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Abstract Trastuzumab is the first-line drug to treat breast
cancer with high Her2 expression. However, many can-
cers failed to respond, largely due to their resistance to
NK cell-triggered antibody-dependent cellular cytotoxic-
ity (ADCC). Poliovirus receptor (PVR)-like molecules
are known to be important for lymphocyte functions. We
found that all PVR-like receptors are expressed on human
NK cells, and only TIGIT is preferentially expressed on
the CD16+ NK cell subset. Disrupting the interactions of
PVR-like receptors with their ligands on cancer cells regu-
lates NK cell activity. More importantly, TIGIT is upreg-
ulated upon NK cell activation via ADCC. Blockade of
TIGIT or CD112R, separately or together, enhances tras-
tuzumab-triggered antitumor response by human NK cells.
Thus, our findings suggest that PVR-like receptors regulate
NK cell functions and can be targeted for improving trastu-
zumab therapy for breast cancer.
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Abbreviations
ADCC  antibody-dependent cellular cytotoxicity

APC allophycocyanin

CFSE carboxyfluorescein diacetate succinimidyl ester
IgSF immunoglobulin superfamily
LEAF low endotoxin, azide-free

MDA MDA-MB-453

NKG2D Natural Killer Group 2D

NKp30  NK p30 receptor

NKp46  NK p46 receptor

PBMCs peripheral blood mononuclear cells
PI propidium iodide

PVR poliovirus receptor

SEM standard error of measurement
TIGIT T cell Ig and ITIM domain
Introduction

HER2/neu overexpression or amplification occurs in about
20% of invasive breast cancers and is strongly associated
with poor prognosis [1, 2]. Trastuzumab, a recombinant
humanized anti-HER2 monoclonal antibody, is the first
therapeutic option for patients with HER2-positive breast
cancer [3, 4]. The major antitumor mechanisms of tras-
tuzumab are inhibition of HER2-mediated signal trans-
duction and induction of ADCC [5-7]. Despite improve-
ments in patient outcome for this poor-prognostic group
of patients, response rates in metastatic breast cancer to
trastuzumab as monotherapy are limited, consisting of
approximately 10-15% [8]. Trastuzumab-triggered ADCC
is dependent upon immune effector cells, mainly NK cells,
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binding via their Fc receptor (FcyRIII, CD16) to the IgGl
Fc, the heavy-chain portion of trastuzumab [9]. This leads
to the activation of NK cells, release of their cytotoxic
granules, and lysis of the trastuzumab-bound breast cancer
cells [10]. Therefore, new strategies are needed to augment
NK cell activities, so as to increase the clinical efficacy of
trastuzumab therapy.

The poliovirus receptor (PVR)-like molecules are a
newly emerging group of the immunoglobulin superfamily
(IgSF) that play important regulatory roles in NK cell func-
tions [11]. These groups of surface molecules share PVR-
signature motifs in the first immunoglobulin variable-like
(IgV) domain, and are originally known to mediate epithe-
lial cell—cell contact [12, 13]. CD155 (also known as PVR
or Necl-5) and CD112 (also known as Pvrl2 or Nectin-2)
are two major ligands that are heavily expressed on many
cancer cells. They both interact with CD226 (DNAM-1) to
stimulate T and NK cells. They also inhibit T/NK cell func-
tions through another coinhibitory receptor, T cell immuno-
globulin and ITIM domain (TIGIT) [13]. CD226—/— mice
are susceptible to 3-methylcholanthrene (MCA)-induced
sarcoma and resistant to LPS-induced inflammation, and
both of the disease models involve NK cells [14]. CD155,
but not CD112, interacts with CD96, another PVR-like
co-receptor present on T cells and NK cells, though the
function of this interaction is still unclear [14-16]. Add-
ing to the complexity of this network, we recently identi-
fied CD112R as a new inhibitory receptor of the PVR-like
family, which interacts with CD112, but not CD155 [17].
CDI112R is expressed on human NK cells, though its func-
tion on this cell type is unclear.

