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Trogocytosis modulates immune responses, with still unclear underlying molecular mechanisms. Using leukemia
mouse models, we found that lymphocytes perform trogocytosis at high rates with tumor cells. While performing
trogocytosis, both Natural Killer (NK) and CD8" T cells acquire the checkpoint receptor PD-1 from leukemia cells.
In vitro and in vivo investigation revealed that PD-1 on the surface of NK cells, rather than being endogenously
expressed, was derived entirely from leukemia cells in a SLAM receptor-dependent fashion. PD-1 acquired via tro-
gocytosis actively suppressed NK cell antitumor immunity. PD-1 trogocytosis was corroborated in patients with
clonal plasma cell disorders, where NK cells that stained for PD-1 also stained for tumor cell markers. Our results,
in addition to shedding light on a previously unappreciated mechanism underlying the presence of PD-1 on NK
and cytotoxic T cells, reveal the immunoregulatory effect of membrane transfer occurring when immune cells

contact tumor cells.

INTRODUCTION

During trogocytosis, immune cells acquire parts of the membrane
of cells they interact with (1, 2). First characterized in aB-T cells
(3-8), it later became clear that virtually all immune cells perform
trogocytosis (7, 9-16). This intercellular transfer of membranes
results in the acquisition of proteins that would otherwise not be
endogenously expressed by the cell performing trogocytosis, as in
the case of Natural Killer (NK) cells that acquire viral proteins from
infected cells (17, 18) or cancer antigens from tumor cells (19).
Proteins transferred via trogocytosis are functional and influence
the response of the accepting cell (11, 16, 18, 20-25). The patho-
physiological relevance of trogocytosis is underscored by the high
extent that immune cells perform it in the context of infections
(26, 27), autoimmune diseases (28), and cancer (24, 29, 30). NK cells
are important mediators of the response against intracellular patho-
gens and tumors (31, 32) and have been among the first immune
cells shown to perform trogocytosis (10-12). Trogocytosis has been
reported to contribute to the negative regulation of NK cell responses
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in different contexts. For example, acquisition of m157 or NKG2D
ligands not only results in sustained and unproductive cross-linking
of activating receptors leading to NK cell anergy (18, 33, 34) but also
promotes NK fratricide (34, 35). On the other hand, acquisition of
major histocompatibility complex (MHC) molecules from target
cells engaged Ly49 receptors in cis, sustaining inhibitory signaling
that dampened NK cell activation (11). Recently, CD9 was shown to
be trogocytosed by NK cells from ovarian cancer cells, resulting in
reduced killing capacity (36). Last, trogocytosis of HLA-G (Human
Leukocyte Antigen G) from cancer cells resulted in the generation
of NK cells with suppressive properties (37).

We recently reported that NK cells are suppressed by the check-
point receptor PD-1 and contribute to the therapeutic efficacy of
PD-1/L1 blockade in mouse models of cancer (38). These results,
corroborated by others (39-44), were at least partially confuted by
findings that murine and human NK cells fail to endogenously
express Pdcdl mRNA or PD-1 protein (45). In light of our results
indicating that PD-1 is found on the surface of NK cells, and
considering the high trogocytosis activity of NK cells, we propose
that NK cells acquire PD-1 directly from tumor cells. Mechanistic
experiments corroborated our hypothesis and revealed that SLAM
receptors were important mediators of PD-1 trogocytosis. Func-
tionally, trogocytosed PD-1 suppressed NK cell-mediated cancer
immunosurveillance. Last, analysis of NK cells in patients with
clonal plasma cell disorders suggests that PD-1 trogocytosis occurs
in cancer patients. Together, our data shed light on a new mecha-
nism that regulates NK cell function via acquisition of PD-1 from
tumor cells.

RESULTS

NK cells acquire PD-1 from tumor cells

Consistent with what has been previously reported (38, 45), murine
NK cells acutely stimulated ex vivo with a panel of inflammatory
mediators failed to up-regulate PD-1 at the protein level (fig. S1).
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Lack of PD-1 induction was in line with epigenetic analysis of the
Pdcd] locus, which was not accessible in splenic NK cells, either
before or after cytokine stimulation, in sharp contrast with the
promoter of another checkpoint receptor (Tigit) in NK cells, or
Pdcd1 locus in CD8" T cells (fig. S2).

Considering the conflicting evidence regarding PD-1 expression
on NK cells (38, 44, 45), we hypothesized that rather than endoge-
nously expressing the protein, NK cells acquired PD-1 from other

cells. To test this hypothesis, we initially used RMA cells, which
derive from transformation of murine T cells (46), express high
levels of PD-1 (Fig. 1A, in red), and were used extensively in our
previous study (38). We generated RMA cells expressing the syngeneic
marker Thy-1.1 (not expressed by C57BL/6 mice, which express the
Thy-1.2 allelic variant) and targeted PD-1 with CRISPR-Cas9
(RMA-Pdcd1™"Thyl.1) (Fig. 1A, in blue and purple, respectively).
We then cocultured tumor cells with splenocytes from Pdcd1**
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Fig. 1. Lymphocytes acquire PD-1 and Thy-1.1 from RMA cancer cells. (A) RMA cells (red) were transduced with a retroviral vector encoding Thy-1.1 to generate RMA-Thy1.1
(blue), and then PD-1 was knocked out by CRISPR-Cas9 to generate RMA—Pdch‘/'ThyI.I (purple). A representative flow cytometry staining depicting PD-1 and Thy-1.1
expression is shown. (B and C) Splenocytes from Pdcd 1"+ or Pdcd 1™~ littermates were incubated with RMA-Thy 1.7 or RMA-Pdcd 1™~ Thy1.1. After 3 days, cells were stained
with Thy-1.1 and PD-1 antibodies. NK cells were gated as singlets/live-NK1.1*NKp46*DX5* events. CD8" T cells were gated as singlets/live-CD3*CD8" events and B cells as
singlets/live-CD19*. (D) NK cells isolated from Pdcd1*"* or Pdcd1™" littermates were incubated with RMA-Thy1.1 or RMA—Pdch'/'ThyI.I. After 3 days, cells were stained
with Thy-1.1 and PD-1 antibodies. The experiment depicted is representative of 15 performed with similar results.
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or Pdcd1™ littermates, with RMA cells expressing PD-1 or not
(gating strategy in fig. S3). In the absence of tumor cells, immune
cells did not stain for PD-1 or Thy-1.1. In sharp contrast, NK, T,
and B cells from both Pdcd1** and Pdcd1™~ mice stained positively
for PD-1 when incubated with RMA cells, but not RMA-Pdcd1™~
cells (Fig. 1, B and C, and fig. S4), indicating that PD-1 was not
endogenously expressed by innate and adaptive lymphocytes, but
acquired from tumor cells in these settings. Consistent results were
obtained by using NK cells isolated from Pdcd1** or Pdcd1™'~ mice
(purity of ~90%) (Fig. 1D and fig. S5A). Regardless of PD-1 expression
on tumor cells, Thy-1.1 was detected in abundance on the surface of
immune cells (Fig. 1, B and C, and fig. S5B). Acquisition of PD-1
and Thy-1.1 by NK cells was tightly correlated (fig. S5C), suggesting
that the two molecules were transferred to NK cells as part of a
unique phenomenon. Both PD-1 and Thy-1.1 were stable on the
surface of NK cells, as we could detect both proteins 18 hours after
we separated NK cells from tumor cells (fig. S6). To determine
whether other proteins endogenously expressed by RMA cells were
acquired by NK cells, we cocultured CD45.1-expressing NK cells
with RMA cells (which express CD45.2). In addition to PD-1 and
Thy-1.1, NK cells also acquired TCRvB12 and CD45.2 (fig. S7),
although the staining was weaker than for PD-1 and Thy-1.1. These
data indicate that when interacting with RMA cells, NK cells acquire
several proteins they would not endogenously express.

