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ABSTRACT
Background T cell exhaustion compromises antitumor
immunity, and a sustained elevation of co-inhibitory

receptors is a hallmark of T cell exhaustion in solid tumors.

Similarly, upregulation of co-inhibitory receptors has
been reported in T cells in hematological cancers such
as chronic lymphocytic leukemia (CLL). However, the

role of CD160, a glycosylphosphatidylinositol-anchored
protein, as one of these co-inhibitory receptors has been
contradictory in T cell function. Therefore, we decided to
elucidate how CD160 expression and/or co-expression
with other co-inhibitory receptors influence T cell effector
functions in patients with CLL.

Methods We studied 56 patients with CLL and 25 age-
matched and sex-matched healthy controls in this study.
The expression of different co-inhibitory receptors was
analyzed in T cells obtained from the peripheral blood or
the bone marrow. Also, we quantified the properties of
extracellular vesicles (EVs) in the plasma of patients with
CLL versus healthy controls. Finally, we measured 29
different cytokines, chemokines or other biomarkers in
the plasma specimens of patients with CLL and healthy
controls.

Results We found that CD160 was the most upregulated
co-inhibitory receptor in patients with CLL. Its expression
was associated with an exhausted T cell phenotype.
CD160*CD8* T cells were highly antigen-experienced/
effector T cells, while CD160"CD4* T cells were more
heterogeneous. In particular, we identified EVs as a source
of CD160 in the plasma of patients with CLL that can be
taken up by T cells. Moreover, we observed a dominantly
proinflammatory cytokine profile in the plasma of patients
with CLL. In particular, interleukin-16 (IL-16) was highly
elevated and correlated with the advanced clinical stage
(Rai). Furthermore, we observed that the incubation of T
cells with IL-16 results in the upregulation of CD160.
Conclusions Our study provides a novel insight into

the influence of CD160 expression/co-expression with
other co-inhibitory receptors in T cell effector functions in
patients with CLL. Besides, IL-16-mediated upregulation
of CD160 expression in T cells highlights the importance
of IL-16/CD160 as potential immunotherapy targets in
patients with CLL. Therefore, our findings propose a
significant role for CD160 in T cell exhaustion in patients
with CLL.

1,2,4

BACKGROUND
Chronic lymphocytic leukemia (CLL), the
most common leukemia among adults in
Western countries, is identified by the clonal
expansion of CD5" mature B lymphocytes in
the blood, bone marrow (BM), and secondary
lymphoid organs.' * The disease fate is highly
influenced by the advanced clinical stage (ie,
Rai stage), the broad range of genetic factors
and remarkable contributions from the tumor
microenvironment.” MalignantB cells (B-CLL)
impair both innate and adaptive immune
responses and thus increase susceptibility to
infections.” Several quantitative,” phenotypic,”
and functional” T cell alterations are reported
in patients with CLL. Although CD8" T cells
play an important role against the tumor, the
occurrence of T cell exhaustion compromises
their effector functions. Exhausted CD8" T
cells are characterized by the loss of effector
functions, altered epigenetic and transcrip-
tional profiles, distinct metabolic style, and
the inability to transition to memory T cells.®
Antigen persistence, soluble mediators, cyto-
kines, and immunoregulatory cells modulate
the severity and the pace of T cell exhaustion.’
The sustained upregulation of co-inhib-
itory receptors (co-IRs) is the hallmark of
CD4" and CD8' T cell exhaustion in chronic
viral infections and cancer.'” Likewise, it
has been shown that T cells in CLL upreg-
ulate the expression of programmed cell
death protein-1 (PD-1), CD160, and 2B4
(CD244),"" which results in their impairment
(eg, proliferation, cytotoxicity, and cytolytic
functions).”” ' Comparable alterations in
the gene and protein expression in T cells of
TCL1 transgenic CLL mouse model in which
adopted T cells acquire the characteristic of T
cell dysfunction on tumor antigen encounter
have been reported.'*

BM)

Bozorgmehr N, et al. J Immunother Cancer 2021;9:¢002189. doi:10.1136/jitc-2020-002189 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-7215-2009
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2020-002189&domain=pdf&date_stamp=2021-04-30

CD160 as one of these IRs belongs to glycosylphospha-
tidylinositol (GPI)-anchored glycoprotein of the immu-
noglobulin superfamily."” It was first identified on the
membrane of mice natural killer (NK) cells,'® mast cells,!”
and B-CLL cells but not on normal B cells."® CD160 can
exist in three different forms such as the GPI-anchored,
transmembrane (TM), and soluble forms. T cells mainly
express the GPI but occasionally TM isoforms.'” The
soluble isoform composed of the extracellular regions
of CD160 that is susceptible to be cleaved from the cell
membrane by a metalloprotease as CD160 shedding has
been reported from NK* and mast cells'” on activation
and degranulation, respectively.

Human/mouse CDI160 binds weakly to classical
and non-classical major histocompatibility complex-I
(MHC-I) molecules,” triggering NK cell cytotoxicity™
and the release of proinflammatory cytokines. The inter-
action of CD160 with classical and non-classical MHGC-I
complexes inhibits binding of CD8 to a3 subunits of
MHC class I, causing defect in MHC class I-dependent
CD8" T cell cytotoxicity.* CD160 and B- T-lymphocyte
attenuator (BTLA) interact with the cysteine-rich region
of the extracellular domain of herpesvirus entry medi-
ator (HVEM).” ** The engagement of CD160 with the
soluble HVEM has a costimulatory effect on human NK
cell function.”” Paradoxically, CD160 interaction with
HVEM receptor delivers an inhibitory signal to activated
CD4' T cells, resulting in diminished cytokine production
and proliferation.Q6 However, the role of CD160 in CD8"
T cells is more complex. For example, CD160 exhibits
an inhibitory function in viral infections such as HIV?’
but a stimulatory property in Listeria monocytogenes infec-
tion” and the allograft skin reaction.* The various role
of the CD160 molecule could be related to the expres-
sion of its corresponding ligands HVEM or MHC-I. For
example, the interaction of CD160 with MHC-I induces a
stimulatory signal,” whereas the interaction with HVEM
triggers an inhibitory signal.® These discrepancies in the
field warrant further investigations to better understand
the role of CD160 in T cell function in chronic conditions
such as cancer. Moreover, it is unclear how the soluble
CD160 is transported out of immune cells and there is a
possibility that extracellular vesicles (EVs) are involved in
this process.

EVs are small endosomal-derived membrane microve-
sicles (50-100 nm) that are released extracellularly and
act as intracellular communicators.”” EVs carry a complex
of cargo proteins, lipids and nucleic acids to target cells.
EVs express tetraspanins (CD9, CD63, CD81), cytoskel-
eton proteins, stress proteins, MHC, RNA, DNA, and
glycolipids. Besides, EVs can carry co-inhibitory receptors
and modulate the effector functions of different immune
cells.”

In this study, we examined the expression of CD160 on
the surface of both CD8" and CD4" T cells in 56 patients
with CLL. We found CD160 upregulation was associated
with an exhausted T cell phenotype. Notably, CD160"
CD8" T cells were highly antigen-experienced/effector

T cells, while CD160" CD4" T cells were more heteroge-
neous. The plasma cytokine profile of patients with CLL
exhibited a proinflammatory phenotype. In particular,
IL-16 was highly elevated in the plasma of patients with
CLL and was correlated with the Rai stage. Finally, we
show that isolated EVs from the plasma of patients with
CLL can be a source of CD160.