Here we examine the role of PVR-like receptors on NK
cell functions against human breast cancer, with the aim to
enhance the antitumor activity of trastuzumab via NK cell-
triggered ADCC.

Materials and methods
Cell lines and culture

The human breast cancer cell lines SK-BR3, MDA-
MB-453, and MCF7 cell lines were obtained from the
Cell Line Repository at the University of Colorado Cancer
Center. Daudi, a human CD20-positive B lymphoblast cell
line, was maintained in the laboratory. The SK-BR3 cell
line was cultured in McCoy’s 5A modified medium sup-
plemented with 10% heat-inactivated fetal bovine serum
(Gemini), 100 pg/ml streptomycin, and 100 U/ml penicil-
lin (Life Technologies). MDA MB453 and MCF7 were
grown in DMEM/F12 Ham liquid media (Sigma D8437),
Daudi cell line was cultured in RPMI, and all supple-
mented as above. Cells were incubated at 37 °C in 5% CO.,.

@ Springer

Adherent cells were treated with trypsin to detach cells
before passaging.

Antibodies

Anti-human TIGIT mAb (Clone MBSA43, mouse IgGl)
was purchased from eBioscience. Antibodies for human
4-1BB (CD137), CD96, CD112, CD155, CD107a, and
IFN-y were obtained from Biolegend. Anti-human CD226
mAb (clone DX11, mouse IgGl) was purchased from
Abcam. Mouse anti-human CD112R mAb (clone 2H6,
IgG1) was generated from a hybridoma derived from the
fusion of SP2 myeloma with B cells from a mouse immu-
nized with human CD112R-Fc [17]. LEAF™ (Low Endo-
toxin, Azide-Free) purified mouse IgG1 (clone MG1-45),
used for isotype control in culture, was obtained from Bio-
legend. All other antibodies used in flow cytometry were
purchased from BD Bioscience, Biolegend, or eBioscience.
Trastuzumab and Rituximab were obtained from the Phar-
macy of the University of Colorado Hospital.

Human NK cells purification and activation

Peripheral blood mononuclear cells (PBMCs), which were
obtained from the Bonfils Blood Center in Denver, CO with
institutional approval, were isolated from healthy donors
by density gradient separation using Ficoll. NK cells were
isolated by either positive magnetic cell sorting using NK
cell isolation beads CD56, or by negative magnetic cell
sorting to remove T cell (CD3), monocyte (CD14), and B
cell (CD20). NK cells were activated with cytokines IL-2
(1000 U/ml) plus IL-12 (20 ng/ml) or trastuzumab-coated
SK-BR3 tumors at the ratio of 2.5:1 for 16 h.

Flow cytometry

Purified NK cells or cultured cell mixture was blocked
with human serum 100 pl for 15 min at 4 °C. The cells
were stained with PE-conjugated anti-CD56 antibodies
(BD Pharmingen) and APC-conjugated anti-mAb antibody
(BD Pharmingen) for 30 min at 4 °C. Cells were washed
with the staining buffer before analyzing with FACSCali-
bur cytometer (Becton—Dickinson). Data analysis was per-
formed using FlowJo version 10.1 software.

Intracellular cytokine staining assay for IFN-y

Purified NK cells (2.5 x 10°) were cultured alone or with
breast cancer cell lines in 96-well plates in a total volume
of 200 wl. Monensin (1 wM, eBioscience) was added to
cultures. Cells were stimulated with tumor and trastuzumab
with the presence of different mAbs for 16 h at 37 °C
with 5% CO,. Cells stimulated with phorbol 12-myristate
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13-acetate (PMA) (100 ng/ml; Sigma) and ionomycin
(1 wM, Sigma) were used as positive controls. After incu-
bation, cells were collected and blocked with human serum
100 pl for 15 min at 4 °C. Then cells were labeled with
PE-conjugated anti-CD56 (BD Pharmingen) antibodies
for 30 min at 4 °C. After cell surface staining, cells were
fixed and permeabilized with Fixation and Permeabiliza-
tion Buffer (BD Pharmingen) and stained with APC-con-
jugated anti-IFN-y antibody (BD Pharmingen). After wash-
ing with the staining buffer, the cells were resuspended in
300 pl cold staining buffer, followed by analysis with flow
cytometry.

