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Chronic lymphocytic leukemia (CLL) is characterized by clonal proliferation and progressive accumulation of mature B
lymphocytes in the peripheral blood, lymphoid tissues, and bone marrow. CLL is characterized by profound immune defects
leading to severe infectious complications. T cells are numerically, phenotypically, and functionally highly abnormal in CLL,

Introduction

Chronic lymphocytic leukemia (CLL) is the most common leuke-
mia in the Western world. The disease is characterized by clonal
proliferation and continuous accumulation of mature CD5* B
lymphocytes in the peripheral blood (PB), lymphoid tissues, and
bone marrow (BM) (1). This accumulation of cells results from
decreased apoptosis rather than overproliferation.

Malignant cells can evade the host immune system and
its tumor surveillance mechanisms by inhibiting T cell immu-
nity. Immunosuppression is a prevailing clinical feature in
patients with CLL, with many of these patients demonstrating
increased susceptibility to infections, as well as increased fail-
ure to induce an antitumor immune response. T cell exhaus-
tion represents a continuous spectrum of cellular dysfunction
induced during chronic viral infection, autoimmunity, or can-
cer. Exhaustion has also been implicated in playing an import-
ant role in antitumor responses, whereby exhausted tumor-
infiltrating lymphocytes fail to control tumor progression (2).
Programmed cell death 1 (PD-1, also known as CD279) and its
ligands programmed cell death ligand 1 (PD-L1, also known
as B7-H1 and CD274) and PD-L2 (also known as B7-DC and
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with only limited ability to exert antitumor immune responses. Exhaustion of T cells has also been suggested to play an
important role in antitumor responses. CLL-mediated T cell exhaustion is achieved by the aberrant expression of several
inhibitory molecules on CLL cells and their microenvironment, prominently the programmed cell death ligand 1/programmed
cell death 1 (PD-L1/PD-1) receptors. Previously, we showed that CD84, a member of the SLAM family of receptors, bridges
between CLL cells and their microenvironment. In the current study, we followed CD84 regulation of T cell function. We
showed that cell-cell interaction mediated through human and mouse CD84 upregulates PD-L1 expression on CLL cells and in
their microenvironment and PD-1 expression on T cells. This resulted in suppression of T cell responses and activity in vitro
and in vivo. Thus, our results demonstrate a role for CD84 in the regulation of immune checkpoints by leukemia cells and
identify CD84 blockade as a therapeutic strategy to reverse tumor-induced immune suppression.

CD273) have been suggested to be the most important axis in the
maintenance of a malignant prosurvival microenvironment (3).
Exhausted T cells also express cytotoxic T lymphocyte antigen-4
(CTLA-4), lymphocyte activation gene 3 (LAG-3), Tim-3, 2B4,
CD160, and other markers (4).

TCLI1-transgenic mice are a commonly used murine model
for CLL studies. These transgenic mice express the human TCLI
gene under the control of a V, chain promoter-IgH-Ep enhancer,
thereby targeting its expression to B cells. Mice overexpress-
ing TCL1 develop a CLL-like disease that resembles a more
advanced-stage disease and occurs at a rather old age, much like
the human pathology (5).

Dynamic interactions between cell-surface molecules
orchestrate the immune response. The signaling lymphocyte
activation molecule (SLAM) family includes 9 receptors that
modulate immune responses through homophilic and hetero-
philic interactions (6). CD84 is a member of the SLAM family.
It is a cell-surface protein that forms homophilic dimers by self-
association (7-9). Our studies have previously characterized a
survival pathway in CLL regulated by CD84 (10). In addition, we
recently showed that CD84 serves as an important bridge medi-
ating the interaction between CLL cells and the various cells in
their microenvironment in vitro and in vivo (11).

In the current study, we examined downstream events fol-
lowing CD84 ligation on CLL cells and their stroma. Our results
showed an elevation of PD-L1 expression in CD84-activated CLL
and stromal cells. Downregulation of CD84 expression reduced
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Figure 1. CD84 regulates PD-L1 expression on human and murine CLL
cells and cells in their microenvironment. (A and B) CLL cells derived from
patients (at different stages of disease: n =3 Binet A, n=1BinetB,n =1

Rai ll, n =1Binet C, and n = 1Rai Ill) (A) or from Ep-TCL1 CLL mice (B) were
stimulated with anti-CD84 or control IgG (5 pg/ml) antibodies, and PD-L1
mRNA and protein levels were determined by gqRT-PCR and flow cytometry,
respectively. *P < 0.05, 1-tailed, paired t test (A, right), 2-tailed, paired t
test (A, left, and B). n = 3 (A) and n = 4 (B). Representative histograms are
shown. (C and D) BM stromal cells derived from human CLL samples (n = 4)
and healthy patients (n = 4) (C), or Eu-TCL1 (n = 5) and healthy (n = 5) mice
(D) were analyzed by FACS for PD-L1 expression levels. Representative his-
tograms are shown. IgG is shown in white and anti-CD84 in gray. *P < 0.05,
2-tailed, paired t test (C and D). (E) M210B4 stromal cells were stimulated
with 1gG or anti-CD84 (4 ug/ml) antibody for 24 or 48 hours. PD-L1 mRNA
levels were analyzed by gqRT-PCR (n = 5), and protein levels were analyzed
by flow cytometry (n = 6). *P < 0.05, 2-tailed, paired t test and **P < 0.01,1
tailed, paired t test. (F-H) BM stromal cells derived from healthy volunteers
or CLL patients (F and G) or human NLCs (H) were stimulated with 4 pg/

ml anti-CD84 or control antibodies for 24 hours for mMRNA expression or 48
hours for protein expression. PD-L1 mRNA levels were analyzed by gRT-PCR
using PSMB as a housekeeping control gene (n = 3), and protein levels were
determined by flow cytometry (n = 2). *P < 0.05 and **P < 0.01, 1-way ANO-
VA with Holm-Sidak-corrected multiple comparisons (F) and 2-tailed, paired
t test (H). (I-K) Ep-TCL1 splenocytes were seeded on near-confluent WT or
(D84~ stroma. Forty-eight hours later, protein levels of CD84 and PD-L1
were measured on TCL1 (gated on CD5*CD19*) cells (1 and J) and on stroma
before and after addition of TCL1 cells (K). n = 3-4 TCL1 mice. *P < 0.05 and
**P < 0.01, 2-tailed, paired t test.