METHODS

Study population

The peripheral blood and bone marrow (BM) samples
were collected from patients with B-CLL. We recruited
56 patients with CLL for the study (online supplemental
table 1). The diagnosis was based on clinical, morphology,
and immuno-phenotyping features. Peripheral blood
from age-matched and sex-matched 25 healthy donors
were obtained for comparison. The staging was done
based on the clinical data using the Rai staging system
reported elsewhere.”

Cell isolation and purification

The peripheral blood mononuclear cells (PBMCs) and
BM mononuclear cells were isolated using Ficoll-Paque
gradients (GE Healthcare). CD8" or CD3" T cells were
isolated by negative selection using the Easysep isola-
tion kits (Stem Cell Technologies) with a purity of >90%
(online supplemental figure la,b). For effector T cell
(CD8'CCRY) isolation, CD8" T cells were stained with
phycoerythrin = (PE)-conjugated anti-CCR7 antibody,
followed by anti-PE-conjugated microbeads (Miltenyi)
with a purity of >90% (online supplemental figure 1c).
B-CLLs were isolated using the human B-CLL Cell Isola-
tion Kit (Miltenyi) with a purity of >90% (online supple-
mental figure 1d).

Flow cytometry

The fluorochrome-conjugated antibodies were purchased
from BD Biosciences, Thermo Fisher Scientific or
Biolegend including human anti-CD3 (SK7), anti-CD4
(RPA-T4), anti-CD8 (RPA-T8), anti-CD5 (UCHTZ2), anti-
CD19 (HIB19), anti-CD160 (BY55), anti-HVEM (94801),
anti-2B4 (eBioDM244), anti-TIGIT (MBSA43), anti-PD1
(EH12.1), anti-BTLA (J168-540), anti-GAL-9 (9M1-3),
anti-TIM-3 (7D3), anti-CD45RA (HL100), anti-CD45RO
(UCHL1), anti-CD62L. (DREG-56), anti-CCR7 (3D12),
anti-CD27 (0323), anti-CD28 (CD28.2), anti-CD57
(NK-1), anti-TCR-(T10Bg.1A-31), anti-TCR-(B1), anti-
CD16 (B73.1), anti-CD56 (B159), anti-CD25 (M-A251),
anti-CD69 (FNb0), anti-CD-38 (HIT2), anti-HLA-DR
(LN3), anti-Glut-1 (202915), anti-CD137 (4B4-1), anti-
CD154 (TRApl), anti-CD122 (Mik-B3), anti-CD107a
(H4A3), ant-IL-2 (MQI1-17H12), ant-TNF-(MABI11),
anti-IFN-(45.B3), anti-Perforin (dG9), anti-Granzyme-B
(GB11), anti-FOXP3 (150D /E4), anti-EOMES (WD1928),
anti-T-bet (4B10), and anti-TCF-1 (7F11A10). The LIVE/
DEAD kit (Life Technologies) was used to assess cell
viability. The phosphorylation of STAT-5 was performed
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using a Phosflow kit (BD Biosciences) according to the
manufacturer’s instruction. Stained cells were fixed in
paraformaldehyde (PFA 4%) and data were acquired on
a Fortessa-X20 or LSR Fortessa-SORP flow cytometry (BD
Bioscience). Data were analyzed using FlowJo software
(V.10.7.1). A representative gating strategy for CD160+ T
cells is provided (online supplemental figure le).

Cell culture and ex vivo cytokine measurement

PBMC:s or isolated CD8" T cells were cultured and stim-
ulated with soluble Purified NA/LE Mouse anti-human
CD3 (UCHT], 3 pg/mL) and anti-human CD28 (CD28.2,
1 pg/mL) or PMA/Ionomycin (Cell stimulation cock-
tail, BioLegend) in the presence of the protein trans-
port inhibitor Brefeldin A (BD Biosciences) for 5 hours.
After fixation and permeabilization (BD Cytofix/Cyto-
perm), intracellular cytokine staining was performed
according to our previous methods.”® > In some experi-
ments, PBMCs were stimulated with anti-CD3/CD28 anti-
bodies and treated with different cytokines such as IL-16
(R&D, 500 ng/mL) for 72 hours. Then, CD8" T cells were
subjected to flow cytometry and RT-PCR for the quantifi-
cation of CD160. In long-term cultures, every 72 hours,
fresh media and cytokine/stimulation cocktails were
added. Also, isolated B-CLL cells (1><106) were cultured
for 12 hours and then IL-16 levels were measured in the
culture supernatant by the quantikine ELISA kit (R&D).

Proliferation assay

Isolated CD3" T cells were labeled with the CFSE dye
(Life Technologies) and then stimulated with the Dyna
beads Human T-activator CD3/CD28 (Thermo Fisher
Scientific) according to the manufacturer’s protocol and
analyzed after 72 hours.

Image cytometry

After surface or intracytoplasmic staining (ICS), cells
were fixed with PFA 4% and analyzed. More than 5000
images were collected for each panel after the appro-
priate compensations were applied using the Amnis
ImageStream Mark II image cytometer (EMD Millipore)
and images were analyzed by the IDEAS software as we
have reported elsewhere.”™ Only high-resolution and
infocus images were selected for further analysis.

Mesoplex and ELISA assay

The plasma concentrations of interferon-y (IFN-y), inter-
leukin (IL)-1B, IL-2, 14, 11-6, IL-10, IL-12p70, IL-13, and
tumor necrosis factor-o. (TNF-0) were measured using
the V-plex plus Proinflammatory Panel 1 kit from Meso
Scale Discovery (MSD). The plasma levels of granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-1a,
IL-5, IL-7, 11-12/23 p40, IL-15, IL-16, IL-17A, TNF-B,
and vascular endothelial growth factor (VEGF) were
measured using the V-Plex Plus Cytokine Panel 1 (MSD).
The concentrations of FEotaxin, MIP-lo, FEotaxin-3,
TARC, IP-10, MIP-1f, IL-8, MCP-1, MDC, and MCP-4
were measured by the V-Plex Plus Chemokine Panel 1
kit (MSD). All assays were performed according to the

manufacturer’s instructions. Plasma samples were diluted
twofold for the proinflammatory and cytokine panels
and fourfold for the chemokine panel. A total of 56 CLL
samples and 20 healthy controls (HCs) were analyzed.
Datawere acquired on the V-plex Sector Imager 2400 plate
reader. Analyte concentrations were extrapolated from a
standard curve calculated using a four-parameter logistic
fit using MSD Workbench V.3.0 software. The concen-
tration of soluble CD160 in the plasma was detected by
using ELISA kit (Sino Biological). The optical density was
measured using a microplate reader (Synergy H1 Biotek)
set to 450 nm and analyzed by Genb V.2.07 software.

EV isolation and uptake assay

Plasma samples were thawed and centrifuged at 16,000xg
for 15 min at 4°C to remove debris. EVs were isolated
using the exoEasy Maxi Kit (Qiagen) according to the
manufacturer’s instruction. The protein concentration
of isolated EV fraction was determined using the Pierce
BCA protein assay kit (Thermo Fisher). Isolated EVs were
quantified using the EXOCET Exosome Quantitation
Assay kit (SBI, System Biosciences). For the uptake assay,
EVs from patients with CLL were labeled with the CFSE
dye (40 pM for 2 hours at 37°C as described).”” Unbound
dye was removed using Exo-spin columns (Invitrogen).
Next, PBMCs were co-cultured with the labeled EVs over-
night followed by flow cytometry staining using the Image
Stream analyzer.”*

Western blotting

Isolated EVs (40 pg) solubilized in SDS-PAGE buffer were
separated by electrophoresis on polyacrylamide gels (7%
or 17%, depending on the molecular weight of the target
protein). Blocking was done by 5% non-fat dry milk
before probing overnight with the primary antibodies
(CDY, CD63, CD81, CD160) (Thermo Fisher Scientific).
Then blots were labeled with horseradish peroxidase
(HRP)-conjugated secondary antibodies and transferred
to polyvinylidene fluoride membranes for chemilumi-
nescent protein detection (Thermo Fisher Scientific).
Membranes were reprobed with loading controls (actin,
GAPDH). Protein bands were quantified using Image Lab
Software V.6.0.1 (Bio-Rad).