CD107a degranulation assay

Purified NK cells (2.5 x 10°) were cultured alone or with
breast cancer cell lines in 96-well plates in a 200 pl vol-
ume. Cells were stimulated with tumor cells and trastu-
zumab, with the presence of different mAbs for PVR-
like receptors. APC-conjugated CD107a antibody (BD
Pharmingen) and Monensin were directly added to the cul-
ture medium and co-cultured with cells for 16 h at 37 °C
with 5% CO,. After culture, cell mixture was blocked with
human serum for 15 min at 4 °C, and stained with PE-con-
jugated anti-CD56 antibodies (BD Pharmingen) for 30 min
at 4 °C. The cells were washed with the staining buffer and
analyzed with flow cytometry.

Enzyme-linked immunosorbent assay (ELISA)
for IFN-y

Purified NK cells (2.5 x 10°) were cultured alone or with
breast cancer cell lines in 96-well plates in a 200 pl vol-
ume. NK cells were co-cultured with tumor cells, trastu-
zumab (2 pg/mL) for 16 h with the presence of different
mAbs. After incubation, the supernatants were harvested
by centrifugation at 1500 rpm for 20 min. The IFN-y level
in supernatants was determined by ELISA, according to
manufacturer’s instructions.

Human breast cancer cell killing assay by human NK
cells

Human breast cancer cells were harvested and incubated
with 0.25 yM CFSE at room temperature for 10 min.
After washing, labeled breast cancer cells were cultured
in 96-well low-attachment plate overnight with human
NK cells, with the presence or absence of trastuzumab.
Neutralizing mAbs for PVR-like receptors or isotype-
matching mIgG1 were added at the beginning of culture.
After culture, cells were collected for flow cytometry.
Tumor cells were distinguished from NK cells by CFSE
staining, and the death of tumor cells was determined by

propidium iodide (PI) staining. The killing was calculated
by: Killing% = The percentage of PI 4+ Tumor cells in
sample — The percentage of PI 4+ Tumor cells in culture
alone.

Statistics

Prism software (GraphPad) was used to analyze data and
determine statistical significance of differences [including
mean =+ standard error of measurement (SEM)] between
groups by applying a 2-tailed, unpaired Student’s ¢ test or
2-way ANOVA with Bonferroni’s correction for multiple
comparisons. P < 0.05 was considered significant.

Results

PVR-like receptors are broadly expressed on human
NK cells

Many of the PVR-like receptors are known to be impor-
tant for NK cell functions. Here we examined how PVR-
like receptors are expressed respectively on human circu-
lating NK cells from peripheral blood mononuclear cells
(PBMCs) of healthy donors. NK cells were identified as
CD56+-CD3— lymphocytes, and further divided into two
subsets based on CD16 expression. We found that TIGIT
was preferentially expressed on CD16-positive NK cell
subset. All other PVR-like receptors, including CD226,
CD112R, and CD96, were evenly distributed on CD16+
and CD16— NK cells (Fig. 1a), though in different expres-
sion levels.

Next we examined expression changes of PVR-like
receptors on NK cells upon activation. Freshly isolated
human NK cells were stimulated by cytokines IL-2 plus
IL-12 overnight. The activation of NK cells (CD56+) was
confirmed by the upregulation of CD69, a classical activa-
tion marker for NK cells (Fig. 1b). Upon stimulation, we
found that TIGIT expression was significantly upregulated
on NK cells in multiple healthy donors (Fig. lc, d). In con-
trast, the same treatment had minimal effect on the expres-
sion of other PVR-like receptors, including CD96, CD226,
and CD112R (data not shown). Thus, our results indicated
that NK cells activated via cytokines selectively upregu-
lated TIGIT, but not other PVR-like receptors.