PD-L1 expression levels on CLL cells and in the CLL micro-
environment and also reduced the expression of PD-1 and addi-
tional exhaustion marker on T cells. This led to an increase in anti-
tumor T cell activity. Thus, our results reveal a role for CD84 in
the regulation of immune checkpoint expression by leukemia cells
and provide a therapeutic strategy for blocking CD84 and thus
restoring T cell function.

Results

CD84 activation upregulates PD-L1 expression on CLL cells and in
their microenvironment. To analyze the mechanism of action of
CD84 in regulating crosstalk between CLL cells and their micro-
environment, we used genome-wide gene expression profiling to
search for target genes induced by CD84 engagement in primary
CLL and M210B4 stromal cells, which are known to support CLL
cell survival (11, 12). We identified a set of genes differentially
expressed between the control and CD84-activated fractions
(Gene Expression Omnibus [GEO] number GSE107140) (Supple-
mental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI96610DS1). PD-L1 was one of
the genes that was upregulated in both cell types.

As previously described, PD-L1 cell-surface levels are signifi-
cantly upregulated on CLL cells compared with expression on
healthy B cells (ref. 13 and Supplemental Figure 2A). To directly
show the regulation of PD-L1 expression by CD84, human (Fig-
ure 1A) and murine (Ep-TCL1) (Figure 1B) CLL cells were stimu-
lated with anti-CD84-activating antibody (10, 11). We observed
that PD-L1 mRNA and protein levels were significantly elevated
in both human and murine CLL cells following CD84 activation.
We next examined the effect of CD84 on PD-L1 expression in stro-
mal cells. First, we compared PD-L1 expression levels on healthy
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and CLL-derived BM stromal cells (CD34°CD45") (Supplemental
Figure 2, B and C). We detected elevated levels of PD-L1 on CLL-
derived stromal cells (Figure 1C), which have previously been
shown to express high levels of CD84 (11). We also detected
an increase in PD-L1 levels on BM stromal cells derived from
Eu-TCLI-transgenic mice (a model of aggressive CLL that over-
expresses the human TCLI gene) (Figure 1D), which express
higher levels of CD84 compared with stromal cells derived from
healthy mice (11).

To corroborate the regulation of PD-L1 expression by CD84
in the tumor microenvironment, we analyzed PD-L1 expression
on the CD84-stimulated stromal cell line M210B4 (Figure 1E),
on stromal cells derived from CLL patients and healthy volun-
teers (Figure 1, F and G), and on monocyte-derived nurse-like
cells (NLCs) (Figure 1H). We detected a significant increase
in the levels of PD-L1 mRNA (Figure 1, F and H) and protein
(Figure 1G) in all 3 cell types following stimulation. Next, we
examined the expression of CD84 and PD-L1 on additional
cells derived from the tumor microenvironment. Macrophages
(MQs) and DCs expressed basal levels of CD84 (Supplemental
Figure 2, D and E, and ref. 11). Furthermore, healthy CD847-
DCs and MQs expressed levels of PD-L1 similar to those in WT
cells (Supplemental Figure 2, G and H). Activation of CD84
expressed on healthy cells induced only a modest elevation of
PD-L1 expression (Supplemental Figure 2, I-K) compared with
that seen on cells derived from the tumor microenvironment.
These results suggest that the low expression levels of CD84 on
healthy cells induced only a minor change in PD-L1 levels, indi-
cating an effect of the microenvironment on expression of CD84
and regulation of the immune response.

Next, to determine whether the malignant cells regulate
PD-L1 expression on the stroma in a CD84-dependent manner,
we incubated TCL1 splenocytes alone or in the presence of WT
or CD847 stromal cells. Forty-eight hours later, CD84 (Figure
1I) and PD-L1 (Figure 1J) protein levels were measured on TCL1
and stromal cells (Figure 1K). PD-L1 expression was significantly
reduced on both cell types, whereas a more significant decrease
(~60%) in PD-L1 expression was detected on the stroma. This
decrease did not result from the lack of CD84 on these cells, but
rather from the lack of CD84-dependent contact with the malig-
nant cells, since the difference was not detected on stromal cells
cultured alone (Figure 1K). Thus, CD84 controls PD-L1 expression
on CLL cells and their stroma.