To expand on these results, we next used C1498 cells, an often
used model of leukemia (47-49). A fraction of C1498 cells (~5%)
endogenously expressed PD-1 in culture (Fig. 2A). We sorted
PD-1* C1498 cells, confirmed that they stably expressed PD-1 upon
2 weeks in culture (Fig. 2B), and then incubated them with spleno-
cytes from Pdcd1*’* or Pded1™~ littermates. In accordance with the
results obtained with RMA cells, both NK cells and CD8" T cells
from Pdcd1™~ mice acquired PD-1 when incubated with C1498 cells,
and more so if tumor cells had higher PD-1 expression (Fig. 2C).
PD-1 staining observed in Pdcdl™™ mice was very similar to what
was observed in the Pdcd1™* littermate controls, suggesting that
even in the C1498 model, the most PD-1 was not endogenously
expressed by immune cells, but rather came from the tumor cells.
Similar experiments were repeated using purified NK cells from
Pdcd1™~ NK cells. After 24 hours, NK cells incubated with PD-1*
C1498 cells stained positively for PD-1 (Fig. 2D). PD-1 staining was
further increased at 72 hours, when we also observed a shift in NK
cells incubated with C1498 parental cells (Fig. 2D). Corroboration
that higher PD-1 expression on tumor cells resulted in higher levels
of PD-1 acquisition on NK cells was further obtained in the RMA
model, where two polyclonal sublines with different PD-1 expression
donated PD-1 to NK cells at different levels (fig. S8). Together, these
data show that NK cells and CD8 T cells acquire PD-1 from leukemia
tumor cell lines in vitro.

Trogocytosis is responsible for intercellular transfer of PD-1
from tumor to NK cells

Once we established that NK cells acquired PD-1 from tumor cells,
we next investigated whether trogocytosis was responsible for PD-1
transfer. Cell-cell contact is required for trogocytosis. Consistent
with our hypothesis that PD-1 is acquired by trogocytosis, Pdcdl ™
NK cells cultured in transwell with tumor cells (where physical
interaction between the two cell types is precluded) failed to stain
for PD-1 and Thy-1.1 (Fig. 3, A and B). Further, NK cells incubated
with supernatant conditioned by RMA cells failed to stain for PD-1
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(Fig. 3, C and D). These experiments reveal that cell-cell contact is
required for PD-1 acquisition by NK cells and suggest that soluble
or exosomal PD-1 is not responsible for PD-1 transfer.

While a specific pharmacological inhibitor of trogocytosis is not
available, blocking of adenosine triphosphate (ATP) synthesis (10) or
of actin polymerization (50) is known to interfere with trogocytosis.
Consistent with the idea that PD-1 is acquired via trogocytosis by
NK cells, pretreatment of NK cells with sodium azide or antimycin
A, which both prevent ATP synthesis, or with latrunculin A, which
stops actin polymerization, resulted in a strong reduction of PD-1
and Thy-1.1 acquisition (Fig. 3, E and F). Last, pretreatment of
NK cells with actinomycin D, which blocks transcription, did not
prevent Pdcd1** NK cells from staining for PD-1, confirming that
PD-1 protein on the surface of NK cells did not derive from endoge-
nous Pdcd] transcripts (fig. S9).

Transfer of proteins via trogocytosis is accompanied by transfer
of membrane lipids. PD-1 transfer was coupled with acquisition of
lipids from tumor cells, as revealed by experiments wherein NK cells
were cocultured with RMA cells previously labeled with CellVue,
a dye that intercalates in the lipid regions of the cellular membrane
(Fig. 3G). Not only did NK cells become robustly positive for the
dye, but also PD-1 staining was more abundantly detected on NK cells
that also acquired lipids from tumor cells (Fig. 3G).

To obtain direct evidence that PD-1 was trogocytosed by NK cells,
we complemented PD-1-deficient RMA cells with a PD-1-green
fluorescent protein (GFP) fusion protein. In live imaging experi-
ments, NK cells acquired GFP signal after a few minutes of
coincubation with tumor cells (fig. S10 and movie S1). Together,
these experiments indicate that PD-1, together with other proteins,
is acquired via trogocytosis by NK cells.

SLAM receptors drive NK cell trogocytosis of PD-1
from tumor cells
Acquisition of proteins from donor cells can be facilitated by receptor-
ligand engagement, a process known as trans-endocytosis, which
NK cells are known to mediate (51). In culture, NK cells fail to
express PD-L2 but express PD-L1 [Fig. 4A and (52)], which could
therefore serve as a ligand for trans-endocytosis—driven PD-1 ac-
quisition. However, a saturating dose of PD-L1 blocking antibody
did not reduce PD-1 acquisition (Fig. 4, B and C), as we would
expect if trans-endocytosis was involved. Similar results were
obtained blocking PD-1 on RMA cells with an antibody that pre-
vents binding of PD-L1. Despite the antibodies saturated PD-1 on
the membrane of RMA cells (fig. S11A), PD-1 and Thy-1.1 were still
effectively transferred to NK cells (fig. S11B). These experiments
not only suggest that PD-1/PD-L1 binding is not required for PD-1
transfer but also imply that Fc receptor engagement by PD-1
antibodies does not facilitate trogocytosis (53). Last, we sought
genetic corroboration using PD-L1-deficient NK cells from two
different mouse strains: a full-body PD-L1 knockout (Cd274 ") (54)
and an NK cell-specific PD-L1 knockout (NcrI +Cre o cd274"h
(55) that we crossed with PD-1-deficient mice (Pdcd1™~ Ner1*/¢
Cd274"™"). PD-L1-deficient NK cells acquired PD-1 and Thy-1.1 at
levels similar to NK cells isolated from PD-L1-expressing controls
(Fig. 4, D and E, and figs. S12 and S13). PD-L1 was also dispensable for
PD-1 and Thy-1.1 acquisition in CD8" T cells and B cells (fig. S12).
SLAM receptors are important mediators of cell-cell interactions
between hematopoietic cells and are abundantly expressed not only
by NK cells but also by T and B cells (56). Given the broad expression
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Fig. 2. NK cells and T cells acquire PD-1 from C1498 cancer cells. (A) C1498 cells were stained with PD-1 antibody or isotype control. (B) PD-17 cells (in blue) were