PVR-like receptors are involved in NK cell functions
against breast cancer cells

CD112 and CD155 are the two main ligands of the PVR-
like receptors, which are broadly expressed on tumor cells
[11, 18]. Here we examined the respective roles of the
PVR-like receptors on NK cell activities against tumor
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Fig.1 PVR-like receptor expression on human NK cells. a The
expression of PVR-like receptors on CD16+ and CD16— NK cells
from human PBMCs, based on CD3-CD56+ expression. Data
shown are from six healthy donors and were analyzed by Student’s
t test. ¥*¥**P < 0.0001. b Human PBMCs stimulated overnight by
cytokines IL-2 plus IL-12 were stained for CD69 expression on
NK cells (CD56+). ¢ TIGIT expression was examined on NK cells

cells. We cultured purified human NK cells with MDA-
MB-453 (MDA), SK-BR3, and MCF7 respectively; three
human breast cancer cell lines expressing high levels of
both CD112 and CD155 (Fig. 2a). Individual blocking
mAbs against PVR-like receptors were added from the
beginning of culture. We found that a small percentage of
human NK cells (CD56+4-) expresses IFN-y upon culturing
with MDA cancer cells (Supplemental Figure 1). CD226
signal seems to be involved, because inclusion of CD226
neutralizing mAb nearly eliminated the effect (Fig. 2b,
left). On the other hand, TIGIT or CD112R blockade
resulted in a significant increase of IFN-y-producing NK
cells. The addition of both TIGIT and CD112R mAbs fur-
ther increased the percentages of IFN-y-positive NK cells
(Fig. 2b, right). Similarly, human NK cells produce little
IFN-y upon culturing with SK-BR3 cells, and the stimu-
lating effect seems to rely on CD226 signal (Fig. 2c, left).
Inclusion of both CD112R and TIGIT neutralizing antibod-
ies sensitized NK cells to secrete IFN-y (Fig. 2c, right).
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Although NK cells responded poorly to MCF7 cells, the
addition of CD112R and TIGIT blocking mAbs was able
to induce IFN-y production in NK cells (Fig. 2d). Thus our
findings suggest that PVR-like receptors are important for
NK cell cytokine production against human breast cancer
cells.

Consistently, when we examined NK cell cytotoxicity,
blockade of CD226 signal significantly reduced human
NK cells to express CD107a, with the presence of either
MDA or SK-BR3 tumor cells. On the other hand, TIGIT
or CDI112R blockade alone increased the percentages of
CD107a-expressing NK cells, and inclusion of both TIGIT
and CD112R mAbs was able to further enhance this effect
(Fig. 2e, f). To directly measure tumor killing by NK cells,
we labeled tumor cells with CFSE before co-culturing with
NK cells. Tumor cells were distinguished from NK cells by
CFSE staining and tumor killing was revealed by PI stain-
ing of the dead cells. As shown in Fig. 2g, h inclusion of
the TIGIT and CD112R neutralizing antibodies was able to
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Fig. 2 PVR-like receptors are involved in NK cell functions against
human breast cancer cells. a The expression of CD112 and CD155
ligands on breast cancer cell lines MDA, SK-BR3, and MCF7 were
detected by staining with isotype control (red), CD112 or CD155
mADbs. b—f The involvement of PVR-like receptors in NK cell activi-
ties against human breast cancer cells. Purified NK cells from healthy
donors were cultured with MDA (b, e), SK-BR3 (¢, f), or MCF7 (d)
cancer cell lines at a ratio of 2.5:1. Different neutralizing antibodies
as indicated were added from the beginning of culture. The percent-

promote NK cell killing against MDA cells. Taken together,
our results suggest that blockade of CD112R and/or TIGIT
cooperatively enhanced NK cell activities in response to
tumor cells.