CD84 ligation upregulates PD-L1 expression through the AKT/
mTOR pathway. We next identified the CD84-induced cascades
that elevate PD-L1 expression. AKT/mTOR and the MAPK path-
ways were previously shown to regulate PD-L1 expression (14).
Phosphorylation of S6 is a downstream event following mTOR
activation, a known regulator of PD-L1 expression in lung can-
cer (15). We detected an increase in the phosphorylation of AKT
(Supplemental Figure 2I), ERK (Supplemental Figure 2J), and S6
(Supplemental Figure 2K) in the PD-L1%-expressing Ep-TCL1
cells. Therefore, we analyzed the activation of these pathways in
CD84-stimulated M210B4 cells. While no change in the MAPK
pathway activation was detected (Figure 2A), we found that AKT
activation was markedly increased upon CD84 stimulation and
that the levels of phosphorylated AKT (p-AKT) as well as p-S6
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Figure 2. Activation of cell-surface CD84 elevates PD-L1 levels through
the p-AKT/mTOR pathway. (A and B) M210B4 cells (1 x 10°) were stim-
ulated with anti-CD84 (4 pug/ml) for 15 minutes, followed by anti-FAB
cross-linking for 5 minutes. (A) Cells were lysed, and lysates were sepa-
rated on 12% (wt/vol) SDS-PAGE and blotted with anti-p-S6, anti-p-AKT,
anti-p-ERK, or actin. Blots are representative of 3 independent experi-
ments. (B) Cells were fixed, permeabilized, and subsequently stained with
anti-p-AKT and anti-p-S6 antibodies followed by a secondary anti-rabbit
allophycocyanin-conjugated (APC-conjugated) antibody. Histograms are
representative of 2 independent experiments. (C-E) Primary CLL cells were
stimulated with control (IgG) or anti-CD84-activating (5 pg/ml) antibodies
for 5 minutes, followed by anti-FAB cross-linking for an additional 5
minutes. Then, the cells were fixed, and p-ERK, p-AKT, and p-S6 levels
were analyzed by flow cytometry (n = 3; *P < 0.05 and **P < 0.01, 2-tailed,
paired t test). (F and G) CLL cells were incubated with the inhibitors wort-
mannin and rapamycin (0.1 uM) for 20 minutes. The cells were then stimu-
lated with anti-CD84-activating (5 ug/ml) antibodies, or IgG control. After
48 hours, the cells were analyzed by FACS for PD-L1 cell-surface expression
(n =4;*P < 0.05, 2-tailed, paired t test). (H and 1) CLL cells were stimu-
lated with IgG or anti-CD84-activating (5 ug/ml) antibodies for 0, 15, and
30 minutes, followed by anti-FAB cross-linking for 0, 15, and 30 minutes.
Cells were then fixed, permeabilized, and stained with IkBa (n = 2) (H), or
p-STAT3 (n = 4) (1) antibodies. *P < 0.05, 2-tailed, paired t test.

were elevated (Figure 2A). These results were confirmed by flow
cytometry, which showed elevation of p-AKT and p-S6 levels in
CD84-activated cells (Figure 2B). Next, we analyzed activation of
the AKT/mTOR pathway in primary CLL cells. As with our results
in stromal cells, CD84 activation induced the phosphorylation of
AKT (Figure 2C) and S6 (Figure 2D), while no change was observed
in ERK phosphorylation (Figure 2E). These results suggest that
CD84 increases PD-L1 protein expression through activation of the
AKT/mTOR pathway and p-S6.

To directly prove that PD-L1 upregulation is dependent on the
AKT/mTOR pathway, CD84 expression on CLL cells, which were
incubated in the presence or absence of AKT (0.1 uM Wortman-
nin) or mTOR (0.1 uM rapamycin) inhibitors, was activated as pre-
viously described (11). As demonstrated in Figure 2, F and G, the 2
inhibitors completely abrogated the CD84-induced expression of
PD-L1, showing that CD84 upregulates PD-L1 through the activa-
tion of AKT and mTOR.

To gain additional insight into the transcriptional conseg-
uences that might promote PD-L1 expression, we analyzed pos-
sible transcription factors previously shown to regulate PD-L1
expression (16) following CD84 activation. NF-kB has been
shown to regulate PD-L1, and is a major mediator of IFN-y-
induced PD-L1 expression (17). To determine whether CD84
activation involves the NF-kB pathway, we examined the deg-
radation of its inhibitor, IkB, at different time points following
CD84 activation. As shown in Figure 2H, no degradation (and
even a slight elevation) of IxB was detected following activation,
suggesting that this pathway is not activated by CD84.

STAT3 binds the PD-L1 promoter and regulates its expression
(16). We therefore next analyzed p-STAT3 levels following CD84
activation. As shown in Figure 2I, p-STAT3 levels significantly
increased upon CD84 activation, suggesting the involvement of
STAT3 in the CD84-induced cascade.

CD84 regulates PD-L1 expression in vivo. To analyze CD84-
mediated regulation of PD-L1 expression in vivo, we used a
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transfer model in which splenocytes derived from sick Eu-TCL1
mice were injected into coisogenic WT or CD847" mice, as pre-
viously reported (11). As previously shown, lack of CD84 in the
tumor environment resulted in a reduced number of malignant
cells 2 weeks (11) and 5 weeks (Supplemental Figure 3, A and B)
after cell transfer and prolonged survival of the tumor-bearing
mice (Supplemental Figure 3C).

CD84 regulation of PD-L1 expression was specific to the
tumor microenvironment, since we detected similar PD-L1 levels
on the cell surface of B cells derived from WT and CD84-deficient
mice (Supplemental Figure 3D). Next, we analyzed the expression
of PD-L1 on the Ep-TCL1 cells retrieved from PB (Figure 3A and
Supplemental Figure 3E), spleen (Figure 3B and Supplemental
Figure 3F), peritoneum (Figure 3C and Supplemental Figure 3G),
and BM (Figure 3D and Supplemental Figure 3H) two to three
weeks after cell transfer. In these compartments, we detected a
significant reduction in PD-L1 expression on cells derived from
the CD84-deficient, as compared with the CD84-positive, envi-
ronments. However, no change in PD-L1 expression was detected
on Ep-TCL1 cells in lymph node (LN) cells (Figure 3E). The reduc-
tion of PD-L1 expression did not result from cell death, as a similar
decrease in PD-L1 expression was detected on a gated population
of annexin V- and 7AAD" live Eu-TCL1 cells (Supplemental Figure
3I). In addition, the reduction in PD-L1 expression did not result
from a reduced tumor load in the various compartments in mice
lacking CD84, because although the tumor load in the LNs was
higher compared with the load in the BM (Supplemental Figure
3]), no change in PD-L1 expression was detected in this organ.
These results indicate a role for CD84 in the regulation of PD-L1
expression on tumor cells.

Next, we examined the regulation of PD-L1 expression by
CD84 in long-term experiments in BM chimeric mice. Lethally
irradiated WT or CD84 7~ mice were injected with BM cells derived
from age-matched Eu-TCLI or WT mice. After 6 months, we ana-
lyzed the Eu-TCL1 cell populations in each compartment. A signif-
icant decrease in PD-L1 expression was detected on Eu-TCL1 cells
derived from the CD84 microenvironment in the peritoneum
and spleen (Figure 3, F and G). These results suggest that CD84
expressed within the microenvironment regulates PD-L1 expres-
sion on malignant cells and that, in the absence of CD84, PD-L1
levels are reduced.

