in CMKLR1+ CD8 

EM T cells. Migration of CD8 subsets (A) or CD8 EMRA CD28- or CD28+ subsets (B) in response to 

human CXCL12.  Migration of CD8 EM CD28- or CD28+ subsets in response to human active chemerin 

(Chem157AF647 or dead chemerin (Chem155AF647) (C), or human CXCL12 (D).  For (A-D), shown are 

pooled data from two experiments (means ± s.e.m.) with n=3 donors in total.  For each donor and 

subset, results are shown as a percentage of the absolute migrating cell number in absence of CXCL12 

or chemerin in the bottom chamber.  Groups were compared by one-way ANOVA with Šídák’s multiple 

comparisons test.  Flow cytometry analyses of LDV-FITC binding to CD28- (E-F) or CD28+(G-H) EM 

upon stimulation with human Chem155AF647, Chem157AF647, or CXCL12. For each sample, the median 

fluorescence intensity (MFI) of the LDV-FITC staining was calculated per ten seconds bins, and data 

expressed as a percentage of the maximal MFI recorded upon Manganese stimulation, taken as a 

positive control. Shown are pooled data (means ± s.e.m.)  from four experiments with n=6 donors in 

total. Groups were compared by two-way ANOVA with Šídák’s or Tukey’s multiple comparisons test. 

***P ≤ 0.001; ****P ≤ 0.0001, ns: not significant.   
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