flow-sorted and, after 2 weeks in culture, stained for PD-1, alongside parental C1498

cells. (C) Splenocytes from Pdcd 1™+ or Pdcd 17~ littermates were cultured with C1498

or PD-1" C1498 cells for 3 days and then stained with PD-1 antibodies. The experiment depicted is representative of three performed with similar results. The numbers
in the graphs refer to the percentage of PD-17 cells. (D) Splenic NK cells isolated from Pdcd 1™~ mice were cocultured with C1498 or PD-1* C1498 cells, or without tumor
cells as a control, for 24 or 72 hours and stained for PD-1. The experiment depicted is representative of six performed with similar results. The numbers in the graphs refer

to the percentage of PD-1" cells.

of SLAM family members, their importance in regulating the activa-
tion of different immune cells and considering that PD-1 was trogo-
cytosed by both innate and adaptive lymphocytes, we hypothesized
that SLAM receptors promoted PD-1 trogocytosis. To test this
hypothesis, we cultured splenocytes from mice where the whole SLAM
locus was deleted (57) with tumor cells and then assessed PD-1 and
Thy-1.1 staining on NK, T, and B cells. Consistent with our hypothesis,
NK cells from SLAM-deficient mice failed to acquire PD-1 from
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RMA cells (Fig. 4F and fig. S14). Not only was PD-1 acquisition
abolished, but also, more broadly, SLAM-deficient NK cells failed
to perform trogocytosis with tumor cells, as revealed by the lack of
Thy-1.1 transfer (Fig. 4F and fig. S14). In addition to NK cells,
SLAM-deficient T and B cells also displayed reduced trogocytosis
(fig. S15), confirming that SLAM receptors are key mediators for
trogocytosis between immune cells and leukemia cells. As SLAM
receptors are broadly expressed by many leukocytes, we investigated

40f15



SCIENCE ADVANCES | RESEARCH ARTICLE

A B ns
N 100 Fokk Fokdok
A\ =
/ NK cells + RMA : transwell E 80 I.
NK cells + RMA 2% _T_
. cells + : no transwe = w0
NK cells alone % 20 °
0 00980 T 2890
" "3 — " 4 . M
0 10 0 10 Pded]”NK cells + media g\f:tvcu u'll{n\i\\cll
PD-1 Thy-1.1 ) ‘
C D s
., 80 * *
NK cells + RMA supernatant = 1
Y S 60
\ 40\ >
\ . \ 5 40
NK cells alone A
~ 20
xX
e — e 0 o o=$=o
—1030 lC!3 104 105 —103 0 103 l()4105 N
PD-1 Thy-1.1—— Pdcdl™ NK cells + media R ) 1A
supernatant
E F Thvo1 1
.50 PD-1 : Thy-1.1 100 PD-1 : y-1.
5 P=0.02 ] P=0.01 = P=0.03 1 P=0.02
40 | LIPS S 80 | o®e@
= ° i e = |
Z 30 | Z 60 PY \
4 1 154 -9 1 °
Zan | - ) [ 2
=20 ° o | _e__ =40 ° v
z [ ! 8 ' o ®
-4 - -4
104 - - ° 20 1
X [) ° | ° N --s-e |
0 ? ! [ ] T 0 ] .
O o .
& ¥ 6T & ¥ 6T & & >
& > ¢ & SO & & ¢ »
¢ & & ¢ & & (@) N & &8
S S & C &
N had & ol v \))\\
G Gate on
S NK cells:
10 jNK cells +
o 104‘ V\X ~ +RMA
:; i
% 3] [ A
o 10 1% - .
01 /0 CellVue™ +Media
3
-10

—10% 103 10 105
PD-1

Fig. 3. Trogocytosis is responsible for intercellular transfer of PD-1 from tumor to NK cells. (A and B) Splenic NK cells isolated from a Pdcd 1~ mouse were cocultured

for 24 hours with RMA cells separated or not by a transwell semipermeable membrane before staining for PD-1 and Thy-1.1. The experiment depicted is representative of
four performed with similar results. Cumulative analysis is shown in (B) (n = 3), where the statistical analysis was performed with a one-way ANOVA with multiple comparisons,
***¥P < 0.0001. (Cand D) Splenic NK cells isolated from a Pdcd1™~ mouse were cocultured for 24 hours with RMA cells or with medium conditioned for 3 days by RMA cells
and then stained for PD-1 and Thy-1.1. The experiment depicted is representative of three performed with similar results. Cumulative analysis is shown in (D) (n = 3), where
the statistical analysis was performed with a one-way ANOVA with multiple comparisons, *P < 0.05. (E) Splenic NK cells isolated from Pdcd1™~ mice were pretreated with
sodium azide or antimycin A and then cocultured for 1 hour with RMA cells and stained for PD-1 and Thy-1.1. Three independent experiments are plotted. Statistical
analysis with one-way ANOVA with repeated measurements. (F) Splenic NK cells were isolated from Pdcd 1™~ mice and treated for 3 days with rhiL-2. NK cells were then
pretreated with latrunculin and cocultured with RMA-Thy1.1 cells. Three independent experiments are plotted. Statistical analysis with two-tailed paired Student’s t test.
(G) NK cells were incubated with RMA cells prelabeled with CellVue for 24 hours. CellVue and PD-1 staining on NK cells is depicted on the left and right, respectively.
Numbers in the histogram flow plot refer to the frequency of PD-1* cells.