Finally, to further determine the role of CD84 in regulating
PD-L1 expression in vivo, CD84 was blocked on Eu-TCL1 cells
using the anti-CD84-antagonistic B4 antibody (10, 11). As shown
in Figure 3H, blocking CD84 lowered PD-L1 expression levels on
Ep-TCL1 cells derived from the peritoneal cavity.

To investigate cells within the tumor microenvironment, we
analyzed PD-L1 expression on cells retrieved following transfer
of Eu-TCL1 cells into CD84-proficient and -deficient animals. As
shown in Figure 4, compared with controls, a significant decrease
in PD-L1 expression was detected on BM stromal cells (Figure
4, A and B), BM MQs (Figure 4C), BM DCs (Figure 4D), splenic
MQs (Figure 4E), splenic DCs (Figure 4F), and PB monocytes
(Figure 4G) derived from the CD84-deficient environment,
while no difference in PD-L1 expression was detected on these
cells derived from the microenvironment of mice prior to TCL1
injection (Supplemental Figure 3, K and L). These results indi-
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tail vein of C57BL/6 WT or CD84~- mice. After 14 to 21 days, the mice were sacrificed, and expression of PD-L1was determined by flow cytometry on CD5/
CD19 Ep-TCL1 cells in (A) PB (n = 8-10), (B) spleen (n = 12-14), (C) peritoneum (n = 6-10), (D) BM (n = 7-10), and (E) LNs (n = 7-8). A representative histogram
of PD-L1 expression on PB cells is shown in A. ***P < 0.001, 2-tailed t test (A), ****P < 0.0001, 2-tailed t test (B-D), and P = 0.9893 (NS), 2-tailed t test

(E). (F and G) BM cells (5 x 10°) derived from 8-week-old Ex-TCLT mice or negative control littermates (WT) were injected into lethally irradiated C57BL/6
(WT) or CD84-deficient (CD84-) mice. After 6 months, the mice were euthanized, and the expression of PD-L1was determined on Ep-TCL1 cells in the (F)
peritoneum (n = 3-4) and (G) spleen (n = 3-4). *P < 0.05, 2-tailed t test. (H) C57BL/6 mice were injected with 4 x 107 Eu-TCL1 splenocytes and, starting from
the second day, were treated i.v. with 1 mg/kg body weight B4 or isotype control antibodies. After 14 days, the mice were sacrificed, and PD-L1 expression
was determined on CD5*CD19* peritoneal cells (n = 4; **P < 0.01, 1-tailed t test).
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Figure 4. Decreased PD-L1 expression on cells in the microenvironment in the absence of CD84. (A-G) Ep-TCL1 splenocytes (4 x 107) were injected i.v. into
the tail vein of C57BL/6 WT or CD84™~ mice. After 14 to 21 days, the mice were sacrificed, and expression of PD-L1was determined on (A and B) BM stromal
cells (a representative histogram is shown in B) (n = 9-10); (C) BM MQs (n = 9-10); (D) BM DCs (n = 9-10); (E) splenic MQs (n = 5-6); (F) splenic DCs (n = 6);
and (G) PB inflammatory monocytes (n = 7-9). **P < 0.01 (A and C-F) and ****P < 0.0001 (G), 2-tailed t test.

cate a CD84-mediated global regulation of PD-L1 expression in
the tumor microenvironment.

T cells retrieved from the CD84-deficient CLL microenvironment
show a decrease in PD-1 expression and induced T cell functionality.
Given that PD-L1 is known as a negative regulator of T cell acti-
vation following its binding to PD-1 (18), we next analyzed PD-1
expression on T cells in the Ep-TCL1 cells transferred into CD847
versus WT environments. We analyzed expression levels of PD-1
and additional T cell exhaustion markers on T cells retrieved from
spleen (Figure 5A and Supplemental Figure 4A), PB (Figure 5B),
peritoneum (Figure 5C), and BM (Figure 5D). A significant reduc-
tion in the expression of these exhaustion markers was detected
on CD8" T cells derived from these organs (Figure 5, A-D). Inter-
estingly, we detected no change in the expression of these mark-
ers on cells derived from LN (Supplemental Figure 4B), further
suggesting that CD84 does not play a role in this environment.
We detected less dramatic changes on CD4" T cells derived from
Ep-TCL1-injected mice (Supplemental Figure 4, C-1), suggesting a
less significant effect of CD84 on this cell population.

Next, we compared the differentiation and functionality of the
CD8" T cells derived from the transferred models. We analyzed
T central memory (TCM) (CD44'CD62L") and T effector mem-
ory (TEM) (CD44'CD62L") cell populations in the TCL1 transfer
model. As shown in Supplemental Figure 5, A-D, we detected an
elevation in these cell populations in CD847" mice transferred with
Ep-TCL1 cells, suggesting an increased functionality of cells in an
environment deficient in CD84. In addition, we detected higher
levels of IL-2, IFN-y, granzyme B (GZMB), and LAMP-1 in CD8*
splenic T cells derived from the Eu-TCL1 cells transferred into the
CD847~ environment, confirming that in the absence of CD84,
CD8" T cells display a more activated phenotype (Figure 5E).

To study CD84 regulation of PD-1 expression on T cells in a
long-term model, we analyzed PD-1 expression levels on CD8*
T cells derived from chimeric mice, whereby BM derived from
Eu-TCLI mice was injected into WT or CD84-deficient environ-
ments. As shown in Figure 5, F and G, we detected a significant
decrease in PD-1 expression levels on CD8* T cells derived from
the CD847" chimeras.
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To exclude the possibility that changes in T cell activity result
from intrinsic differences caused by CD84, we activated WT and
CD847- T cells in whole splenic cultures with anti-CD3 and ana-
lyzed their exhaustion markers. As shown in Supplemental Fig-
ure 6, we observed no significant differences in the expression of
PD-1, LAG-3, CTLA-4, 2B4, or KLRG-1 (Supplemental Figure 6, A
and B), or in IL-2, IFN-y, GZMB, or LAMP-1 (Supplemental Figure
6C), findings that agree with previous studies showing similar lev-
els of cytokine secretion in WT and CD847~ T cells (19).

