Article

Sensitivity of dendritic cells to NK-mediated
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ABSTRACT

Previous studies have suggested that NK cells may limit
T cell responses by their ability to eradicate dendritic
cells, as demonstrated by NK cell-mediated killing of
dendritic cells generated from mouse bone marrow cells
or human monocytes with GM-CSF. In the present study,
we demonstrated that conventional dendritic cells, gen-
erated in vitro with FIt3 ligand or from spleens, were
resistant to NK cell-mediated lysis. However, upon
stimulation with GM-CSF, NK cells could mediate lysis of
these dendritic cells. GM-CSF-stimulated Fit3 ligand
dendritic cells or splenic dendritic cells increased sur-
face expression of costimulatory molecules and known
NK cell ligands. Likewise, NK cells could target dendritic
cells in vivo, which could be inhibited, in part, by anti-GM-
CSF antibodies. The blocking of CD54 or CD226 inhibited
NK cell-mediated cytotoxicity of the GM-CSF-stimulated
FIt3 ligand conventional dendritic cells. Furthermore, the
CD226"NKG2A"~ subset of NK cells was selectively
better at targeting GM-CSF-stimulated FIt3 ligand con-
ventional dendritic cells. However, CD155, a known
ligand for CD226, could also act as an inhibitor of NK cell-
mediated lysis, as dendritic cells lacking CD155 were
more sensitive to NK cell-mediated lysis than wild-type
dendritic cells. We hypothesize that by only permitting a
subset of NK cells to target activated dendritic cells
during inflammation, this would allow the immune system
to balance between dendritic cells able to drive adaptive
immune responses and dendritic cells targeted for

Abbreviations: B6 = C57BL/6, BM = bone marrow, BMDC = bone marrow
dendritic cell, CD40L = CD40 ligand, cDC = conventional dendritic cell, DC =
dendritic cel, DCM = dead cell marker, FIt3L = FIt3 ligand, MFI = mean
fluorescence intensity, MHC I/l = MHC class I/ll, PD-1 = programmed death 1,
PD-L1 = programmed death ligand 1, pDC = plasmacytoid dendritic cell,
RAG2yc™~ = RAG2™/~ X common y-chain™~, TIGIT = T cel--ig and -ITIM
domain, TiP DC = TNF- and INOS-producing dendritic cell
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elimination by NK cells to hinder, e.g., spread of infection.
J. Leukoc. Biol. 100: 781-789; 2016.

Introduction

DCs are a variety of different cell types that have morphologic,
phenotypical, or functional similarities. In both mice and
humans, 2 subsets of DCs are the cDCs, including both lymphoid-
tissue resident DCs and migratory DCs, and the pDCs [1]. In
mice, cDCs in the spleen and lymph nodes can be subdivided
further into the CD8a" and CD8a”~ populations. The former
population has been suggested to be involved in cross-priming,
i.e., the ability to take up antigen from the surrounding milieu
and present it on MHC I to cytotoxic T cells, whereas the latter is
primarily associated with MHC II antigen presentation to drive
an adaptive immune response [2]. In nonlymphoid tissue,
CD103" DCs and CD103~ DCs identify similar populations of
DCs. These DCs derive from a common progenitor, which is also
responsible for monocyte development. Another DC population
that has been described includes the Langerhans cells, which are
found in the skin epithelium and are self populating. Finally,
there are TiP DCs [3], which can also be generated in vitro from
monocytes stimulated with GM-CSF.

DC-NK cell interactions play important roles in immune
responses to malignancies and pathogen infections [4]. TLR-
activated DCs not only recruit NK cells to sites of inflammation
through release of chemokines, such as CCL5 and CXCL10
[5-71, but also activate NK cell-mediated cytotoxicity and
cytokine production by secreting cytokines, such as IL-12, IL-15,
and IL-18. Once activated, cytokines produced by the NK cells
can drive Thl-adaptive immune responses [6, 8, 9]. NK cells may
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also affect adaptive immune responses by eliminating DCs.
Originally, it was proposed that NK cell activity in mixed
lymphocyte cultures could affect the CTL outcome in vitro [10].
Later, NK cell-mediated killing of DCs in vitro was observed using

DGCs generated in vitro with GM-CSF from mouse BM cells [11]
or from human monocytes [12-14].Mouse GM-CSF-derived

BMDCs were eliminated in vivo primarily by the TRAIL pathway,
which could affect the ensuing CTL response negatively [15].
Activation of mouse BM GM-CSF DCs by TLR ligands or IFN-y
reduced NK cell-mediated killing in vivo and in vitro by
increasing the expression of Qal or HLA-E nonclassic MHC
molecules [16, 17], which could explain why mature DCs are
better at inducing T cell responses in vivo [15].