NK cells lacking SLAM receptors were less efficient in acquiring PD-1
from tumor cells. This was true not only when SLAM-sufficient and
SLAM-deficient cells were compared vis a vis upon coculture with
tumor cells but also in competitive settings, where the two genotypes
were cultured together in the presence of tumor cells (Fig. 4G).

whether cell-intrinsic expression by NK cells was required for PD-1
trogocytosis. To this end, we isolated splenic NK cells from CD45.1
(SLAM-sufficient) or CD45.2 (SLAM-deficient) mice and cocultured
them, in a competitive or noncompetitive fashion, with RMA cells. As
expected, and consistent with experiments depicted in Fig. 4F, isolated
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Fig. 4. SLAM receptors are essential for trogocytosis. (A) Splenic NK cells isolated from a Pdcd1™~ mouse were cultured for 3 days, and then PD-L2 and PD-L1 expression
was analyzed by flow cytometry. Representative of three experiments performed with similar results. (B and C) NK cells were incubated with RMA cells in the presence of
a PD-L1 blocking antibody or an isotype control for 24 hours, before being stained for PD-1 and PD-L1. As additional controls, NK cells were (i) cocultured with RMA without
adding any antibody or (ii) cultured alone without adding tumor cells. The experiment depicted is representative of three performed. The numbers in the flow histograms
represent the geometric mean fluorescence intensity (MFI) of PD-L1 or PD-1. (D and E) NK cells were isolated from the spleen of Pdcd1™"~Ner1*/cecd274™" (D) or Cd2747
(E) mice (or control littermates, in red) and cocultured for 1 or 3 days with RMA or C1498 tumor cells, when PD-1 and Thy-1.1 staining was assessed by flow cytometry.
(F) Splenocytes from SLAM-deficient mice or control littermates were cocultured for 3 days with RMA or C1498 cells. PD-1 and Thy-1.1 staining on NK cells was then assessed
by flow cytometry. Three independent experiments are depicted, n=9. Statistical analysis with two-tailed unpaired Student’s t test. ***P <0.001. (G) SLAM-sufficient
(CD45.1) or SLAM-deficient (CD45.2) NK cells were negatively isolated and cultured with rhiL-2 for 3 days. NK cells were then mixed in a 1:1 ratio (competitive condition)
or not (noncompetitive condition) and cocultured with RMA-Thy1.7 tumor cells. PD-1 staining on NK cells is shown from two different experiments, n = 6. Statistical analysis
with two-tailed Student's t test, unpaired for the noncompetitive condition and paired for the competitive condition. **P < 0.01.

Given the importance of SLAM receptors in mediating cell-cell
interactions, we analyzed whether deficiency in other adhesion
molecules also interfered with trogocytosis. LFA-1 is a key adhesion
molecule, but NK cells lacking expression of CD11a (58), a subunit
of LFA-1, did not present a deficit in PD-1 or Thy-1.1 acquisition
(fig. S16). Similar results were also observed analyzing CD8" T and
B cells (fig. S17). NKG2D, an activating receptor ubiquitously
expressed by NK cells (59), was also not involved in mediating
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trogocytosis between NK and RMA cells (fig. S18). Together, these
results indicate that SLAM receptors mediate PD-1 trogocytosis
from tumor to immune cells.

Activated NK cells acquire PD-1 from tumor cells in vivo

Next, we performed in vivo studies to determine whether intratumoral
NK cells trogocytosed PD-1. We injected Pdcd1** or Pdcd1™" litter-
mates with RMA or RMA-Pdcdl™~ cells, both expressing Thy-1.1,
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and when tumors reached ~300 mm”, we analyzed PD-1 staining on
intratumoral lymphocytes (fig. S19). In all cohorts of mice, NK cells
infiltrating the tumors stained intensely for Thy-1.1 (Fig. 5, A to D,
y axis), showing that trogocytosis occurred in vivo. Strikingly, high
levels of PD-1 were detected on the surface of NK cells only when
tumor cells expressed PD-1 not only in Pdcdl™* mice but also in
Pdcd1™” mice (Fig. 5, A and C versus B and D, and figs. $20 and $21).
These data show not only that PD-1 is acquired by tumor-infiltrating
NK cells but also that trogocytosis is the major mechanism leading to
PD-1 presence on the surface of NK cells in the RMA model. Con-
sistent observations were made for CD8" T cells (Fig. 5, A to D).
Corroboration that PD-1 was trogocytosed in vivo came from
experiments where NK cells infiltrating tumors expressing a PD-1-
GFP fusion protein costained for PD-1 and GFP (fig. S22, A to D).
In addition to PD-1 and Thy-1.1, NK cells also trogocytosed TCRvp12
from tumor cells (fig. S22, E to ]). Last, in experiments where Pdcd1 /-
mice were injected with RMA or RMA-Pdcdl™~ cells in either
flank, only NK cells infiltrating RMA tumors, but not PD-1-deficient
tumors or splenic NK cells, stained for PD-1 (Fig. 5, E and F).
Together, these data support the idea that NK cells acquire PD-1
from cancer cells in the tumor microenvironment.

In our previous study, we reported that PD-1 staining was higher
on activated NK cells (38). Analysis of NK and T cells from Pdcd1 /-
mice infiltrating RMA tumors confirmed that PD-1" NK and T cells
also stained more brightly for activation markers such as Sca-1 and
CD69 (Fig. 5G). When analyzing PD-1" versus PD-1" NK cells in
the tumor microenvironment, we found that PD-1-acquiring NK
cells were more activated (fig. 23, A to C), expressed higher levels
of activating receptors (fig. S23, D and E), and were distributed in
the three CD11b/CD27-defined maturation states, with a slight
preference toward CD11b"CD27" (R2) cells, which are mature
and functional (fig. S23F). On the other hand, we failed to observe
a correlation with KLRG1 expression and only noticed a weak
correlation with NKG2A (fig. $23, G and H), whereas other check-
point receptors, including CTLA-4, TIM3, and TIGIT, were only
poorly expressed. From the functional standpoint, in agreement
with our previously published data (38), NK cells acquiring PD-1
were better interferon-y (IFN-y) producers and degranulated more
robustly (fig. S23, I and J). These data support the idea that the NK
cells that are activated by the encounter with tumor cells are also
the ones more susceptible to acquiring PD-1 and therefore being
inhibited by it.

Last, we tested the requirement of SLAM receptors for PD-1 trogo-
cytosis in vivo. Consistent with ex vivo experiments (Fig. 4, Fand G),
SLAM-deficient NK cells infiltrating RMA tumors acquired lower
levels of PD-1 and Thy-1.1 (Fig. 5H), highlighting the importance
of SLAM receptors as drivers of trogocytosis.

PD-1 acquired via trogocytosis inhibits NK cell responses
against cancer

Once we established that NK cells trogocytose PD-1 in vivo, we sought
to determine whether trogocytosed PD-1 suppressed antitumor
immunity. For these studies, rather than using RMA cells [which
are resistant to both T and NK cell responses (38, 46, 47, 60)], we
took advantage of RMA-S-PdlI cells we previously generated (38).
Like RMA, these cells express high levels of PD-1, but differently
than RMA, they lack MHC class I expression and are therefore
susceptible to NK-mediated control (38). Using CRISPR-Cas9, we
generated an RMA-S-Pdl] variant lacking PD-1 expression (Fig. 6A).
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When injected in Pdcd1”’~ mice, where the only source of PD-1 on
NK cells are tumor cells, we observed a marked deceleration in out-
growth of tumor cells lacking PD-1 expression (Fig. 6B). However,
lack of PD-1 did not delay cell growth in vitro, nor it prevented
RMA-S-Pdl1-Pdcd1™" cells from growing tumors in immunodefi-
cient mice (Fig. 6C). These data indicate that, rather than having
cell-intrinsic growth defects, PD-1-deficient tumor cells have reduced
capacity of forming ectopic tumors as they fail to inhibit NK cells
via PD-1 transfer.