The regulation of PD-1 expression on T cells and their func-
tionality may result from a direct effect of CD84 expression
on these cells or, alternatively, from the regulation of PD-L1
expression and cytokine secretion on the malignant cells and
in their microenvironment, affecting T cell function. To deter-
mine whether CD84 activation on T cells directly affects their
functionality, we stimulated CD84 expression on T cells derived
from Ep-TCL1 mice and analyzed the expression of PD-1, LAG-3,
CTLA-4, 2B4 and KLRG-1. As shown in Supplemental Figure 6D,
a significant, but modest, elevation in the expression of these
molecules was detected following CD84 activation, suggesting
that the exhausted phenotype of TCL1-derived T cells results,
at least in part, from a direct effect of T cell-expressed CD84 on
T cell functionality.

Regulation of CLL-derived human T cell activity. Our murine
models demonstrated the regulation of PD-L1/PD-1 expression
by CD84. We next sought to determine whether CD84 regulates
PD-L1 expression and T cell function in cells derived from patients
with CLL. To this end, purified PB CLL cells (Supplemental Figure
7A) were stimulated with anti-CD84-activating antibody (11), and
PD-L1 cell-surface expression levels were analyzed. As shown in Fig-
ure 6A, cell-surface levels of PD-L1 were significantly elevated fol-
lowing CD84 activation. To compare the induction of PD-L1 expres-
sion following ligation of CD84 with IFN-y-induced activation, we
incubated purified CLL cells with either activating anti-CD84 anti-
body or IFN-y (500 IU/ml) for 48 hours. We found that both inducers
upregulated the expression of PD-L1 to similar levels. Furthermore,
incubation of CLL cells with both inducers together resulted in an
even greater elevation of PD-L1 protein expression, suggesting that
these 2 inducers affect different pathways and can work additively.

Next, CD84 expression levels were downregulated with
siCD84 or siControl (siCTRL). Reduced expression of CD84 in
CLL cells (Figure 6B) resulted in the downregulation of PD-L1
mRNA (Figure 6C) and protein expression on CLL cells cultured
with M210B4 cells (Figure 6D) or non-CLL PB cells (which con-
tained the T cells) (Figure 6E). Interestingly, downregulation of
CD84 expression in CLL cells also reduced CD84 expression lev-
els on stromal cells (Supplemental Figure 7B). The reduced levels
of CD84 in CLL cells lowered the levels of PD-L1 expressed on
M210B4 to levels detected on M210B4 cells cultured without CLL
cells (Figure 6F). These results suggest that CD84 mediates the
interaction between CLL cells and their stromal cells and that this
interaction induces PD-L1 expression on these cells.

Interestingly, T cells incubated with the siCD84-treated CLL
cells showed reduced expression levels of the exhaustion markers
PD-1, LAG-3, and CTLA-4 (Figure 6G). Moreover, downregulation
of CD84 expression in CLL cells resulted in elevated expression of
IFN-y and GZMB (Figure 6H), further indicating a role for CD84
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in the regulation of T cell functionality. To compare the CD84-
dependent regulation of exhaustion marker expression on T cells
with anti-PD-1 treatment, we incubated T cells with siCD84-
treated CLL cellsin the presence or absence of anti-PD-1 antibody.
As shown in Figure 6, G and H, reduced expression of CD84 or
blockage of PD-1 activity lowered the expression of T cell exhaus-
tion markers and elevated the expression of GZMB and IFN-y to
similar levels. Interestingly, blocking PD-1 did not have an addi-
tive effect on the expression of exhaustion markers and function-
ality of T cells. Thus, CD84 expressed on CLL cells regulates the
functionality of T cells. As shown in the murine model, the effect
on CD8& T cells was more striking than that observed on the CD4*
T cell population (Figure 6G and Supplemental Figure 7C).

Next, to directly demonstrate that CD84 deficiency induces
T cell activity in killing CLL cells, we performed a cytotoxicity
assay comparing the activity of T cells cultured with siCTRL or
siCD84-treated CLL cells. To exclude the direct effect of siCD84
treatment on CLL cell survival, the Kkilling activity of T cells
started 24 hours after the introduction of siCD84, since CD84 has
adirecteffect on CLL survival during the first 24 hours. We treated
purified CLL cellsfrom PBwith siCTRL or siCD84. After 24 hours,
we replaced the conditioned medium with fresh medium. We added
the rest of the cells from the CLL blood sample to the culture for
48 hours and monitored lactate dehydrogenase (LDH) release. As
shown in Supplemental Figure 7D, we observed that LDH release
was above the background level only in the presence of cells from
the CLL microenvironment. Interestingly, we detected a signifi-
cant increase of approximately 2-fold in the lysis of siCD84-treated
CLLsin the presence of T cells cocultured with CD84-deficient CLL
cells compared with CLL cells expressing CD84 (Figure 61).

We detected similar levels of CD84 on naive, activated (cul-
tured with CD3 and CD28), and exhausted T cells (obtained from
CLL patients) (Supplemental Figure 7E). To elucidate whether
CD84 directly affects chronic TCR activation, which in turn drives
T cell exhaustion, or whether the exhaustion is mediated through
the PD-1/PD-L1 pathway, we analyzed the CD84-induced down-
stream cascade in human T cells. Ligation of CD84 on CLL-
derived human T cells did not induce a change in IxB degrada-
tion, indicating that the NF-kB pathway was not activated (Sup-
plemental Figure 7F). However, we observed that CD84 activation
increased the levels of p-JAK-2, p-STAT3, and exhaustion markers
and reduced the levels of IFN-y (Figure 6, ]-M).