The majority of the previous studies examining NK cell-DC
interactions has involved DCs derived from monocytes or BM
with GM-CSF. However, it is unclear if cDCs would be sensitive to
NK cell-mediated lysis under noninflammatory conditions or
under what conditions they might be targeted by NK cells. In the
present study, we examine whether cDCs are targeted by NK cells
and what role GM-CSF plays in regulating NK cell-mediated
killing of cDCs.

MATERIALS AND METHODS
Mice
B6, RAG1 ™/~ [18], RAG2yc /™, CD80 X CD86 7~ [19], CD112 7~ [20],

CD155/~ [21], and Bgm7/7 [22] mice on a B6 background (6-10 wk old)
were housed under standard conditions at the Department of Microbiology,

Tumor and Cell Biology, Karolinska Institutet (Stockholm, Sweden) or the
Hannover Medical School (Hannover, Germany). PD-1"/" mice [23] were
generously provided Dr. Tasuku Honjo (Kyoto University, Kyoto, Japan).
These mice were crossed to RAG1 ™/~ to generate PD-1 X RAGI™/~ mice.
All procedures were performed under institutional and national guidelines
(ethical numbers from Stockholm County Council, N327/12 and N147/15).

NK cell purification

Single-cell suspension from RAGI ™/~ spleens was depleted of erythrocytes,
and NK cells were positively sorted using anti-DX5" magnetic beads or by
negative sorting using MACS separation, according to the manufacturer’s
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
resuspended in complete medium («MEM; 10 mM HEPES, 2 X 107° M 2-ME,
10% FCS, 100 U/ml penicillin, 100 U/ml streptomycin) with 1000 U/ml
human IL-2 (PeproTech, London, United Kingdom) and cultured for 5 d at
37°C, 10% COs. To induce GM-CSF production, NK cells were incubated in
RPMI 1640 (Thermo Fisher Scientific Life Sciences, Waltham, MA, USA),
containing 10% FCS, 10 mM HEPES, 2 X 107° M 2-ME, 10% FCS, 100 U/ml
penicillin, 100 U/ml streptomycin, with 100 ng/ml mouse IL-15 (PeproTech)
and 100 ng mouse IL-18 (MBL International, Woburn, MA, USA) for 24 h
before being collected, washed, and added to DCs. For isolation of NK cell
subsets based on CD226 expression, NK cells were isolated as above and then
sorted on MoFlo XDP cell sorter (Beckman Coulter, Brea, CA, USA). The cells
were then cultured as above.

Generation of DCs in vitro

DCs were generated from FIt3L cultures, as described previously [24, 25]. In
brief, BM cells were cultured in RPMI 1640 (Thermo Fisher Scientific Life

Sciences) containing 100 ng/ml FIt3L. (ImmunoTools, Friesoythe, Germany).
After 8-9 d, the cells were harvested, followed by removal of CD11b™ B220*
cell populations (pDCs) using antibody-coated beads (Miltenyi Biotec). Cells
were incubated with FIt3L, with or without 10 ng/ml GM-CSF (ImmunoTools)
for 24-48 h and then collected for phenotyping or use in cytotoxicity assay. In
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some experiments, 1 X 10° IL-15- and IL-18-stimulated NK cells were added to
permeable Transwells (0.4 pm; Corning Costar, Corning, NY, USA) and added
to 1 X 10° DCs in the presence of FItSL in 24-well plates. After 48 h, the DCs
were collected for use in cytotoxicity assays. Anti-GM-CSF antibodies (BioLegend,
San Diego, CA, USA) were added to wells at a concentration of 10 pg/ml.

GM-CSF-derived BMDCs were generated as described previously [26]. In
brief, BM cells were cultured in DMEM (Thermo Fisher Scientific Life
Sciences) containing 10 ng/ml recombinant GM-CSF (ImmunoTools) for 6 d.
DCs were collected and purified further using anti-CD11c mAb-coated beads
(Miltenyi Biotec) before incubation overnight again in GM-CSF.