PVR-like ligands on breast cancer cells induce TIGIT
internalization on NK cells

ADCC is one of the therapeutic mechanisms for tras-
tuzumab, and NK cells are the major cell type involved
in this process. We reasoned that blockade of the PVR-
like inhibitory receptors on NK cells can promote

+anti-TIGIT

ages of IFN-y-positive and CD107a-expressing NK cells were deter-
mined by flow cytometry. g, h CFSE-labeled MDA cancer cells were
cultured with human NK cells overnight, with the presence of differ-
ent neutralizing mAbs as indicated. MDA tumor cells were identified
by CFSE staining, and the killing of tumor cells was analyzed by PI
staining. All data shown are representative of at least three independ-
ent experiments with different donor cells. Data showed mean &+ SD
and were analyzed by Student’s ¢ test. *P < 0.05, **P < 0.005,
*#xkP < 0.0001

trastuzumab-triggered ADCC by human NK cells. First,
we examined PVR-like receptor expression on NK cells
upon trastuzumab stimulation. We incubated purified NK
cells with trastuzumab-coated SK-BR3 cells overnight.
This incubation resulted in dramatic CD69 and 4-1BB
upregulation [6], demonstrating that trastuzumab-coated
SK-BR3 activated NK cells via ADCC (Fig. 3a). When we
examined the expression of PVR-like receptors, to our sur-
prise, we did not find any TIGIT upregulation on NK cells
in response to trastuzumab-triggered ADCC (Fig. 3b). This
contrasted greatly with what we saw in cytokine-activated
NK cells (Fig. 1c). This phenomenon does not seem to be

@ Springer
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Fig.3 PVR-like ligands on breast cancer cells induce TIGIT inter-
nalization on NK cells. a, b NK cells were incubated alone or with
trastuzumab and SK-BR3 cells overnight. a The expression of CD69
and 4-1BB on NK cells (CD56+) were revealed by flow cytometry.
b The expression of TIGIT on NK cells (CD564), the percentage,
and MFI of TIGIT on NK cells were determined by flow cytometry.
Data were collected from nine independent experiments. The num-
bers in each bracket mean the percentage of CD69- or 4-1BB-pos-
itive expression on NK cells (CD56+). ¢ NK cells were incubated
alone or with Rituximab and Daudi cells overnight. The expression
of TIGIT on NK cells (CD56+) was determined by flow cytometry.
The numbers in each bracket mean the percentage of TIGIT-posi-
tive expression on NK cells (CD56+). d The expression of CD112

unique to ADCC-triggered NK cell activation, because we
saw clear TIGIT upregulation on NK cells in response to
Rituximab (anti-CD20)-coated Daudi cells (Fig. 3c), a
CD20-positive human B cell lymphoma [19].

We hypothesized that the presence of TIGIT ligands on
breast cancer cells can affect the expression of TIGIT on
NK cells. TIGIT ligands, CD155 and CD112, were highly
expressed on SK-BR3 cells (Fig. 2a), but not on Daudi
cells (Fig. 3d). The interaction between TIGIT ligands
and TIGIT could lead to the internalization of TIGIT on
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and CD155 on Daudi cells were detected by flow cytometry. e Puri-
fied NK cells were incubated for 16 h with different doses of tras-
tuzumab and SK-BR3 cells. Neutralizing mAbs for ligands CD112
and CD155 were included at the beginning of the culture, and the
percentage of TIGIT-positive and MFI of NK cells were analyzed by
flow cytometry. Data were collected from three independent experi-
ments. f Purified NK cells were incubated with 0.016 pg/ml tras-
tuzumab and SK-BR3 cells for 4, 16, or 24 h. The percentage of
TIGIT-positive and MFI of NK cells were determined by flow cytom-
etry. Data were collected from three independent experiments. Data
showed mean £+ SD and were analyzed by two-way ANOVA test.
**P < 0.005, ****P < (0.0001

NK cells. To confirm this, we added CD155- and CD112-
blocking mAbs to the culture media from the beginning.
When we evaluated TIGIT expression upon treatment with
CD155 and CD112 mAbs, we consistently observed TIGIT
upregulation on NK cells from different donors in response
to trastuzumab stimulation. The presence of these mAbs
could prevent TIGIT from internalization (Fig. 3e). With
the presence of both CD155- and CD112-blocking mAbs,
TIGIT expression was upregulated steadily in terms of
either percentage or MFI of TIGIT-positive NK cells, with
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a peak at 24 h (Fig. 3f). Therefore, without blocking mAbs
for TIGIT ligands, TIGIT upregulation on human NK cells
was masked by internalization. Taken together, the data
demonstrate that TIGIT is upregulated on activated NK
cells, and can be affected by ligand-induced internalization.