To determine whether CD84 directly regulates T cell exhaus-
tion by inhibition of the T cell receptor (TCR) downstream cas-
cade, we examined the downstream TCR activation pathway by
analyzing CD69 expression. CD69 receptor expression is upreg-
ulated in activated T cells (20) and serves as a costimulatory mol-
ecule that promotes cellular proliferation, cytokine production,
and/or cytotoxicity (21). As shown in Supplemental Figure 7G, we
observed no difference in CD69 expression in the CD84-activated
CD8" T cells, indicating that CD84 has no direct effect on the
TCR-induced cascade. This suggests that the CD84-mediated path-
way enhances PD-1 activity and T cell exhaustion and that reduced
expression of PD-1results in elevated T cell activity.

Finally, to further confirm the role of CD84 in regulating T cell
activity, we blocked CD84 expression on CLL and T cells using the
anti-CD84-blocking antibody B4 and assessed T cell activity.
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Figure 6. Downregulation of CD84 expression in human CLL reduces
PD-L1on CLLs and stroma and induces T cell activity. (A) Primary human
CLL cells were incubated for 48 hours in the presence or absence of anti-
CD84-activating or control (IgG) (5 pg/ml) antibodies, IFN-y (500 IU/ml),
or both treatments together. Cells were then analyzed by FACS for PD-L1
cell-surface expression (n = 4; *P < 0.05, **P < 0.01, and ****P < 0.0001,
1-way ANOVA with Holm-Sidak-corrected multiple comparisons). (B and C)
CLL cells were treated with siCTRL or siCD84 for 24 hours, and levels of (B)
CD84 (n = 4; *P < 0.05) and (C) PD-L1 (n = 4-5; ***P < 0.001, 2-tailed, paired
t test) were analyzed. (D-F) The siRNA-treated cells were then incubated
for 48 hours with M210B4 (D and F), or T cells (E, G, and H) derived from the
same patient. (D and E) PD-L1 cell-surface expression on CLL cells derived
from the coculture was analyzed by FACS. E shows a representative his-
togram. n =4, *P < 0.05 (D) and n = 11, ****P < 0.0001 (E), 2-tailed, paired
t test. (F) M210B4 cells were stained for PD-L1 cell-surface expression. A
representative histogram is shown (n = 4; *P < 0.05, 2-tailed, paired t test).
(G and H) CLL cells were treated with siCTRL or siCD84. The siRNA-treated
cells were then incubated in the presence or absence T cells treated with
anti-PD-1-blocking antibody (5 pug/ml) for 24 hours prior to coculture. (G)
CD8* T cells were analyzed for expression of the exhaustion markers PD-1,
LAG-3, and CTLA-4 (n = 4). Representative histograms are shown in G.

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, 2-tailed, paired t
test for siCTRL and siCD84, and 1-way ANOVA with Fisher’s least significant
difference (LSD) for the others. (H) Cultures were incubated with anti-CD3
(0.5 pg/ml) and brefeldin A for the last 2 hours. T cells were then analyzed
for GZMB and IFN-y expression. Graph show the percentage of CD8* T cells
that expressed GZMB and IFN-y with and without PD-1inhibition (5 pg/ml,
clone EH12.2H7) (n = 4; *P < 0.05 and **P < 0.01, 2-tailed, paired t test for
siCTRL and siCD84, and 1-way ANOVA with Fisher's LSD for the others). (I)
CLL cell lysis by the T cells in B was determined with the CytoTox-ONE Kit
(Promega) (n = 4; *P < 0.05, 2-tailed, paired t test). (J-M) Purified human

T cells were treated with anti-CD84 (5 pg/ml) and analyzed for p-JAK2 (1),
p-STAT3 (K), PD-1, LAG-3, and CTLA-4 (L), and IFN-y expression (M)

(n = 4-6; **P < 0.01 and ***P < 0.001, 2-tailed, paired t test).

We found that blocking CD84 significantly reduced the expres-
sion of PD-L1 on the surface of CLL cells (Figure 7A) and reduced
expression of the exhaustion markers PD-1, LAG-3, and CTLA-4
on T cells (Figure 7B and Supplemental Figure 7H). The reduced
expression of PD-L1 and T cell exhaustion markers resulted in a
significant increase in CLL cell lysis (Figure 7C).

Together, these results show that CD84 regulates the activ-
ity of human T cells and suggest that downregulation of CD84
expression can induce T cell activation, possibly resulting in the
killing of CLL cells.

Discussion
Cancers often circumvent immune surveillance by utilizing
mechanisms of tolerance, such as the expression of PD-L1, a
ligand whose inhibition results in potent antitumor immunity
(22, 23). T cell dysfunction through the PD-L1 pathway has
been extensively described in CLL (24-28). Prior studies have
shown that PD-L1 expressed on nonhematopoietic cells in the
tumor microenvironment regulates immune function in both
homeostatic and malignant states (29, 30). Thus, given the
important role of PD-L1 and PD-1 as immune checkpoints of
T cell function and the fact that PD-1 inhibition is already used
in cancer therapy, it is of great importance to understand the
regulation of PD-L1 and PD-1 expression.

Several studies have identified the signaling pathways
required for PD-L1expression. Both type Iand Il IFNs upreg-
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ulate PD-L1 expression (31,32). PD-L1expression in cell lines
is decreased when MyD88, TRAF6, and MEK are inhibited
(33). JAK2 has also been shown to induce PD-L1 expression (33,
34). Loss or inhibition of PTEN, a modifier of PI3K and AKT
signaling, increases posttranscriptional PD-L1 expression
in many cancers (35). Cyclin-dependent kinase 5 (Cdk5)
allows medulloblastoma to evade immune elimination by
IFN-y-induced PD-L1, and disruption of Cdk5 expression in
a mouse model of medulloblastoma resulted in potent CD4" T
cell-mediated tumor rejection (36).