Using the RMA-S-Pdl1 model, we previously showed that PD-1
blockade rescued the ability of NK cells to control tumor growth
in vivo (38). Considering that PD-1 expression in tumor cells pro-
moted in vivo growth in a cell-extrinsic fashion, we reasoned that
the therapeutic effect of PD-1 blockade should also be observed in
Pdcd1”™ mice. In accordance with our hypothesis, when we treated
PD-1-deficient mice injected with RMA-S-PdlI cells with a PD-1
blocking antibody (RMP1-14), we observed a marked reduction in
tumor outgrowth (Fig. 6D). On the other hand, when we injected
PD-1-deficient mice with PD-1-deficient RMA-S-PdlI cells, PD-1
blockade had no therapeutic effect (Fig. 6E).

To confirm that NK cells, and no other components of the
immune response, were inhibited by tumor-derived PD-1, we injected
RMA-S-PdlI cells in mice where NK cells were depleted using a
monoclonal antibody (PK136) and treated the mice with PD-1
blockade. NK cell depletion was sufficient to abolish the therapeutic
effect of the blocking antibody, whereas PD-1 blockade delayed
tumor outgrowth in the control group (Fig. 6F). Corroboration of
these results came from experiments where PD-1 antibodies failed
in immunocompromised mice (Fig. 6G and fig. S24A). Confirma-
tory results were obtained by depleting NK cells with a different
antibody (anti-asialo-GM-1; fig. S24B). The similar in vivo growth
of tumor cells in immunocompromised mice (Fig. 6G) excluded a
tumor cell-intrinsic effect of PD-1 blocking antibodies.

Last, to rule out that the therapeutic effect of PD-1 antibodies
was due to antibody-dependent cellular cytotoxicity (ADCC) po-
tentially mediated by NK cells against cancer cells coated with PD-1
antibodies, we used an engineered version of anti-PD-1 that lacks
the ability to bind to Fc receptors (Fc-silent RMP1-14) (61). Treat-
ment with Fc-silent PD-1 antibodies delayed the outgrowth of
PD-1-expressing tumors (Fig. 6H), indicating that the therapeutic
effect of PD-1 antibodies in Pdcd1™~ mice was not due to ADCC.
Together, these results indicate that trogocytosed PD-1 inhibits the
antitumor activity of NK cells, which can be rescued by PD-1 block-
ing antibodies.

Identification of an NK cell population in multiple myeloma
patients staining for tumor cell markers and PD-1

Last, to determine whether NK cells acquire PD-1 from tumor cells
in cancer patients, we analyzed PD-1 staining in NK cells from the
bone marrow (BM) of patients with clonal plasma cell disorders
(Table 1 details patients’ information). Pathological analysis showed
that of the 28 patients analyzed, 21 were diagnosed with multiple
myeloma (MM), 3 with monoclonal gammopathy of undetermined
significance (MGUS), 3 with smoldering myeloma, and 1 with soli-
tary plasmacytoma. For these studies, we relied on CD138, a protein
frequently expressed by clonal plasma cells but not by NK cells (62),
as a surrogate trogocytosis marker. Flow cytometry analysis con-
firmed the presence in several patients of a high scattering CD138"
population (fig. S25), which we identified as clonal plasma cells. In
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Fig. 5. Intratumoral lymphocytes acquire PD-1 from tumor cells. (A to D) Pdcd1** or Pdcd 17~ mice were injected with RMA or RMA-Pdcd 1™~ tumors. PD-1 and Thy-1.1
staining was assessed by flow cytometry on tumor-infiltrating NK and T cells (gated as in Fig. 1, Band C, respectively). The experiment shown is representative of five
performed with similar results. (E) RMA or RMA-Thy1.7 cells were injected in either flank of a Pdcd 7™~ mouse. PD-1 and Thy-1.1 staining was analyzed in intratumoral or
splenic NK cells. The experiment depicted is representative of three performed, n =9 for PD-1 staining and n =4 for Thy-1.1 staining. The three experiments are pooled in
(F). (G) Expression of Sca-1 and CD69 was analyzed on Pdcd 1™~ NK cells infiltrating RMA-Thy 1.1 tumors, stratifying NK cells for PD-1 staining. Representative of two experiments
performed, n =5. Statistical analysis with two-tailed paired Student’s t test; *P < 0.05. (H) SLAM-deficient mice or control littermates were injected with RMA-Thy1.7 cells.
PD-1 staining was determined on tumor-infiltrating NK cells. Data depict two experiments performed, n=6. Statistical analysis with two-tailed paired Student’s t test;
**P <0.01; ***P < 0.001.
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Fig. 6. PD-1 blockade is effective in Pdcd1™~ mice when NK cells are present and tumor cells express PD-1. (A) PD-1 and PD-L1 expression in RMA-S-PdIT or RMA-S-
Pdl1-Pdcd1™~ cells was analyzed by flow cytometry. (B to H) In all experiments, the indicated cell lines were resuspended in Matrigel and injected, alone or mixed with
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n=4 per group; the experiment depicted is representative of two performed with similar results. (E) n =6 per group; the experiment depicted is representative of three
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results. *P < 0.05; **P < 0.01; ***P < 0.001.

support of our gating strategy, patients diagnosed with MM presented
a higher CD138" frequency than MGUS patients. NK cells were
instead gated as low scattering events, live, CD3"CD56'CD16"",
and in most samples, CD7 was also used (fig. S25). In most samples
analyzed, high scattering CD138" cells expressed PD-1 (fig. S25).
Indication that NK cells performed trogocytosis came from analysis
of BM aspirates where a CD138" NK cell population, in both
CD56™8"CD16™ and CD56"™CD16* NK cell subsets, was identi-
fied (Fig. 7, in pink and green), corroborating the results obtained
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in murine models. Notably, we found a sizeable and consistent
(albeit often small) population of NK cells that stained for both
CD138 and PD-1 (Fig. 7, in green), supporting the idea that NK cells
in patients with clonal plasma cell disorders acquire PD-1 and cancer
cell markers from tumor cells.

In conclusion, this study identifies trogocytosis as a new mecha-
nism by which PD-1 is acquired from tumor cells by NK and T cells.
PD-1 trogocytosis strongly relies on SLAM receptors and functionally
suppresses the ability of NK cells to eliminate tumors in vivo.
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Table 1. Information on the analyzed patients.