Purification of splenic DCs

Splenic DCs were prepared as described previously [7]. In brief, spleens from
B6 mice were harvested and digested by collagenase (Liberase-CI; Roche
Diagnostics, Indianapolis, IN, USA) and teased apart by repeated pipetting
in PBS, 5 mM EDTA, and 5% FCS (PBS/EDTA/FCS). Splenic DCs were
enriched by using anti-CD11c magnetic beads for magnetic sorting (Miltenyi
Biotec). The purified splenic DCs were cultured in 100 ng/ml FIt3L, with or
without 10 ng/ml GM-CSF for 24-48 h. For the purification of CD8a" DCs,
spleens from RAG1™/~ mice were used, and anti-CD8a magnetic beads were
used to isolate these cells. The flowthrough was then collected, and the
CD11c" cells were sorted as above.

Flow cytometry

All antibodies were purchased from BD Biosciences (San Jose, CA, USA),
BioLegend, eBioscience (San Diego, CA, USA), or R&D Systems (Minneapolis,
MN, USA). Cells were stained using standard protocols. Flow cytometry was
performed on FACSCalibur, FACSort, or LSR II (BD Biosciences) or CyAn
ADP LX 9 Color flow cytometer (Beckman Coulter). Data were analyzed using
Flow]o software (Tree Star, Ashland, OR, USA).

Cytotoxicity assays

DCs were incubated for 1 h in the presence of NaoO4Cr® (PerkinElmer Life
and Analytical Sciences, Waltham, MA, USA) and then washed thoroughly in
PBS. IL-2-stimulated NK cells were then mixed with the DCs at the different
E:T ratios. In antibody-blocking assays, a ratio of 10:1 was used to measure
killing. Antibody was present throughout the assay. After 4 h of E:T cell
coincubation, cell culture supernatants were analyzed on a y radiation
counter (Wallac Oy, Turku, Finland). Specific lysis was calculated according to
the formula: % specific lysis = (experimental release — spontaneous release) /
(maximum release — spontaneous release) X 100. If the difference between
spontancous and maximum release was <2-fold, then these experiments were
discarded. For anti-CD226 antibody blocking, we used the 3B3 clone, which we
have described previously [27]. We used the following clones for anti-CD40L
(MRI; BioLegend), anti-ICAM (YN1/1.7.4; BioLegend), and anti-PD-L1 (10F.
G92; BioLegend) blocking.

In vivo DC rejection assay

Splenic DCs were labeled with 1 uM CFSE (target cells) or 1 pM CellTrace
Violet (control cells; Thermo Fisher Scientific Life Sciences) for 10 min.
Target and control cells were mixed and 1-8 X 10° cells coinjected

/~ mice as

intravenously via the tail vein into RAG1™/~ mice or RAG2yc~
controls for NK cell-mediated killing. The injection mix was analyzed by flow
cytometry for reference. Two days later, the spleens were harvested and
erythrocytes depleted, and the relative percentages of target and control cells
were measured by flow cytometry [28]. Rejection was estimated as the relative
survival of target or cells, calculated as: % remaining target cells of labeled
cells/ % target cells in inoculate or % remaining control cells of labeled cells/
% control cells in inoculate.

IL-18 treatment of mice

RAG1™/~ mice were injected daily for 48 h with 2 pg recombinant mouse IL-
18/mouse (MBL International). The spleens were collected and stained with
anti-CD11b, -CD11c, -GR1, and -NKp46 (BioLegend) and Viability Dye eFluor
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780 (eBioscience) to detect the number of DCM-positive DCs by flow
cytometry. NK cell-depleted mice were treated with 200 wg/mouse anti-NKI.1
(PK136) antibody, 24 h before IL-18 treatment. Anti-GM-CSF antibody-treated
mice were given 200 pwg/mouse anti-GM-CSF antibody (Bio X Cell, West
Lebanon, NH, USA), 24 h before IL-18 treatment. Mice were given another
dose of anti-GM-CSF antibody in conjunction with the second IL-18 injection.

Statistical analysis
Statistical analyses were performed with GraphPad Prism, version 4
(GraphPad Software, La Jolla, CA, USA).