The regulation of PD-1 expression is complex. Many factors
have been reported to control PD-1 expression including cis-DNA
elements, transcription factors, and epigenetic components
such as DNA methylation and histone modifications. In addi-
tion, in T cells, PD-1 expressionis elevated in response to the vast
majority of immune challenges that fine-tune PD-1 expression
indifferent inflammatoryenvironments and across numerous
cell types to modulate the immune response. Expression of this
inhibitory pathway is rapidly downregulated in acute settings,
allowing for a normal immune response. However, in the case
of chronic stimulation, antigen-specific T cells retain high PD-1
expression, resulting in an impaired response to stimuli (37).

Inthe current study, we show that a direct interaction between
CLL cells and their microenvironment, mediated through CD84,
regulates T cell function in CLL. CD84 was expressed at low lev-
els on healthy B and T cells and their microenvironment and only
minimally affected PD-1 and PD-L1 expression. Tumor cells and
their microenvironment significantly elevated CD84 expression.
Activation of CD84 on tumor cells significantly upregulated the
expression of PD-L1 on the tumor cells themselves and in their
microenvironment, as well as expression of PD-1 on T cells. T
cells lacking CD84 were functionally similar to WT T cells, sug-
gesting that only in the malignant environment does activation
of CD84 induce PD-1 expression and T cell exhaustion. This ele-
vation in T cell exhaustion was not dependent on TCR activation,
suggesting that the CD84-induced cascade in T cells directly
upregulates T cell exhaustion.

Our results show that CD84 plays an important role in T
cell-mediated antitumor immunity in CLL. Activation of CD84
induced a cascade involving S6 and AKT and p-STATS3 levels,
which together elevated PD-L1 expression on murine and human
CLL cells and in their microenvironment. Downregulation of
CD84 expression or its inhibition reduced PD-L1 expression,
resulting in decreased expression of T cell exhaustion markers
and activated T cell cytotoxicity. Thus, we propose that CD84
has an essential role in inhibiting the T cell antitumor response
in patients with CLL. It may allow tumor progression by upreg-
ulating the expression of PD-1 and PD-L1, which suppress the T
cell-mediated antitumor response.

We further demonstrate that disruption of CD84-mediated
cell-cell contact decreased the levels of PD-L1 expression on
CLL cells and their microenvironment, resulting in reduced
PD-1 expression on T cells and allowing elevated activity of
these cells. Thus, the exhaustive phenotype of T cells is revers-
ible, and these cells can gain back their activity. Currently, there
are many cytostatic agents and kinase inhibitors in clinical
trials for the treatment of CLL. However, the development of
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Figure 7. Reduction of PD-L1 on CLL cells and activation of T cells can be induced by treatment with the B4 anti-CD84 antibody. Purified CLL cells from
fresh PB samples obtained from patients were incubated with 20 pg anti-CD84 (B4) or anti-IgG2a (BioLegend) antibodies for 24 hours and were then
incubated with T cells from the same sample for 48 hours. (A) CLLs cells were analyzed for PD-L1expression (n = 5; P < 0.05, 2-tailed, paired t test). (B) T
cells were examined for PD-1, LAG-3, and CTLA-4 expression (n = 5; *P < 0.05 and **P < 0.01, 2-tailed, paired t test). (C) CLL cell lysis by the T cells in B was

determined with the CytoTox-ONE Kit (n = 4; *P < 0.05, 2-tailed, paired t test).

drug resistance and the persistence of minimal residual disease
in the BM make this cancer difficult to cure. Therefore, a com-
bination of treatments targeting both the malignant cell popula-
tion and its interaction with the microenvironment by inducing
the immune system to eradicate malignant cells might provide a
better approach for treating CLL.

Methods

Mice. C57BL/6 WT were purchased from Harlan Biotech Israel.
Eu-TCLI (5) mice were provided by C.M. Croce (The Ohio State Uni-
versity, Columbus, Ohio, USA). TCL1 mice were backcrossed with
C57BL/6 mice. CD84-KO (CD847") mice were previously described
(19). All mice were used at 6 to 8 weeks of age.

Primary human CLL samples. Primary human CLL cells and
patients’ own T cells were provided in compliance with the hospitals’
IRBs, as previously described (38). The diagnosis of CLL was based on
standard criteria (39). CLLwas staged according to the Raiand Binet
staging system (ref. 40 and Supplemental Table 1).

Primary human BM cells. Primary human BM stem cells (BMSCs)
were provided in compliance with the IRBs of the hospitals, as pre-
viously described (38). The diagnosis of CLL was based on standard
criteria (39). Patients were staged according to the Rai and Binet (40)
staging system (Supplemental Table 1).

Murine Eu-TCLI cells. B cells were isolated from Eu-TCL1 mice by
harvesting spleens and sorting for CD5* and CD19* TCLI cells.

Stromal cell line. The murine BM cell line M210B4 (CRL-1972) was
purchased from the American Type Culture Collection (ATCC) and
maintained and passaged every third day in RPMI 1640 medium con-
taining 10% (v/v) FCS.

Primary mouse BM cells. Tibia and femur bones were flushed out,
and cells were seeded on 24-well plates. Full medium was added,
and the cells were maintained by washing away nonadherent cells
and changing the medium (10% RPMI) weeKkly.
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NLCs. Peripheral blood mononuclear cells (PBMCs) from patients
with CLL were suspended in RPMI 1640 medium containing 10%
FCS in culture for 2 weeks until outgrowth of NLCs was observed (41).

RNA isolation and quantitative real-time PCR. Total RNA from CLL
or M210B4 cells was isolated as previously described (38, 42). mRNA
from primary human BM and T cell samples was isolated using the
PerfectPure RNA Cultured Cell Kit (5 Prime) according to the man-
ufacturer’s instructions. mRNA levels were analyzed by quantitative
real-time PCR (qQRT-PCR) as previously described (43). Primers were
purchased from MilliporeSigma, and the primer sequences for PCR
are listed in Supplemental Table 2.