Diagnosis
MM MGUS Smoldering myeloma Solitary plasmacytoma
n 21 3 3 1
12 3 2 1

% Plasma cell blasts

BM aspirates
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Fig. 7. NK cells costain for CD138 and PD-1 in the BM of patients with clonal
plasma cell disorders. The BM aspirates of 28 patients with clonal plasma cell
disorders were analyzed by flow cytometry. The frequency of NK cells staining for
either, neither, or both CD138 and PD-1 is depicted.

DISCUSSION

The nature of PD-1 expression on NK cells remains elusive, with
contrasting evidence indicating that PD-1 is either expressed on or
not expressed in NK cells (44, 45). Considering the importance of
PD-1 in suppressing the immune response to cancer and given the
tremendous interest in the development of NK cell-based cancer
immunotherapies (32, 63), understanding whether PD-1 directly
inhibits NK cell function is of the utmost importance. We recently
reported that PD-1 suppresses NK cells in several mouse models of
cancer (38), but previously have not yet deciphered the mechanisms
leading to PD-1 up-regulation in murine NK cells infiltrating lym-
phoma mouse models. The lack of PD-1 induction in NK cells
following several ex vivo stimulations, combined with the analysis
of the Pdcd1 locus in resting and cytokine-stimulated NK cells,
prompted us to hypothesize that PD-1 was not endogenously ex-
pressed by NK cells but rather was derived from other sources.
Several cellular processes have been shown to be responsible for
protein transfer. Among these processes, trogocytosis, the intercellular
exchange of whole membrane fragments, is highly performed by
NK cells (10-12). Trogocytosis can have a substantial impact for
immune responses, and it often serves an immunoregulatory pur-
pose (1, 20). For example, proteins acquired via trogocytosis can
trigger inhibitory cis-signaling in the receiving cell (64), whereas
ligands for activating receptors can be removed from target cells
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reducing lymphocyte activation (65, 66). In cancer, trogocytosis has
been associated with reduced immune responses and with the failure
of immunotherapy. For example, a recent study highlighted how CAR
(Chimeric Antigen Receptor) T cells trogocytose antigens from tumor
cells and become susceptible to fratricide, greatly limiting the re-
sponse to cellular therapy (50). Despite such evidence and the im-
mense interest in elucidating the mechanisms underlying resistance
to PD-1 blockade, whether PD-1 is trogocytosed by immune cells
has been largely unexplored, even if a recent study showed that PD-
L1 is trogocytosed by monocytes (67). Here, we show that trogocy-
tosis is a major mechanism by which PD-1 becomes localized on
the surface of immune cells. This was true not only for NK cells but
also for adaptive lymphocytes. PD-1 acquisition happened in a cell-
cell contact-dependent fashion, contextualized within the transfer
of other proteins and whole-membrane fragments, and was strongly
suppressed by ATP depletion or inhibition of actin polymeriza-
tion, indicating that PD-1 was trogocytosed by immune cells. PD-1
antibodies did not elicit PD-1 trogocytosis by NK cells, suggesting
that PD-1 could be acquired by NK cells even in the absence of Fc re-
ceptor engagement. Mechanistic studies using blocking antibodies and
transgenic mice allowed us to exclude a role for PD-L1, abundantly ex-
pressed by NK cells, in PD-1 acquisition, ruling out trans-endocytosis
as a mechanism of PD-1 transfer. On the other hand, receptors be-
longing to the SLAM family proved to be pivotal for intercellular
transfer of PD-1 from tumor to immune cells. SLAM receptors are
important regulators of immune function and ubiquitously expressed
not only by NK cells (56) but also by tumors of hematopoietic origin,
including MM (68). Our finding that SLAMs promote the trans-
fer of PD-1 from tumor to immune cells requires consideration of
trogocytosis as an important biological variable when designing mono-
therapy or combination therapy targeting these receptors.

Trogocytosed PD-1 was functional and suppressed the anticancer
activity of NK cells. The in vivo studies performed here further
expand on our previous findings that NK cells contribute to the
therapeutic efficacy of PD-1 blockade (38), and explain why
checkpoint blockade relies on NK cells despite their lack of PD-1
expression.

While more translational studies are required to follow up on
these mechanistic data, we successfully identified a subset of NK cells
that stained for CD138 in the BM of patients with clonal plasma cell
disorders. As CD138 is not expressed by NK cells, we relied on
CD138 staining to identify BM NK cells that performed trogocyto-
sis. Consistent with our in vivo results, CD138"* NK cells also stained

10of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

for PD-1, and flow cytometry and bioinformatic analysis of a
published dataset indicated that MM cells can express PD-1 (69).
On the basis of our in vivo results, we propose that PD-1 expression,
in addition to benefiting cancer cells with intrinsic signaling (70),
also promotes immune escape. Tumor cells expressing PD-1 can
donate this powerful inhibitory receptor to activated immune cells
when they are in direct contact. PD-1 acquisition can, however, be
therapeutically abrogated by checkpoint blockade, potentially res-
cuing the ability of NK cells to promote anticancer immunity.

In our current analysis (and differing from our murine results),
PD-1 was also found in a fraction of human NK cells that did not
stain for CD138. These data are consistent with the idea that human
NK cells endogenously express PD-1, as recently corroborated in
healthy donors and patients undergoing hematopoietic stem cell
transplantation (44). Endogenous expression of PD-1 does not
exclude the possibility that immune cells also rely on trogocytosis to
gain further PD-1 protein from neighbor cells. This notion is well
supported by a recent study that identified trogocytosing NK cells
in a broad spectrum of hematopoietic malignancies (71). In accord-
ance with our data, NK cells labeled with tumor cell markers also
stained for PD-1 (71). Whether endogenously expressed by NK cells
or acquired from cancer or other immune cells, several reports,
including the present one, have highlighted the importance of PD-1 in
suppressing NK cells (38-44).

Last, considering these results, it will be important for future
immune-profiling efforts based on transcriptomic analysis to consider
that proteins are acquired, sometimes at unexpectedly high levels,
by immune cells in the tumor microenvironment. Pursuant to our
previous studies and given its known importance in suppressing
anticancer responses, we focused on PD-1; however, it is conceivable
that other proteins with immunomodulatory potential will be ac-
quired by NK and T cells while interacting with tumor cells. Further
characterization of the mechanisms underlying membrane transfer
and identification of molecules transferred to immune cells is re-
quired to elucidate how immune cells are regulated by checkpoint
receptors, and other proteins, in a transcription-independent fashion.