RESULTS
GM-CSF is required for NK cell-mediated killing of DCs

In contrast to previous studies examining the NK cell-mediated
lysis of DCs, we generated DCs in vitro with FIt3L and tested their
sensitivity to NK cells. We found that BMDCs generated with
FIt3L were relatively insensitive to killing by IL-2-stimulated NK
cells in vitro (Fig. 1A). However, when the DCs were incubated
for 48 h with 10 ng/ml GM-CSF before the killing assay, we
observed a significant increase in the sensitivity of these DCs to
NK cell-mediated lysis (Fig. 1A). Increased sensitivity to NK cell-
mediated lysis was also observed with DCs treated with 1 ng/ml
GM-CSF but not at 0.1 ng/ml (data not shown).

As NK cells are a source of GM-CSF, we tested if GM-CSF
derived from NK cells could also make DCs sensitive to NK cell-
mediated lysis. Similar to previously published studies for human
NK cells [29], we found that NK cells stimulated with IL-15 and
IL-18 were efficient in producing GM-CSF (data not shown).
1L-15/1L-18-stimulated NK cells were washed and added to
Transwell plates, which were then cocultured with DCs cultured
in FIt3L. After 48 h, these DCs were collected and used as targets
for NK cells. These cocultured DCs were more susceptible to NK
cell-mediated lysis than DCs cultured with FIt3L alone (Fig. 1B).
This sensitivity to NK cell-mediated lysis was abrogated by the
addition of anti-GM-CSF antibody to the cocultures (Fig. 1B).

Smith et al. NK cell-mediated killing of dendritic cells

As FIt3L. BMDCs are similar to splenic cDCs [25], the sensitivity
of splenic DCs to NK cell-mediated killing upon GM-CSF
stimulation was also tested. Purified splenic DCs cultured with
FIt3L. and GM-CSF in vitro were more sensitive to NK cell-
mediated lysis than splenic DCs cultured in FIt3L alone (Fig. 1C).
It has been suggested previously that NK cells might control
CD8a* DC numbers in lymph nodes [30]. When splenic DCs
were sorted into CD8a" and CD8a™ populations, both popula-
tions appeared to be equally sensitive to NK cell-mediated lysis
upon GM-CSF stimulation (Fig. 1D).

NK cell elimination of splenic DCs in vivo

To examine GM-CSF-stimulated DC sensitivity to NK cell-
mediated killing in vivo, we first tested the relative rejection rates
of splenic DCs treated with or without GM-CSF in RAG1 ™/~ mice
or RAG2yc™/~ mice, which lack NK cells. Forty-eight hours
postinjection, we found that there was a significantly relative
decrease in the number of transferred GM-CSF-stimulated
splenic DCs in the RAG1 ™/~ mice compared with splenic DCs
cultured in FIt3L alone (Fig. 2A), whereas there was no
difference in the recovery of both of these cells from the
RAG2yc™’~ mice. This finding suggested that NK cells also
selectively eliminated DCs stimulated with GM-CSF in vivo.

To test whether NK cells could eliminate DCs under
inflammatory conditions, we treated RAG1™/~ mice with 11-18,
injected intraperitoneally, as NK cells are known to express
IL-18R and be activated by this cytokine. Furthermore, elevated
IL-18 levels can be found in a number of inflammatory diseases.
When the frequency of DCM' DCs was examined after 48 h of
treatment, there was a 71% increase in the number of DCM* DCs
in the mice treated with IL-18 when compared with control mice
[7.7 = 1.8% DCM" DCs, IL-18 treated (n = 12), vs. 4.5 = 1.1%
DCM" DCs from control mice (n = 7); P < 0.05, ANOVA with
Bonferroni posttest (Fig. 2B and C)]. In mice depleted of NK
cells and treated with IL-18, the frequency of DCM"' DCs was
significantly reduced when compared with the frequency of

* Figure 1. GM-CSF induces NK cell-mediated lysis
of ¢DCs. (A) NK cell-mediated lysis of in vitro-
derived FIt3L DCs and FIt3L DCs stimulated with
GM-CSF (¥P < 0.05, paired test, n = 9). (B) FIt3L-

T derived DCs incubated in the presence of IL-15-

and IL-18-stimulated NK cells become sensitive to
- - NK cell-mediated lysis. Addition of 10 wg/ml anti-
+ + GM-CSF antibody to the cultures reduces the
- + sensitivity (*P < 0.05, ANOVA with Bonferroni
posttest, n = 3). (C) NK cell-mediated lysis of
splenic DCs stimulated FIt3L alone (open dia-
~-CDga” DC monds) or FIt3L and GM-CSF (filled diamonds;
--CD8a* DC