Gene expression analysis

The RNA was isolated from CD8" T cells from HCs and
patients with CLL using the Direct-zol RNA MicroPrep
kit (Zymo Research). Normally, 100 ng of RNA was used
for cDNA synthesis using the Quantitect Reverse Tran-
scription Kit (Qiagen). RT-PCR was carried out using
Quantitect and RT2 RT-PCR Kits (Qiagen) to measure
the expression of CD160, NFKB, TCF-7, Perforin, gran-
zyme-B, EOMES, and T-bet. Each sample was run in
duplicate using the CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad). Beta-2-microglobulin was used
as a reference gene and the relative fold change of the
targeted genes was calculated by the AACT method.
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Statistical analysis

Statistical analysis was performed using GraphPad
Prism V.6 (GraphPad Software). For comparison, non-
parametric Mann-Whitney U test or Wilcoxon signed-
rank test was used for datasets that were non-paired or
paired, respectively. Data were presented as means and
SD of means (SD). Flow cytometry analysis and presen-
tation of distributions were performed using SPICE V.6%
downloaded  from  http://exon.niaid.nih.gov/spice.
A comparison of distributions was performed using a
Student’s t-test and a partial permutation test.

When more than two groups were compared, one-way
analysis of variance (ANOVA) followed by Turkey’s test
was used to compare the results. The expression level of
targeted genes between groups was analyzed by one-way
ANOVA followed by Tukey’s test.

RESULTS

CLL influences the expression of co-inhibitory receptors on T
cells

We found a significant decrease in percentages of both
CD4" and CD8" T cells in PBMCs of patients with CLL
compared with HGCs (figure 1A). This difference was
more prominent in CD4" T cells as the CD4/CDS ratio
was reduced from 2.7 in HCs to 1.15 in CLLs (figure 1A).
Unfortunately, we were unable to obtain the whole blood
cell count from HCs; therefore, there is a possibility
that a large population of malignant B cells in patients
with CLL influences the T cell count in the peripheral
blood. We observed significantly higher percentages of
CD160 expressing cells among CD8" and CD4" T cells in
patients with CLL compared with HCs (figure 1B,C and
online supplemental figure le). Notably, the percent
ages of CD8" and CD4" T cells expressing CD160 were
higher in the BM compared with the peripheral blood
(figure 1B-E). However, we did not observe any differ-
ence in the percentages of CD160 expressing T cells in
treatment naive versus treated patients (online supple-
mental figure 1f). We also evaluated the influence of age
on CD160 expression in CD8" T cells in patients with
CLL and found a higher proportion of CD160 expressing
CD8" T cells in 65-84 compared with the younger age
group (online supplemental figure 1g). Since the muta-
tion of the immunoglobulin heavy chain variable region
gene (IgHV) status is considered as a prognostic factor
in CLL,” we compared the percentages of CDI160
expressing CD8" T cells in IgHV mutated versus unmu-
tated patients. However, we did not observe any signifi-
cant difference between the groups possibly due to a low
sample size (online supplemental figure 1h). Once the
fluorescence in situ hybridization (FISH) analysis was
performed, we found significantly higher percentages of
CD160 expressing cells among CD8" T cells of Trisomy-12
subjects compared with those with Dell3q (online
supplemental figure 1i). Also, we measured the intensity
of CD160 expression on T cells of patients with CLL and
HGs, and found significantly higher expression levels of

CD160 on both CD8" and CD4" T cells of patients with
CLL compared with HCs (figure 1F,H). Then, we analyzed
the expression of CD160 at the gene level and found a
higher expression of CD160 mRNA in isolated CD8" T
cells of CLLs compared with HCs (figure 1I). Although
percentages of both CD8" and CD4" T cells expressing
intracytoplasmic CD160 were significantly higher than
those expressing the surface CD160 expression in both
patients with CLL and HGCs (figure 1D,E and J,K), T
cells expressing the intracytoplasmic CD160 had lower
frequencies in patients with CLL compared with HGCs
(figure 1],K). Also,we found that HVEM, the CD160ligand,
was highly expressed on the surface of T cells without
any difference between CLLs and HCGCs (figure 1L,M).
The same pattern was observed for percentages of B
cells expressing HVEM (online supplemental figure
1j,k). Furthermore, we found significant increase in 2B4,
TIGIT and PD-1 but the reduction of BTLA expressing
CD8" T cells in patients with CLL compared with HCs,
however, the frequency of TIM-3 and Galectin-9 (Gal-9)
expressing CD8" T cells remained unchanged (figure 1N
and online supplemental figure 1I). Of note, we did
not find any difference in the frequency of CD8" T cells
expressing these co-inhibitory receptors in the peripheral
blood versus the BM (figure 1N). Similar observations
were made for CD4" T cells expressing 2B4, TIGIT and
PD-1 (figure 10 and online supplemental figure 1m). Itis
worth mentioning that the frequency of PD-1 expressing
CD4" T cells was significantly higher in the BM compared
with the peripheral blood (figure 10) but the frequen-
cies of TIM-3 and Gal-9 expressing CD4" T cells were low
without any significant difference between patients with
CLL and HCGs (figure 10). Overall, percentages of T cells
expressing surface CD160 were significantly increased in
patients with CLL compared with HCs.

CD160" T cells exhibit impaired effector functions but
maintain their proliferative capacity in patients with CLL

We found that CD160" T cells had impaired production
of IL-2, TNF-o. and IFN-y among CD8" and CD4" T cells
in patients with CLL (figure 2A-D), which is in agree-
ment with another report.'”” We noted that CD8*CD160"
T cells compared with their CD160" counterparts in HCs
exhibited the same phenotype as CLLs ((figure 2E and
online supplemental figure 2a); however, the frequency
of CD4'CD160" T cells in HCs was very low to quantify
(online supplemental figure 2b). Because of the reported
differences in the cytokine production capacity of
different T cell subsets,*” we measured TNF-o. and IFN-y
production in CD160" and CD160 in relation to their
differentiation status (eg, naive, central memory, effector
memory and effector T cells). We found that CD160"
cells among either CD8" or CD4" T cells regardless of
their differentiation status expressed significantly lower
levels of cytokines compared with their CD16  counter-
parts (figure 2F-I and online supplemental figure 2c).
Since the coordinated action of perforin*’ and gran-
zyme-B (GzmB)™® is essential for the optimal CD8" T
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Figure 1 The expression of co-inhibitory receptors on T cells. (A) Cumulative data showing percentages of CD8" and CD4* T
cells in peripheral blood mononuclear cells (PBMCs) of patients with chronic lymphocytic leukemia (CLL) versus healthy controls
(HCs). (B) Representative flow cytometry plots of CD160*CD8* T cells, and (C) CD160"CD4* T cells in the blood and bone
marrow (BM) of patients with CLL versus HC blood. (D) Cumulative data of percentages of CD160* among CD8* T cells, and (E)
CD4* T cells in CLL (blood and BM) versus HC blood. (F) Histogram plots of CD160 expression on CD8", and (G) CD4" T cells
measured by the mean fluorescence intensity (MFI), and (H) cumulative data in CD8*/CD4*T cells of patients with CLL versus
HCs. (I) Expression of CD160 mRNA level in CD8" T cells of patients with CLL (PBMCs) relative to HCs. (J) Representative flow
cytometry plots, and (K) cumulative data of percentages of CD8" and CD4" T cells expressing intracytoplasmic (ICS) CD160

in PBMCs of patients with CLL versus HCs. (L) Representative flow cytometry plots, and (M) cumulative data of percentages

of HVEM*CD8" and HVEM*CD4* T cells in patients with CLL versus HCs. (N) Cumulative data of percentages of CD8", and