MATERIALS AND METHODS
Mice and in vivo procedures
Mice were maintained at the University of Ottawa. PdcdI knock-
out mice (B6.Cg-Pdcd1tm1.1Shr/]) (72) were purchased from The
Jackson Laboratory and crossed with C57BL/6] mice purchased
from The Jackson Laboratory to obtain Pdcdl heterozygous mice.
Heterozygous mice were bred to obtain Pdcd1™* and Pdcd1™~
littermates. NerI™“"™ mice (73) were gifted by E. Vivier (INSERM,
Marseille, France) and crossed with Cd274"" mice (55), gifted by
P.G.F. (Trinity College, Dublin, Ireland). Mice were then crossed
with Pdcd1™™ mice. Cd2747"~ mice (54) were obtained from A.H.S.
(Harvard Medical School, Boston, MA). SLAM-ko mice (57) were
donated by A.V. (Institut de recherches cliniques de Montréal,
Montréal, QC). Itgall ~~ mice (58) were purchased from The Jackson
Laboratory. Klrk1™~ mice (74) and B6 Cd45.1 mice were gifted
by D. H. Raulet (University of California, Berkeley, Berkeley, CA).
NCG mice were purchased from Charles Rivers Laboratories. For all
experiments, sex-matched (both males and females) and age-matched
(7 to 18 weeks old) mice were used.

For subcutaneous injections, tumor cells were resuspended in
100 pl of phosphate-buffered saline (PBS) and injected in the left
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flank. Tumors were collected when tumor volume was approxi-
mately 300 mm”. In some experiments, 0.5 x 10° tumor cells were
resuspended in 100 pl of growth factor-reduced Matrigel (BD
Biosciences) and injected in both the left and right flank of the
same mouse.

Tumor outgrowth of parental or PD-1-deficient RMA-S-Pdll
cells was assessed in Pdcd]™~ or NCG mice injected with 0.1 x 10°
tumor cells resuspended in 100 ul of Matrigel. For immunotherapy
experiments, 0.5 x 10° tumor cells were resuspended in 100 ul of
Matrigel mixed with 20 pg of anti-PD-1 (RMP1-14) or control
antibody (1-1) (both by Leinco). In some experiments, Fc-silent RMP1-14
(61) was used. When indicated, mice were depleted of NK cells with
intraperitoneal injection of 200 pug of NKR-P1C antibody (PK136,
Leinco) or 10 pl (resuspended in 90 pl of PBS) of anti-asialo-GM-1
(BioLegend).

Cell lines

All cell lines were cultured at 37°C in a humidified atmosphere
containing 5% CO, and maintained in RPMI culture medium con-
taining penicillin (100 U/ml), streptomycin (100 pg/ml), glutamine
(0.2 mg/ml), gentamicin sulfate (10 ug/ml), 20 mM Hepes, and 5%
fetal calf serum. Cell line identity was confirmed by flow cytometry
when possible, and cells were regularly tested for mycoplasma.

Generation of cell line variants

RMA and C1498 cells were transduced with the retroviral expres-
sion vector MSCV-IRES-Thyl.1-DEST (Addgene, 17442), by spin
infection (800g for 2 hours at 37°C) with polybrene (8 pg/ml), and
Thyl.1" cells were sorted.

Single-guide RNA (sgRNA) targeting the first exon of the Pdcdl
gene (sequence: TGTGGGTCCGGCAGGTACCC) was cloned into
the LentiCRISPR lentiviral backbone vector (Addgene 52961), also
containing the Cas9 gene. Lentiviral expression vectors were generated
by transfecting 293T cells with 2 ug of vector with 2 pg of packaging
plus polymerase-encoding plasmids using Lipofectamine 2000.
Virus-containing supernatants were used to transduce RMA-Thyl.1
cells by spin infection, and PD-1-negative cells were sorted. PD-1"
C1498 cells were obtained by sorting the PD-1" fraction of C1498
parental cells. Generation of RMA-S-PdII cells was previously
described (38).

To generate PD-1-GFP fusion protein, the full-length open
reading frame of mouse Pdcd1 (Origene Technologies Inc., Rockland,
MD, USA; catalog number NM_008798) was subcloned as an Sgf I/
Mlu I fragment into the corresponding sites of a lentiviral vector
(Origene, catalog number PS100071) such that cells transduced
with the resulting lentivirus would express PD-1 fused in frame at
the C terminus with monomeric GFP. Lentiviral expression vectors
were generated by transfecting 293T cells with 2 pg of vector with
2 ug of packaging plus polymerase-encoding plasmids (pCMV-
dR8.2 dvpr, Addgene #8455, and pCMV-VSV-G, Addgene #8454)
using Lipofectamine 2000. Virus-containing supernatants were
used to transduce RMA-Thyl.1-Pdcdl™" cells by spin infection,
and PD-1-GFP" cells were sorted as bright or dim. All engineered
cells were regularly assessed for phenotype maintenance by flow
cytometry.

Ex vivo experiments
Murine splenic NK cells were isolated using the EasySep Mouse NK
Cell Isolation Kit (StemCell Technologies). In all experiments with
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isolated NK cells, recombinant human IL-2 (rhIL-2) [1000 U/ml;
National Institutes of Health (NIH) Biological Resources Branch
Preclinical Repository] was added to the culture medium. In most
coculture experiments, NK cells were labeled with CellTrace Violet
proliferation dye (BD Biosciences) and tumor cells with carboxy-
fluorescein diacetate succinimidyl ester (CFSE) (BioLegend), or vice
versa. A total of 100,000 NK cells were cocultured with tumor cells
ata 1:1 ratio in 24-well plates in a final volume of 1 ml. When whole
spleens were used, 200,000 splenocytes were cocultured with tumor
cells at a 2:1 ratio in six-well plates, in a final volume of 3 ml. In
other experiments, splenocytes or purified NK cells were treated
with rhIL-2 (1000 U/ml) for 3 days and cocultured with tumor cells
for 2 to 3 hours at 37°C in a 1:5 ratio.

In ex vivo cytokine stimulation experiments, isolated splenic
NK cells were cultured with interleukin-15 (IL-15) (10 or 100 ng/ml;
PeproTech), IL-2 (1000 U/ml), IL-5 (100 ng/ml; PeproTech), IL-6
(100 ng/ml; PeproTech), IL-12 (20 ng/ml; PeproTech) + IL-18
(100 ng/ml; Leinco), transforming growth factor-p1 (TGF-B1) (10 ng/ml;
PeproTech), type I IFN (1000 U/ml; PBL Assay), or 25 nM of the
glucocorticoid corticosterone (Sigma-Aldrich) for 3 days. For transwell
experiments (0.4-pm filter, Millipore), coculture was set up in six-well
plates with a final volume of 3 ml.