Blockade of TIGIT and CD112R promotes NK cell
functions triggered by trastuzumab

The TIGIT upregulation as well as internalization led us to
further evaluate the function of the TIGIT/CD112R path-
way on trastuzumab-triggered ADCC by NK cells. Purified
NK cells were incubated with trastuzumab-coated SK-BR3
cells, and neutralizing mAbs against TIGIT, CDI112R,
or control mouse IgG at the beginning of the culture. We
found that TIGIT or CD112R blockade alone resulted in
significant increase in the percentages of IFN-y-positive

NK cells, comparing with those of NK cells blockaded by
control mAb. Dual TIGIT and CD112R blockade further
enhanced the percentages of IFN-y-positive NK cells com-
paring to CD112R blockade alone (Fig. 4a). Consistently,
when we measured IFN-y secretion in the supernatant, we
also found that blockade of CD112R and TIGIT was able
to synergistically promote IFN-y secretion by human NK
cells in response to trastuzumab-triggered ADCC (Fig. 4b).
These findings support that CD112R and/or TIGIT block-
ade increased NK cell cytokine production, in response to
stimulus from trastuzumab-coated breast cancer cells.

The enhanced NK cell activation by TIGIT or CD112R
blockade implies an enhanced antitumor effect. We exam-
ined the cytotoxicity activity of NK cells based on the
expression of CDI107a. TIGIT or CDI112R blockade
increases the percentages of CD107a-expressing NK cells,
and inclusion of both TIGIT and CD112R mAbs was able
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Fig. 4 Blockade of TIGIT and CD112R promotes NK cell functions
triggered by trastuzumab. a Purified NK cells were cultured with tras-
tuzumab and SK-BR3 cancer cells in the presence of different neu-
tralizing antibodies as indicated. The percentages of IFN-y-producing
NK cells were examined by flow cytometry. Data were collected from
10 independent experiments. b Purified NK cells were cultured at the
same condition as (a), and supernatant was collected to determine
the level of IFN-y by ELISA. Data shown are representative of three
independent experiments. ¢ Purified NK cells were cultured with
trastuzumab and SK-BR3 cancer cell with the presence of different

neutralizing mAbs as indicated. The percentages of CD107a-produc-
ing cells were determined by flow cytometry. d CFSE-labeled MDA
cells were incubated with trastuzumab before being cultured with
human NK cells overnight, with the presence of different neutraliz-
ing mAbs as indicated. MDA tumor cells were identified by CFSE
staining, and the death of tumor cells was analyzed by PI staining.
Data shown are representative of five independent experiments. Data
showed mean £ SD and were analyzed by Student’s ¢ test. *P < 0.05,
%P < 0.0005, ****P < 0.0001
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to further enhance this effect (Fig. 4c). Consistently, when
we analyzed tumor killing by NK cells directly, the inclu-
sion of TIGIT and CD112R mAbs together was able to
enhance trastuzumab-triggered tumor killing (Fig. 4d).
Taken together, our results suggest that blockade of
CD112R and TIGIT cooperatively enhanced NK cell activ-
ities in response to trastuzumab-triggered ADCC.