(O) CD4* T cells expressing surface expression of 2B4, TIGIT, PD-1, BTLA, Galectin-9 (GAL-9) and TIM-3 on CD8" T cells in
patients with CLL (blood and BM) versus HC blood. Each dot represents data from a single patient with CLL or HC. Figure 1H
and 1L from six human subjects/group. BTLA, B- and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator; TIGIT, T cell
immunoreceptor with Ig and ITIM domains; TIM-3, T-cell immunoglobin ad mucin-domain containing-3.

cell-mediated cytotoxicity, we analyzed perforin and  supplemental figure d,e). Higher mRNA for GzmB and
GzmB co-expression in CD8" T cells ex vivo. We found  perforin but lower protein expression may suggest that
that significantly lower percentages of CD160" compared  the genes are not efficiently translated into protein in
with CD160" CD8" T cells expressed perforin but this ~ CD8'CD160" T cells in patients with CLL. Moreover,
was not the case for GzmB. As such, significantly lower  the ability of CD8" T cells to degranulate in response to
percentages of perforin/GzmB co-expressing cells were  stimulation with anti-CD3/CD28 antibodies was assessed
observed in CD160" compared with CD160" CD8 +T by CD107a expression (lysosomal-associated membrane
cells in patients with CLL (figure 2J,K). In contrast, we protein I (LAMP-I)). We found that although CD160"
detected higher mRNA for GzmB and perforin in CD8"  and CD160" CD8" T cells expressed similar CD107a
T cells of patients with CLL compared with HCs (online  levels in the absence of stimulation, CD160" CD8" T cells
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Figure 2

Impaired cytokine production and cytolytic activity of CD160* T cells in patients with chronic lymphocytic leukemia

(CLL). (A) Representative flow cytometry plots of interleukin-2 (IL-2), tumor necrosis factor-o. (TNF-o) and interferon-y (IFN-y)
expression in CD8*CD160™ and CD8*CD160*, and (B) CD4*CD160" versus CD4*CD160* T cells. (C) Cumulative data of
percentages of IL-2, TNF-a and IFN-y expressing cells among CD8*CD160™ and CD8*CD160", and (D) CD4*CD160" and
CD4*CD160" T cells after 5 hours of in vitro stimulation with anti-CD3/CD28 antibodies. (E) Cumulative data of percentages

of TNF-o. and IFN-y expressing cells among CD8*CD160™ and CD8*CD160* T cells in healthy controls (HCs). (F) Cumulative
data of percentages of TNF-a, and (G) IFN-y expressing cells in CD8"CD160 versus CD8"CD160" T cells of patients with CLL
defined as (N: naive; CM: central memory; EM: effector memory; E: effector). (H) Cumulative data of percentages of TNF-a, and
(I) IFN-y expressing cells in CD4*CD160" versus CD4*CD160" T cells in different T cell subsets as shown. (J) Representative flow
cytometry plots, and (K) cumulative data of percentages of granzyme-B (GzmB) and perforin expressing cells in CD8*CD160"
versus CD8*CD160" T cells in patients with CLL. For TNF-o and IFN-y analysis, peripheral blood mononuclear cells (PBMCs)
were stimulated with the anti-CD3 (3 pg/mL) and anti-CD28 (1 pg/mL) in the presence of protein transporter inhibitor (1:1000) for
5 hours. Each dot represents data from a single patient with CLL.

exhibited impaired degranulation capacity following
stimulation (figure 3A-D). Another feature of T cell
exhaustion is the gradual loss of proliferation capacity.*
Thus, we assessed the proliferative capacity of isolated
CD160" versus CD160™ T cells in response to stimulation
with anti-CD3/CD28-coated microbeads for 72 hours in
vitro. However, no significant difference was observed in
the percentages of proliferated CD160" versus CD160" in
both CD8" and CD4" T cells (figure 3E-H). Because of the
difference in proliferative capacities of T cell subsets,™ *’

we measured the proliferative capacity of isolated effector
T cells; however, both CD8*CD160" and CD8'CD160" T
cells exhibited similar proliferative capacity (online
supplemental figure 2f-). Similar observations were made
for the Ki67 expression in CD160" versus CD160™ T cells
(online supplemental figure 2j,k). Thus, our findings
show that CD160" T cells exhibit a dysfunctional pheno-
type in patients with CLL.
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Figure 3 The impact of CD160, 2B4 and TIGIT expression on T cell effector functions in patients with chronic lymphocytic
leukemia (CLL). (A) Representative flow cytometry plots, and (B-D) cumulative data of percentages of CD107a expressing cells
among CD8*CD160™ and CD160*CD8* T cells in unstimulated versus stimulated peripheral blood mononuclear cells (PBMCs)
with anti-CD3/CD28 antibodies for 5 hours. (E) Representative flow cytometry plot of percentages of CFSElo (proliferated)
CD8"CD160™ and CD8*CD160*, and (F) CD4*CD160" and CD4"CD160" T cells. (G) Cumulative data of percentages of CFSElo
CD8"CD160" versus CD8"CD160", and (H) CD4*CD160" versus CD4*CD160" T cells after stimulation of PBMCs from CLL
patients with anti-CD3/CD28 antibodies for 3 days. () Cumulative data of percentages of tumor necrosis factor-o (TNF-o),
interferon-y (IFN-y), granzyme-B (GzmB), perforin and CD107a expressing cells among 2B4/2B4*CD8" T cells. (J) Cumulative
data showing percentages of TNF-a and IFN-y expressing cells among 2B47/2B4* CD4" T cells of patients with CLL. (K)
Cumulative data showing percentages of TNF-a,, IFN-y, GzmB, perforin and CD107a expressing cells among TIGIT/TIGIT*
CD8* T cells. (L) Cumulative data showing percentages of TNF-o. and IFN-y expressing cells among TIGIT/TIGIT® CD4* T cells
of patients with CLL. For TNF-o. and IFN-y and CD107a analysis, PBMCs were stimulated with the anti-CD3 (3 pg/mL) and the
anti-CD28 (1 yg/mL) antibody in the presence of protein transporter inhibitor (1:1000) for 5 hours. Each dot represents data from

a single patient with CLL. TIGIT, T cell immunoreceptor with Ig and ITIM domains.

Differential effects of 2B4 and TIGIT expression on cytokine

production and cytolytic activity of T cells in patients with CLL
We also evaluated the effect of other highly expressed
co-inhibitory receptors such as 2B4 and TIGIT on T cell
effector functions in patients with CLL. In contrast to
CD160 expression, 2B4 expression was associated with
a greater cytokine production ability of both CD8" and
CD4" T cells in patients with CLL (figure 31,], and online
supplemental figure 2i), which is consistent with a previous
r(—:~port.34 While the expression of TIGIT had no signifi-
cant impact on TNF-0, and IFN-y production in CD8+ T

cells, it dampened TNF-o. and IFN-y production in CD4"
T cells (figure 3K,L, and online supplemental figure 3m).
Of note, the co-expression of GmzB/perforin was negli-
gible in 2B4 CD8" T cells (online supplemental figure
2n). However, the expression of TIGIT did not affect the
expression of GzmB/perforin in CD8" T cells in patients
with CLL (figure 3K and online supplemental figure 20).
Also, we found a significantly higher frequency of cyto-
lytic molecules and CD107a expressing cells among 2B4"
CDS8" T cells compared with their negative counterparts
(figure 3I and online supplemental figure 2p). Finally,
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we found a higher frequency of CD107a expressing cells
among 2B4'CD8" versus TIGIT'CDS8' T cells after stimula-
tion with anti-CD3/CD28 antibodies for 5 hours (online
supplemental figure 2p). Overall, the expression of 2B4
was associated with enhanced T cell effector functions in
patients with CLL but this was not the case for TIGIT.