Microarray analysis. Affymetrix GeneChip 2.0 ST mouse gene
analysis was performed as previously described (44). Microarray data
were deposited in the NCBI's GEO database (GEO GSE107140). The
resulting genes were compared using Python, version 3.6, and only
genes found in both data sets were selected. Thereafter, the change
in gene expression was compared. Heatmaps displaying these results
were made using the Seaborn library in Python, version 3.6, and were
based on either the highest differentiated genes upon treatment or
on proteins known to interact with PD-L1 (CD274) (STRING protein-
protein interaction database; https://string-db.org/).

Staining for flow cytometry. Cells were stained using specific anti-
bodies (see Supplemental Table 3), as previously described (11). For
intracellular cytokine staining, cells were treated for 2 hours with
brefeldin A (BioLegend) and then harvested, fixed, and permeabilized
using a commercial kit from BD Biosciences, followed by staining. For
transcription factor staining, the cells were treated for 2 hours with
brefeldin A (BioLegend) and then harvested, fixed, and permeabilized
using an eBioscience commercial kit, followed by staining.

Activation of T cells. Whole spleens were incubated on CD3 plates
for 24 hours. The cells were harvested and stained for flow cytometry
after 24 hours, as this was the closest to the time point at which
cytokine expression is shown in vivo.
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CD84 activation. Stimulation of CD84 on CLL cells, T cells,
and stroma with an agonistic antibody was performed as previously
described (10, 11). mRNA was analyzed 24 hours after activation and
protein after 48 hours.

Stimulation with IFN-y. Stimulation of IFN-y on CLL cells was per-
formed by incubating cells with 500 IU/ml IFN-y (Peprotech) in 10%
RPMI medium.

MTOR and AKT inhibitors. In order to inhibit the MTOR/AKT
pathway, CLL cells were incubated for 20 minutes with 0.1 uM rapa-
mycin and wortmannin (MilliporeSigma), respectively, in 10% RPMI
medium prior to any treatment.

PD-1 blocking. In order to block PD-1, T cells were incubated with
anti-PD-1 antibody (clone EH12.2H7, BioLegend, 5 pg/ml) for 24
hours prior to culturing with CLL cells.

CD84 downregulation by siRNA on human samples. CLL cells were
purified with anti CD19 beads (Miltenyi Biotec). Thereafter, downreg-
ulation of CD84 was performed using siCD84 or siCTRL (Dharma-
con) introduced by electroporation as previously described (11).

CD84 blocking with the B4 antibody in human samples. Purified
CLL cells (anti-CD19 beads, Miltenyi Biotec) were incubated with
20 pg/ml B4 antibody (11) or isotype control IgG2a (BioLegend)
for 24 hours in 10% RPMI medium; thereafter, fresh 10% RPMI
medium was added (for the cytotoxic assay) prior to coculture
with T cells.

Cocultures with M210B4 and mouse stromal cells. CLL/Ep-TCL1
and M210B4/mouse stromal cells were cocultured at a ratio of 1:16
(M210B4/CLL), as previously described (12).

Cocultures with human T cells. CLL cells were cocultured for 48
hours with the non-CLL fraction from the purification (after pure CLL
cells were manipulated) at the same ratio as the original blood sample
from the patient, and T cells were then stained with antibodies and
analyzed by flow cytometry.

Cytotoxicity assays. siCTRL- or siCD84-treated CLL cells were
divided into 2 fractions, one cultured alone and the other cultured
with the non-CLL fraction. A cytotoxic assay was conducted using the
CytoTox-ONE detection system, according to the manufacturer’s
instructions (Promega). Twenty-four hours after treatment with siRNA
or B4, the conditioned medium was replaced with fresh medium. Next,
the remaining cells in the CLL samples were added to the CLL culture
for a 48-hour coculture. The amount LDH in the medium was compared
with the medium without any cells (background), cells without CLL cells
(negative control), lysed CLL cells (positive control), and CLL cells alone
(negative control).

Western blot analysis. RIPA lysis buffer was added with a pro-
tease inhibitor cocktail (MilliporeSigma), and a phosphatase
inhibitor was added to the CD84-stimulated cells. The cells
were then loaded onto 12% SDS-polyacrylamide gels, sub-
jected to electrophoresis, and transferred onto nitrocel-
lulose membranes. The blots were probed with antibodies
against actin (MilliporeSigma) as a housekeeping gene, anti-
p-ERK, anti p-AKT, and anti-p-S6 (Cell Signaling Technology),
and the bands were detected by Odyssey system (Li-Cor).
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Eu-TCLI adoptive transfer. En-TCL1 adoptive transfer was per-
formed as previously described (11).

In vivo CD84 inhibition. Blocking of CD84 in vivo was performed
using the B4 antibody or IgG2a isotype control (eBioscience). In adop-
tive transfer experiments, treatment with the B4 or IgG2a isotype
control antibody started the second day after Eu-TCL1 splenocyte
injection and continued every second day with 1 mg antibody/kg body
weight injected into the tail vein.

Chimeric mice. Six- to eight-week-old C57BL/6 WT or CD847~
mice were lethally irradiated (10.5 Gy). The following day, donor ani-
mals (WT and Eu-TCLI mice) were sacrificed and their BM was iso-
lated. From these isolated cells, 5 x 10° cells were injected into the tail
vein of recipient mice.

Statistics. Data analysis was performed with GraphPad Prism,
version 6.0 (GraphPad Software), Python, version 3.6, or MATLAB
R2017b. For most experiments, the mean with the SEM is provided. To
test for significance, a 2-tailed Student’s ¢ test was used and a paired ¢
test for same patient or mouse cells in different treatments unless stated
otherwise in the figure legends. For normalized data, a ratio ¢ test was
performed to correct for non-normally distributed data points. Results
were deemed significant with a P value of 0.05 or less.

Study approval. All animal procedures were reviewed and
approved by the Animal Research Committee of the Weizmann Insti-
tute of Science. Samples from CLL patients and healthy controls were
provided by the Hematology Institute at the Kaplan Medical Center,
the Laniadio Medical Center, and the Tel Aviv Sourasky Medical Cen-
ter, in accordance with the IRBs of these hospitals. CLL staging was
done using the Rai and Binet systems.
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