Discussion

Trastuzumab has been the standard therapy for patients
with HER2/neu-positive breast cancer, but it is not effective
against a large proportion of these patients due to resist-
ances during the course of treatment [20]. Many strategies
have been investigated to enhance the antitumor activity
of trastuzumab. ADCC is a major mechanism of action
for trastuzumab, and targeting stimulation of NK cells can
enhance trastuzumab-mediated ADCC [6]. PVR-like recep-
tors are a group of surface receptors that are known to be
important for NK cell functions. We found that many PVR-
like receptors are involved in trastuzumab-mediated ADCC
by NK cells, and blockade of TIGIT and CD112R is able to
enhance trastuzumab-triggered anti-breast cancer response.
Thus, our findings imply a novel approach to improve tras-
tuzumab efficacy in human breast cancer.

Our study found that TIGIT is preferentially expressed
on CD16-positive NK cells, while CD112R, CD226, and
CD96 are evenly expressed on CD16-positive and CD16-
negative NK cells. Furthermore, cytokine-activated NK
cells upregulate surface TIGIT, but not other PVR-like
receptors. Interestingly, TIGIT upregulation can be masked
by ligand internalization when human NK cells are acti-
vated by trastuzumab-coated human breast cancer, which
implies a role of TIGIT in trastuzumab resistance. Consist-
ent with that, blockade of TIGIT is able to further promote
trastuzumab therapy against SK-BR3 and MDA, which are
two HER2-positive human breast cancer cell lines. The
addition of CD112R blocking mAb also enhances trastu-
zumab-triggered ADCC, and has a synergistic effect with
TIGIT blockade. The addition of F(ab)2 forms of TIGIT
and CD112R neutralizing antibodies was still able to pro-
mote NK cell cytotoxicity against MDA cells, excluding
possible effects of FcR crosslinking (Supplemental Fig-
ure 2). Based on our knowledge, this is the first study that
demonstrates a suppressive function for CD112R on NK
cells.

Our studies also suggest that CD226 is one of the major
stimulatory receptors for NK cells against human breast
cancer with high expression levels of ligands, CD112 and
CD155. Disrupting CD226 signal significantly reduces
NK cell activities against both SK-BR3 and MDA tumor
cells, regardless of the presence or absence of trastuzumab.
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On the other hand, blockage of TIGIT and/or CD112R
increased NK cell cytokine production when NK cells were
incubated with trastuzumab-coated breast cancer cells. It is
unclear whether the mechanism of TIGIT/CD112R mAbs
is to neutralize their own negative signal, or to negate
their competition for ligand binding with CD226. Besides
CD226, human NK cells utilize multiple NK cell recep-
tors to kill breast cancer cells, including NKG2D (Natural
Killer Group 2D), NKp30 (NK p30 receptor), and NKp46
(NK p46 receptor), [21]. Supporting that, our preliminary
experiment supported that NKG2D could be involved in
this aspect (Supplemental Figure 3). Therefore, it would be
interesting to further evaluate the role of other NK recep-
tors in antibody-triggered ADCC by NK cells [22].

Currently trastuzumab therapy is limited for breast can-
cer patients with high-level HER2 expression. It would be
interesting to see whether blockade of PVR-like inhibitors
can sensitize breast cancer with low-level HER2 expres-
sion for trastuzumab therapy. In this case, the application
of PVR-like checkpoint inhibitors will expand the appli-
cation of trastuzumab in cancer therapy. It is also unclear
how effective the combinatory therapy of TIGIT/CD112R
blockade and trastuzumab will be in human breast cancer
therapy in vivo. Adaptive immunity, mainly mediated by
T cells, is known to be essential for trastuzumab therapy
of breast cancer [23, 24]. Besides NK cells, TIGIT and
CDI112R are also known to be key checkpoints for T cells
[17, 25]. Although our studies here only address the role of
NK cell-mediated antitumor response in trastuzumab ther-
apy, the effect of PVR-like checkpoint inhibitor on promot-
ing T cell-mediated adaptive antitumor immunity remains
to be investigated.

Taken together, our studies demonstrate that PVR-like
receptors are involved in NK cell activity against human
breast cancers. More importantly, our findings advocate the
application of TIGIT and CD112R blockade in combina-
tion with trastuzumab therapy to treat breast cancer.
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