Co-expression of CD160 with other co-inhibitory receptors
results in a more impaired CD8* T cell phenotype in patients
with CLL

Since the co-expression of multiple co-inhibitory recep-
tors dictates a more impaired T cell phenotype,'” we

analyzed the co-expression of CD160 with other co-in-
hibitory receptors. We found that CD160 was highly
co-expressed with 2B4 and TIGIT but to a lesser extent
with PD-1, and BTLA in CD8" T cells (figure 4A,B).
Conversely, CD160 was moderately co-expressed with
TIGIT, PD-1 and BTLA but even lower with 2B4 on CD4"
T cells (figure 4C,D). Besides, we analyzed the simulta-
neous co-expression of 2B4, CD160, and TIGIT using
the SPICE software. We found that most of CD8" T cells
expressed one or two of these co-inhibitory receptors but

204+5% of CDS8" T cells co-expressed CD160, 2B4, and
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Figure 4 Co-expression of CD160 with other co-inhibitory receptors on T cells in patients with lymphocytic leukemia (CLL). (A)
Representative flow cytometry plots, and (B) cumulative data showing percentages of CD160 co-expression with 2B4, TIGIT,
PD-1, and BTLA in CD8* T cells. (C) Representative flow cytometry plots, and (D) cumulative data showing percentages of
CD160 co-expression with 2B4, TIGIT, PD-1, and BTLA in CD4* T cells. (E) The pie chart showing percentages of CD8* T cells
co-expressing CD160, 2B4, and TIGIT, simultaneously. (F) The pie chart showing percentages of CD4" T cells co-expressing
CD160, 2B4, and TIGIT, simultaneously. (G) Cumulative data showing percentages of tumor necrosis factor-o. (TNF-0),
interferon-y (IFN-y), granzyme-B (GzmB), perforin and CD107a expressing cells among CD160"2B4*/CD1602B4*/CD1602B4"
CD8* T cells. (H) Cumulative data showing percentages of TNF-o, IFN-y, GzmB, perforin and CD107a expressing cells among
CD160*TIGIT*/CD160°TIGIT*/CD160*TIGIT CD8" T cells. (I) Cumulative data showing percentages of TNF-o, IFN-y expressing
cells among CD160*PD-1*/CD160"PD-1*/CD160*PD-1" CD8" T cells. Each dot represents data from a single patient with CLL.
BTLA, B- and T-lymphocyte attenuator; PD-1, programmed cell death protein-1; TIGIT, T cell immunoreceptor with Ig and ITIM

domains.

8 Bozorgmehr N, et al. J Immunother Cancer 2021;9:6002189. doi:10.1136/jitc-2020-002189


https://dx.doi.org/10.1136/jitc-2020-002189
https://dx.doi.org/10.1136/jitc-2020-002189

TIGIT (red-colored sector on the pie chart and the bar
graph) (figure 4E). In contrast, the majority of CD4" T
cells expressed only TIGIT (gray-colored sector on the
pie chart and bar graph, or none of these co-inhibitory
receptors (purple-colored sector colored on the pie chart
and bar graph) (figure 4F). We found about 50% of CD8"
and 10% of CD4" T cells co-expressed 2B4 and TIGIT
(online supplemental figure 3a,b).

We also analyzed the effect of CD160 co-expression
with 2B4, TIGIT, and PD-1 on CD8" T cell effector func-
tions. Co-expression of CD160 with 2B4 and TIGIT corre-
sponded with impaired cytokine production (TNF-o
and IFN-y), lower levels of cytolytic molecules (GzmB
and perforin) expression, and reduced degranulation
(CD107a) capacity (figure 4G,H. The reduced effector
functionsin CD1607/2B4 and CD160/TIGIT CD8" T cells
could be explained by their exclusion from the effector T
cell pool. Although the frequency of CD160"PD-1"CD8"
T cell subset was low, these cells exhibited impaired cyto-
kine production (figure 4I), which is consistent with a
report.** These observations indicate that co-expression
of CD160 with 2B4, TIGIT, and PD-1 dictates an impaired
CDS8' T cell phenotype in patients with CLL (figure 4G-I).

CD160 expression is associated with different stages of T cell
differentiation

To determine the differentiation status of CD160" T
cells, we stained them with CD45RA and CCR7. We
observed that not only the majority of CD8" T cells but
also CD160°CD8" T cells were effector T cells (T,,,) in
patients with CLL (online supplemental figure 3c-f). This
was not the case for CD4" T cells, while total CD4" T cells
were enriched with T, cells (online supplemental figure
3g,h), CD160°CD4" T cells were heterogeneous (online
supplemental figure 3i,j). When we compared CD8" T
cell subsets in patients with CLL versus HCs, we found
significantly higher percentages of T, . but lower naive,
CM, and EM in patients with CLL (online supplemental
figure 3d). The same pattern was the case for CD4" T
cells except for percentages of naive T cells remained
unchanged in HCs versus patients with CLL (online
supplemental figure 3h). Also, we observed significantly
higher replicative senescence in CD8'CD160" T cells
compared with their negative counterparts as evidenced
by a lower CD28 but higher CD57 and PD-1 expression*
(online supplemental figure 3k-n).

Next, we analyzed the expression of CDI60 in
different generations of antigen-experienced CD8"
T cells as follows: mnaive (CD27'CD28'CD45RA'C-
CR7°CD57), Ag experienced level-1 (CD27° CD28"C-
D45RA'CCR7°CD57), Ag experienced level-2
(CD27°CD28'CD45RACCR7CD577"),  Ag  experi-
enced level-3 (CD27'CD28CD45RAY"CCR7CD57""),
and Ag experienced level-4 (CD27CD28CD45RA
CCR7CD57%)." **We found an increase in the expression
of CD160 on CD8" T cells as the level of antigen expe-
rience progressed (online supplemental figure 3o0,p).
This was further confirmed by a higher expression of

CD137, as a marker of antigen-experienced T cells,”” on
CD160°CD8" T cells (online supplemental figure 3q,r).
Thus, CD160°CD8" T cells have a characteristic of an
antigen-experienced effector phenotype with very few
senescent cells.

Differential expression of exhaustion transcriptional factors
and IL-2 signaling in CD160* T cells in patients with CLL

T-bet and EOMES are T-box family transcription factors,
whose intricate equilibrium delineates and maintains
different subsets of exhausted CD8" T cells.” Tcfl is
another transcription factor related to preserving the
effector function of exhausted T cells.” We found no
change in the expression of EOMES at the gene level
but T-bet (TBX21) was significantly upregulated in CD8"
T cells from patients with CLL compared with HCs.
However, the expression of the Tcfl gene was downreg-
ulated in CD8" T cells of patients with CLL versus HCs
(online supplemental figure 4a-c). At the protein level, we
found no change in EOMES and T-bet expressing CD8" T
cells but significantly higher percentages of CD160°CD4"
T cells expressed EOMES compared with CD4'CD160° T
cells (online supplemental figure d-f).