In sup transfer experiments, RMA cells were seeded at 200,000 cells/ml
and cultured for 3 days. Conditioned medium was collected, centri-
fuged, filtered, diluted 1:1 with fresh medium, and added to NK cells
for 24 hours.

For membrane dye transfer experiments, NK cells were labeled
with CFSE and RMA cells with CellVue Claret Far Red (Sigma-
Aldrich). A total of 10,000 NK cells were then cocultured with RMA cells
ata 1:10 ratio in 96-well V-bottom plates with a final volume of 100 pl.
In experiments where ATP production was pharmacologically blocked,
NK cells were pretreated with 50 mM sodium azide (Sigma-Aldrich)
for 2 hours or with 13 uM antimycin A (Sigma-Aldrich) for 1 hour,
washed, and then incubated with RMA cells for 1 hour. In experi-
ments where actin polymerization was inhibited, negatively isolated
splenic NK cells were activated with rhIL-2 (1000 U/ml) for 3 days,
then pretreated with latrunculin A for 30 min at 37°C, and cultured
with RMA cells at a 1:5 ratio at 37°C for 2 hours. In experiments
where transcription was inhibited, negatively isolated splenic NK
cells were activated with rhIL-2 (1000 U/ml) for 3 days, then pre-
treated with actinomycin D for 1 hour at 37°C, and cultured with
RMA cells at a 1:5 ratio at 37°C for 3 hours. In experiments where
PD-L1 was blocked, 5 ug of PD-L1 blocking antibody clone 10F.9G2
(or isotype control) was added to the coculture.

In experiments where PD-1 was blocked in vitro, tumor cells
were incubated with 5 ug of RMP1-14, Fc-silent RMP1-14, or
control isotype for 20 min, and then NK cells were added to the
culture. After 2 days, additional 5 ug of antibodies was added to the
coculture and cells were harvested and analyzed after 24 hours. To
check PD-1 saturation, an aliquot of coculture or tumor cell alone
was stained with directly conjugated RMP1-14 or a noncompeting
PD-1 antibody (29F.1A12).

Microscopy

For microscopy experiments, splenic NK cells were negatively iso-
lated and cultured in rhIL-2 for 3 days. NK cells were then resuspended
with tumor cells (1:3 ratio) in 1% methylcellulose (Sigma-Aldrich),
placed in Delta T culture dishes (Bioptechs, Butler, PA, USA), and
kept at 34°C in 5% CO; and 21% O, during imaging. Live cell
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microscopy was performed using the 100x oil immersion lens on a
Zeiss Axiovert 200M, with differential interference contrast, and
green fluorescent frames were captured using AxioVision software
at 10-min intervals for periods extending to 5 hours. Merged frames
were imported in Adobe Photoshop as layers and then converted
into time-lapse animations.

Flow cytometry
When needed, tumors were excised from mice, cut in pieces, resuspended
in serum-free medium, and dissociated using a gentle magnetic-
activated cell sorting dissociator (Miltenyi). Following dissociation,
the single-cell suspension was passed through a 40-um filter, and cells
were washed and resuspended in PBS for staining. Spleens were
harvested, gently dissociated through a 40-um filter, and washed, and
red blood cells were lysed using ACK (Ammonium-Chloride-Potassium)
buffer (Sigma-Aldrich), then washed, and resuspended in PBS for staining.
The cellular preparation was stained with the Zombie NIR
Fixable Viability Dye (BioLegend) for 20 min in PBS to label dead
cells. Cells were then washed with flow buffer (PBS + 0.5% bovine
serum albumin) and incubated for 20 min with purified rat anti-
mouse CD16/CD32 (clone 2.4G2) (BD Biosciences) to block FcyRII/
III receptors, followed by washing in flow buffer, and then incubated
for a further 20 min with primary specific antibodies. Cells were
washed and resuspended in flow buffer for sample acquisition or
fixed in BD Cytofix/Cytoperm and acquired within 7 days. Flow
cytometry was performed using LSRFortessa (BD Biosciences) or
Celesta (BD Biosciences), and data were analyzed with Flow]o soft-
ware (Tree Star Inc.)

Antibodies
For experiments with murine cells, the following antibodies were used:
(i) from BD Biosciences: anti-CD3¢e (clone 145-2C11), anti-CD8a
(clone 53-6.7), anti-CD11b (clone M1/70), anti-CD11c (clone HL3),
anti-CD45.2 (clone 104), anti-CD49b (clone DX5), anti-CD69 (clone
H1.2F3), anti-Ly6G (clone 1A8), anti-NKR-P1C (clone PK136),
and anti-Sca-1 (clone D7); (ii) from BioLegend: anti-CD4 (clone
RM4-5), anti-CD19 (clone 6D5), anti-TCRvB12 (clone MR11-1),
anti-Thy-1.1 (clone OX-7), anti-F4/80 (clone BM8), anti-Ly6¢c
(clone HK1.4), anti-NKp46 (clone 29A1.4), anti-PD-1 (clone 29F.1A12),
anti-PD-L1 (clone 10F.9G2), rat IgG2a isotype control, and mouse
IgG1 isotype control; (iii) from Abcam: anti-CD45.1 (clone A20).
For experiments with MM patients, the following antibodies
were used: anti-CD3 (clone SK7), anti-CD7 (clone M-T701), anti-
CD16 (clone 3G8), anti-CD38 (clone HIT2), anti CD45 (clone HI30),
anti-CD56 (clone NCAM16.2), anti-CD138 (clone MI15), and anti-
PD-1 (clone EH12.1), all from BD Biosciences.

ATAC-seq

Genomic snapshots were generated using IGV software (Broad
Institute) using data available on Gene Expression Omnibus (GEO):
GSE77695 (75) and GEO: GSE145299 (76).

Analysis of patients

BM aspirates were obtained from patients with clonal plasma cell
disorder enrolled at the Ottawa Hospital Research Institute and at
the Division of Hematology (“Sapienza” University of Rome).
BM samples were lysed using a buffer composed of 1.5 M NH,Cl,
100 mM NaHCO3;, and 10 mM EDTA and then stained as de-
scribed above.

120f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Statistical analysis

Differences in tumor growth curves were analyzed with a two-way
analysis of variance (ANOVA). Comparison between two groups was
performed with Student’s ¢ test (two-tailed, paired, or unpaired).
Comparison between three groups was performed with ANOVA.
P < 0.05 was considered a statistically significant difference.

Study approvals

Mouse studies were reviewed and approved by Animal Care Veterinary
Services at the University of Ottawa in accordance with the guide-
lines of Canadian Institutes of Health Research. For human studies,
informed and written consent in accordance with the Declaration of
Helsinki was obtained from all patients, and approval was obtained
from the Ethics Committee of the Sapienza University of Rome
(RIF.CE: 5191) or of The Ottawa Hospital (REB 20180221-02H).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3286
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