Also, we measured the expression of IL-2 receptors,
CD25 (IL-2Ra), and CDI122 (IL-2RB) on CDI160" T
cells. We found that CD122 was significantly higher in
CD4'CD160" but not in CD8'CD160" T cells (online
supplemental figure 4g,h). On the other hand, CD25
was highly expressed on both CD4" and CD8" T cells
expressing CD160 (online supplemental figure 3i,j).
Considering the higher IL-2 receptor expression in
CD160" T cells, we measured the signal transduction in
response to IL-2 stimulation in vitro. We treated PBMCs
from CLL patients with or without IL-2 and phosphoryla-
tion of STAT-5 was measured by Phospho-flow. We found
that CD160" T cells had higher baseline phosphorylation
of STAT-5 compared with CD160" population and also
after stimulation with IL-2 (online supplemental figure
4k-n).

Prolonged T cell stimulation upregulates surface CD160
expression on T cells

To understand the mechanism underlying CD160 upreg-
ulation on T cell surface in patients with CLL, we analyzed
the effect of T cell stimulation on CD160 surface and
intracytoplasmic expression. Interestingly, we observed
that culture of PBMCs (72 hours) from patients with
CLL in the absence of any stimulation resulted in the
expansion of CD160 expressing CD8" and CD4" T cells,
respectively (figure 5A,B, and online supplemental figure
5a,b). To rule out the external source of CD160 such as
NK cells,” we cultured isolated CD8" T cells and again
the same pattern was observed (figure 5C). We found
that this was unrelated to the fetal bovine serum (FBS)
in the culture media (figure bA,B, and online supple-
mental figure 5a,b). These observations suggested that
the intracellular CD160 may translocate to the surface of
T cells when cultured in vitro. To confirm this, Brefeldin
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Figure 5 Prolonged T cell stimulation upregulates CD160 expression. (A) Representative flow cytometry plots, and (B)
cumulative data showing percentages of CD8* T cells expressing CD160 at the baseline, in the presence of 10%, 20% (fetal
bovine serum (FBS)) or in the absence of FBS after 72 hours in vitro culture of total peripheral blood mononuclear cells (PBMCs)
from patients with chronic lymphocytic leukemia (CLL). (C) Cumulative data showing percentages of isolated CD8" T cells
expressing CD160 at the baseline and after 72 hours in vitro culture. (D) Representative flow cytometry plots, and (E) cumulative
data of percentages of CD8" T cells expressing CD160 in the absence or presence of Brefeldin A and Monensin after 6-hour
culture of peripheral blood mononuclear cells (PBMCs). (F) Representative histogram, and (G) cumulative data of the mean

fluorescence intensity (MFI) of surface CD160 expression on CD8*
versus unstimulated (Un-stim) for 72 hours. (H) Representative hist

T cells stimulated with anti-CD3/CD28 antibodies (stim)
ogram, and (l) cumulative data of intracytoplasmic CD160

expression in CD8* T cells unstimulated versus stimulated with anti-CD3/CD28 for 72 hours. (J) Representative histogram, and
(K) cumulative data of MFI for the surface expression of CD160 in CD8" T cells, unstimulated versus stimulated with anti-CD3/

CD28 after 6 days of in vitro culture. (L) Representative histogram,

and (M) cumulative data of MFI for the intracytoplasmic

expression of CD160 in CD8" T cells, unstimulated versus stimulated with anti-CD3/CD28 after 6 days of in vitro culture. Each
dot represents data from a single study subject. ICS, intracytoplasmic staining.

A (endoplasmic reticulum (ER) to Golgi inhibitor) and
Monensin (Golgi to plasma membrane pathway inhib-
itor) were added to the culture media for 16 hours, which
resulted in a significant reduction of cells expressing
CD160 compared with non-treated T cells (figure 5D,E,
and online supplemental figure 5c,d). These observations
suggested that CD160 gets transported to the surface via
the ER-Golgi—plasma membrane pathway.

Moreover, we observed that on stimulation of PBMCs
with anti-CD3/CD28 antibody (for 72 hours), the
surface CD160 expression was significantly decreased,
while intracytoplasmic expression was increased in both
CD8" (figure 5F-I) and CD4" T cells (online supple-
mental figure 5e-h). However, the prolonged stimulation

with anti-CD3/CD28 antibody (for 6 days) resulted in
a significant upregulation of surface CD160 on CD8"
(figure 5],K) and CD4" T cells (online supplemental
figure 5i,j). Similarly, the intracytoplasmic expression of
CD160 was increased in stimulated CD8" cells with anti-
CD3/CD28 antibodies (figure 5L, M) and CD4" T cells
(online supplemental figure k,1).

To test the possibility of CD160 shedding from T cells,
isolated CD8" T cells were stimulated with anti-CD3/
CD28 antibodies, IL-2 or IL-15 for 72 hours. Interestingly,
CD160 protein was undetectable in cell culture super-
natants as measured by western blotting (using an anti-
CD160 antibody (Clone: BY55) (online supplemental
figure 5m). Notably, we detected significantly lower levels
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of CD160 in the plasma of patients with CLL compared
with HGs (online supplemental figure 5n). These obser-
vations suggest that constant antigenic stimulation may
result in the upregulation of CD160 in T cells of patients
with CLL.

Plasma-derived EVs contain CD160 in patients with CLL

To determine the role of soluble mediators in CD160
expression on T cells, we added 5%, 10%, and 20% of
plasma from CLL or HCs to unstimulated PBMCs from

patients with CLL and HCs for 72 hours. Interestingly, we
observed the upregulation of CD160 on both CD8" and
CD4' T cells in a dose-dependent manner (figure 6A-C).
To better understand the mechanism, we isolated EVs
from the plasma of patients with CLL and HGCs. In
contrast to a previous report,” using the Exocet ELISA
method we did not observe any difference in the quantity
of EVs between patients with CLL and HCs (figure 6D).
We found that EVs, as characterized by CD9, CD81, and
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Figure 6 Plasma-derived extracellular vesicles (EVs) contain CD160. (A) Representative flow cytometry plots of CD160
expression in CD8" and CD4" T cells untreated versus treated with the plasma from patients with chronic lymphocytic leukemia
(CCL) (using 5%, 10% and 20% plasma) after 72 hours of in vitro culture. (B) Cumulative data of percentages of CD160
expressing cells among CD8", and (C) CD4" T cells either untreated or treated with indicated plasma concentrations after 72
hours. (D) Quantification of EV numbers isolated from the plasma of CLLs versus healthy controls (HCs) by Exocet ELISA kit. (E)
ImageStream plots of plasma-derived EVs showing the expression of CD9, CD63 and CD160, bright field (BF). (F) ImageStream
plots of plasma-derived EVs showing expression of CD63, CD81 and CD160. (G) Representative western blot (WB) images

of plasma-derived EVs from HCs and patients with CLL depicting CD160 presence. (H) Cumulative data showing normalized
arbitrary units of CD160/actin in plasma-derived EVs in HCs versus patients with CLL. (I) Representative WB images of plasma-
derived EVs depicting CD9 expression, and (J) cumulative data showing normalized arbitrary units of CD9/actin in plasma-
derived EVs in HCs versus patients with CLL. (K) Representative WB images of plasma-derived EVs depicting CD63 expression,
and (L) cumulative data showing normalized arbitrary units of CD63/GAPDH in plasma-derived EVs in HCs versus patients

with CLL. (M) Representative WB images of plasma-derived EVs depicting CD81 expression, and (N) cumulative data showing
normalized arbitrary units of CD160/actin in plasma-derived EVs in HCs versus patients with CLL. Actin was used as a loading
control to normalize protein amounts of CD81, CD9, and CD160, and GAPDH was used as a loading control to normalize
protein amount of CD63. Each dot/band represents data from a subject.
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CD63 markers, contained CD160 (figure 6E,F). This was
further examined by western blotting (figure 6G-N). Due
to the differential expression of actin in HC and CLL
samples in western blot, we normalized the amount of
CD9Y, CD81, CD63, and CD160 based on the actin expres-
sion and identified that CD160 expression was higher
in CLL EVs compared with HGCs (figure 6G,H). While
CD9 and CD63 expressions were remained unchanged
(figure 6I-L), CD8I expression in EVs from patients with
CLL was higher than HGCs (figure 6M,N). We further
performed the EV uptake assay by labeling isolated EVs
from CCL patients with the CFSE dye and then adding
them into PBMCs from HCs overnight. We then investi-
gated the uptake of EVs in T cells by using the Image-
Stream analysis. As shown in online supplemental figure
6a, we observed the uptake of EVs by T cells. These data
suggest that plasma-derived EVs of patients with CLL
contain CD160 and could be taken up by T cells which
may influence CD160 levels in T cells of patients with
CLL.

A proinflammatory cytokine profile in the plasma of patients
with CLL
Several studies have shown the impact of cytokines and
chemokines on the modulation of co-inhibitory receptors
and T cell effector functions.”’ For example, IL-10 has
been reported to upregulate CD160 in CD8' T cells.*®
Plasma specimens from 37 patients with CLL and 20
HCs were subjected to multiplex assay. Z-scores were calcu-
lated for each cytokine and chemokine in each patient/
HC and individual results are shown as a heatmap diagram
for better comparison (online supplemental figure 6b,c).
Plasma levels of TNF- IL-16, TNF-o,, MIP-1ar, MIP-15
(CCL4), IL-12/23p40, GM-CSF, 1L-10, IL-8, IL-15, MCP-1,
IL-1B, IL-17A and IL-2 were significantly elevated in CLL
compared with HC samples (figure 7A). The Eotaxin-3
was significantly lower in patients with CLL (figure 7A)
but the other analyzed cytokines including IL-1o, 114,
IL-5, IL-6, IL-7, IL12/23p70, IL-13, IFN-y, VEGF, MCP-4
(CCL13), MDC-1, TARC (CCL17), IP-10, and Eotaxin
were similar in both groups (figure 7A). Among these
cytokines, IL-16, TNF-o,, TNF-3, MIP-lo. and MIP-1j3
(CCL4) showed the highest deviation between CLL and
HCs (p<0.0001) followed by IL-8 (p=0.0002). We did not
find any significant difference in levels of IFN-y, TARC,
IL-5, and IL-6, as it has been 1rep01rted.52 MIP-1oand I1-16
concentration (pg/mL) showed a positive correlation
with percentages of CD160°CD8" T cells (figure 7B,C).
In summary, our data indicate a more proinflammatory
milieu in patients with CLL.

B-CLLs are a major source of elevated IL-16 in the plasma of
patients with CLL and correlated to a high RAI stage (I11/1V)
Plasma cytokine levels were stratified based on the indi-
vidual Rai stage, percentages of CD160°CD8" T cells,
and the lymphocyte count. Although we did not find any
correlation between the measured cytokine levels and
lymphocyte counts, we observed that IL-16 was higher in

the high-risk Rai staging system (III/IV) compared with
the low-risk group (0) without any difference between
low/intermediate and intermediate/high-risk patients
(figure 7D). Interestingly, CD160 expressing CD8" T cells
were higher in the high risk (Rai stage: III/IV) compared
with the low-risk group (Rai stage: 0) (figure 7E). Because
of the dramatically elevated levels of IL-16 in the plasma
of patients with CLL, and a positive correlation with
the CD160 expressing CD8" T cells, we were curious
about the possible role of IL-16 in CD160 upregulation.
Therefore, we treated PBMCs with different concentra-
tions of IL-16 (50, 100, 250, and 500 pg/mL) and stim-
ulated them with anti-CD3/CD28 antibodies for 3 days.
Then we measured the surface expression of CD160. We
noted that the addition of recombinant IL-16 (500 pg/
mL) increased the gene expression of CD160 in CD8" T
cells after 72 hours (figure 7F). Moreover, we measured
the level of IL-16 in the culture supernatant of malig-
nant B cells when cultured without any stimulation for
12 hours. We found that malignant B cells secreted IL-16
when compared with non-B-CLL cells (figure 7G). Also,
we assessed the viability of non-B-CLL versus B-CLL after
12 hours’ culture, which indicated cell viability of >95%
(online supplemental figure 6d). Finally, we observed
a significantly lower intracytoplasmic IL-16 in B cells of
patients with CLL (figure 7H,I), which suggests B-CLL
may serve as a source of IL-16.

DISCUSSION

In this study, we found significantly higher percentages
of CD160, 2B4, TIGIT, and PD-1 expressing T cells in
patients with CLL compared with HCs. However, a lower
proportion of BTLA expressing T cells was observed,
which can be explained by a decrease in naive T cell
population in patients with CLL.*

Although the frequency of CD160°CD8" T cells was
lower than 2B4"CD8" and TIGIT'CD8" T cells in patients
with CLL, CD160 was associated with a prominent T
cell impairment. Notably, we found that the intensity of
CD160 expression was significantly higher in both T cell
subsets in patients with CLL compared with HCs. The
role of CD160 as a co-inhibitory molecule in the induc-
tion of T cell dysfunction has been reported in chronic
viral infections such as HIV,?’ hepatitis virus C (HCV),%
Epstein-Barr virus (EBV), cytomegalovirus (CMV) JMand
in pancreatic cancer.” Likewise, the inhibitory nature
of CD160 in T cells has been reported in the context of
autoimmunity.” In contrast, some studies have shown a
stimulatory role for CD160 in CD8" T cells in mucosal
immunity and skin allograft in a mouse model.***’

In our cohort, we did not find any association between
the IgHV mutation and the upregulation of CD160 on
T cells; however, the Trisomy-12 subjects were enriched
with CD160°CD8" T cells. These findings provide a novel
and unreported, to our knowledge, insight into the
relationship between the Trisomy-12 and CD160 expres-
sion. Our further characterization of CD160" T cells
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in CLL revealed that while CD160°CD8" T cells were
mainly T, ., CD160°CD4" T cells were phenotypically
heterogeneous and scattered through different T cell
subsets. We also observed a higher expression of T-bet
in CD8" T cells of patients with CLL, which supports
terminal differentiation of T, cells.”® However, a lower
expression of Tcfl mRNA in CD8" T cells in patients
with CLL may stem from a systemic inflammatory signal
that suppresses Tcfl expression in primed CD8" T cells
or a lower number of naive CD8" T cells in patients with

CLL. Although high EOMES expression is reported to
be correlated with severe CD8" T cell exhaustion, we
did not find a high mRNA level for EOMES in CD8" T
cells of patients with CLL. This can be explained by the
complex reciprocity between IRs, T-bet, and EOMES in
exhausted T cells.”” In addition, we found that CD160"
T cells in patients with CLL had an impaired degranula-
tion capacity as reported for mast cells.'” This might be
related to an impaired immunologic synapse formation
with defective vesicle trafﬁcking,7 which can decrease
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the cytotoxic ability of CD160°CD8" T cells in patients
with CLL.

Similar to an exhausted phenotype, CD160" T cells
exhibited an impaired cytokine production ability but
surprisingly maintained their proliferative capability. This
is in contrast with a report showing that CD160 blockade
was associated with the restoration of virus-specific CD8"
T cell proliferative capacity.?” This discrepancy might be
explained by the different status of CD160" T cells in a
viral infection versus CLL. Interestingly, CD160 was always
co-expressed with 2B4 and highly co-expressed with
TIGIT on CD8" T cells of patients with CLL. We found
that 2B4'CD8" T cells had a greater cytokine production
ability, perforin/GzmB expression, and degranulation
capacity compared with 2B4” CD8" T cells in patients with
CLL. Interestingly, 2B4CD8" T cells were almost devoid
of perforin and GzmB expression. This demonstrates an
important role for 2B4 in the cytolytic property of T cells
in CLL. However, the co-expression of CD160 with 2B4
diminished their T cell effector functions. These find-
ings indicate the dictated inhibitory role of CD160 on
2B4 expressing CD8" T cells in CLLs. Moreover, CD160
was highly co-expressed with TIGIT on CD8" T cells in
CLLs. Despite previous reports on the inhibitory role
of TIGIT on tumor-infiltrating CD8" T cells in follicular
lymphoma®™ and multiple myeloma,” this was not the
case for CLL. Although TIGIT expression had no effects
on CD8" T cells, it was associated with impaired cytokine
production ability of CD4" T cells in patients with CLL.
Despite previous reports on the important role of TIM-3
and Gal-9 interactions in T cell exhaustion in hematolog-
ical and non-hematological cancers,60 5 we observed a
very low expression level of these co-inhibitory receptor/
ligand in T cells of patients with CLL.

Despite the recognition of some tumor-associated anti-
gens in CLL by CD8" T cells, identification of these cells
is complex and might be inefficient due to the hetero-
geneity of tumor-associated antigens.” To overcome this
limitation, we used an alternative immunophenotyping
approach that enabled us to confirm that CD160°CD8"
T cells were highly antigen-experienced. Adoptive T cell
transfer studies have shown an enhanced antitumor effi-
cacy in less antigen-experienced T cells.”” This observation
may explain impaired effector functions of CD160°CD8"
T cells in patients with CLL as they appeared to be highly
antigen-experienced.

Another potential mechanism for dysfunctional
CD160°CD8" T cells in CLLs may be related to their high
IL-2 and IL-15-dependent signaling which can restrict
their survival and effector functions as reported for TIM-3"
T cells.” We noted spontaneous upregulation of CD160
on rested T cells ex vivo, as reported elsewhere."” Our
further studies revealed that CD160 trafficking occurs via
the ER/Golgi to the plasma membrane. This is in agree-
ment with the GPI anchored protein trafficking that
has been reported for CD59.** GPI-anchored proteins
are synthesized in the ER and then selectively pack-
aged into the coat protein complex II (COPII) vesicles

and delivered via Golgi to the membrane in a clustered
form partitioning in lipid rafts.®® However, on short-term
TCR-dependent stimulation (anti-CD3/CD28) of T cells,
we noted decreased surface but increased intracellular
CD160, which is in contrast to one study®® but consistent
with another study.'” Our further observations showed
increased surface CD160 expression following prolonged
T cell activation (6 days) which is in agreement with the
concept of chronic antigenic stimulation and the upregu-
lation of co-inhibitory receptors.*

Intriguingly, for the very first time, we detected a high
CD160 content in plasma-derived EVs of patients with
CLL. Moreover, we found that CD160" EVs can be taken up
by T cells, and therefore, there is a possibility to propose
that CD160" EVs serve as a potential source of CD160.
However, it is unclear whether uptake of CD160"EVs
influences T cell effector functions. The inhibitory signal
of PDL-1'EVs with T cells expressing PD-1 has been
reported.”” Therefore, how these CD160'EVs impact the
interaction of T cells with CD160 ligands is unknown and
merits further investigation.

Cytokines and chemokines are other factors that
can negatively influence T cell effector functions.”® We
observed a significant increase in proinflammatory
cytokines (IL-1B, TNF-o) and Th-type cytokines (IL-2,
TNF-o, TNF-B, I1-12/23p40, GM-CSF) in patients with
CLL. However, Thtype cytokines, IL-12/p70, IL-1, and
IFN-y were remained unchanged inconsistent with other
studies.” The dominancy of a proinflammatory cytokine
profile in our study could be explained by the charac-
teristics of our cohort that include mainly patients that
were treatment naive rather than treated (64.9% vs 35%)
and in the early stages (low/intermediate) of the disease
(online supplemental figure 6e). In our study, patients
with CLL had elevated plasma IL-10 which is consistent
with a previous study.” IL-10 prolongs B-CLL survival
and reduces the generation of effector CD4" and CD8"
T cells.”

We also observed the elevation of chemokines’' such
as MIP-1o, MIP-13, MCP-1, and IL-8 that can contribute
to the survival of neoplastic B cells by maintaining
various anti-apoptotic mechanisms.” ”® For instance,
MIP-1o is secreted by B-CLL cells and induces the
recruitment of macrophage-lineage cells promoting
the initiation of the leukemia niche.” ”* Interestingly,
we observed a positive relationship between percent-
ages of CD160°CD8" T cells and the plasma MIP-1o
plasma concentrations. Although we were unable to
investigate the source/role of these elevated chemok-
ines, there is evidence that B-CLL cells constitutively
express IL-8” and they exhibit immunosuppressive on
CD8" T cells in cancer.”® Finally, we found a dramatic
rise in IL-16 levels in the plasma of patients with CLL
compared with HCs, which is consistent with another
study.”” TL-16 has been identified as a chemotactic
factor for CD4" T cells that binds to CD4 and CD9
receptors on T cells.”® Similarly, in multiple myeloma,
a strong expression of IL-16 in the BM that prolongs
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the survival of malignant cells has been reported.”
Although we were unable to identify the main source
of IL-16, our observations suggest that B-CLL cells
could be considered as one of the potential sources
of this cytokine in patients with CLL. Importantly, we
found a significant correlation between IL-16 levels
with the cancer stage. This suggests that the plasma
IL-16 could be used as a potential prognostic marker in
CLL. However, further investigation on larger cohorts
is required for the validity of our finding. Moreover,
we found a positive correlation between the plasma
IL-16 concentrations and percentages of CD160°CD8"
T cells, which suggests an intricate mechanism that
calls for further investigations. Although our study
provided a novel insight into the role of co-inhibi-
tory receptors, in particular, CD160 in CLL, further
studies in larger cohorts are warranted.

We are aware of multiple study limitations such as
the lack of IgHV mutation results and the FISH anal-
ysis data for all of our patients. Also, the differen-
tial proportion of T cell subpopulations (eg, native,
memory) in patients with CLL versus HCs may influ-
ence our data regarding the expression of T-bet,
EOMES, and Tcfl expression in T cells. Obtaining the
BM aspirate from HCs was not possible in our studies,
therefore, comparing immunological changes in the
BM of HCs versus CLLs may assist in understanding
the role of CD160 in the BM. Unfortunately, we were
unable to obtain the whole blood cell count from HCs,
therefore, there is a possibility that a large population
of malignant B cells in patients with CLL influences
the T cell count reported in PBMCs of patients with
CLL.

CONCLUSIONS

Our data highlight the important role of CD160 in
T cell exhaustion in patients with CLL. In particular,
the co-expression of CD160 with other co-inhibitory
receptors dictates more impaired T cell effector func-
tion. Also, the abundance of IL-16 in the plasma of
patients with CLL and its impact on the upregulation
of CD160 provide a novel insight into the mechanism
underlying CD160 overexpression in patients with
CLL. The correlation of the plasma IL-16 levels with
the Rai stage suggests that IL-16 could be used as a
prognostic biomarker in patients with CLL. There-
fore, further studies on larger cohorts are warranted
to determine whether targeting IL-16 and/or CD160
would have clinical implications in hematological
cancers. Taken together, our findings provide a novel
insight into the inhibitory role of CD160 alone and
a synergistic inhibitory effect when co-expressed with
other co-inhibitory receptors on T cells in patients
with CLL.
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