*P < 0.05, paired ¢ test, n = 3). (D) Sensitivity of
splenic CD8a" (filled diamonds) and CD8«a~ DC
(open diamonds) to NK cell-mediated lysis follow-
ing GM-CSF stimulation (n = 3).
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Figure 2. IL-18 induces NK cell-mediated killing
of DGCs in vivo. (A) GM-CSF stimulation makes in
vitro-derived FIt3L. DCs more sensitive to NK cell-
mediated elimination in vivo. Flow cytometry
plots show ratio of 1 representative experiment
before injection (left) and after 48 h (middle).
(Right) Combined results of 3 independent

experiments (¥*P < 0.01, Student’s ¢ test, n = 9 for o Gﬁf‘

RAG1 ™/~ mice; n =3 for RAG2yc /7). (B)
Gating strategy to show frequency of DCM"

CD11c* DCs after injection of RAG1 ™/~ mice

with IL-18 (lower left) in combination with anti-

NKI1.1 (lower middle) or control antibody (lower o
right; 1 representative experiment). SSC, side
scatter. (C) Frequency of DCM* CD11c* DCs
after injection of IL-18, in combination with anti- 0
NKI.1, control, or anti-GM-CSF antibody (4 in-

dependent experiments, n = 7-12 mice/group; °

6.2%

*P < 0.05, ANOVA with Bonferroni posttest). T " 2

DCM" DCs in mice treated with IL-18 alone [5.6 = 0.8% DCM"*
DCs from mice treated with IL-18 and anti-NK1.1 antibody (n =
10) vs. 7.7 = 1.8% DCM" DCs from IL-18 alone-treated mice
(n=12); P < 0.05, ANOVA with Bonferroni posttest (Fig. 2C)],
suggesting that NK cells were involved in the increased DC cell
death. As the NK cells could not only induce the cytotoxicity of
the DCs but also produce GM-CSF to make the DCs sensitive to
NK cell-mediated lysis, we also treated mice with anti-GM-CSF
antibody. When compared with the IL-18-treated mice, there was
an ~15% reduction in the number of DCM* DCs [7.7 = 1.8%
DCM* DCs, IL-18 treated, vs. 6.5 = 0.6% DCM" DCs from mice
treated with IL-18 and anti-GM-CSF antibody (n = 8; Fig. 2C)].
This suggested that IL-18 production in vivo during inflammatory
responses could induce NK cell-mediated lysis of DCs, which was,
in part, a result of GM-CSF production.
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Identification of potential NK cell ligands on DCs
stimulated with GM-CSF
GM-CSF stimulation of FIt3L. DCs leads to significantly increased
expression of CD54, CD80, CD86, CD112, CD155, and CD274
(PD-L1; Fig. 3B-G). Likewise, GM-CSF stimulation did increase
the levels of CD40 and classic and nonclassic MHC I proteins on
the cell surface on average; however, these were not significantly
higher, as the expression of the molecules varied on the control
DCs from experiment to experiment (Fig. 3A, H, and I). Similar
results were also observed when splenic DCs were isolated from
mice and then incubated in vitro with FIt3L, with or without
GM-CSF (data not shown).

Likewise, we detected increased expression of CD54 (MFI
218 * 44 control mice vs. 373 *+ 41 IL-18-treated mice; n = 5-6;
P < 0.01, Mann-Whitney test), CD80 (MFI 55 * 7 vs. 86 * 7;
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Figure 3. Expression of selected molecules on cDCs after GM-CSF stimulation. Comparison of MFI between unstimulated and GM-CSF-stimulated
FIt3L DGs for (A) CD40, (B) CD54, (C) CD80, (D) CD86, (E) CD112, (F) CD155, (G) PD-L1 (CD274), (H) MHC I (K"), and (I) Qal. *P < 0.05,

paired ¢ test, n = at least 4 experiments.

P <0.01), CD86 (MFI 32 + 7 vs. 50 = 7; P< 0.05), CD155 (MFI
15 = 4vs. 20 *+ 3; P< 0.05), and PD-L1 (MFI 24 * 15vs. 76 * 10;
P < 0.01) in the mice treated with IL-18 when compared with
mice injected with PBS alone. Expression of MHC I molecules
was similar between treated and untreated mice.

PD-1-PD-L1, CD80-CD86, and CD40L do not play a
role in NK cell-mediated killing of DCs

GM-CSF stimulation of DCs could increase PD-L1 expression,
which has been described previously [31, 32]. However, whereas
PD-1 has been identified on NK cells [33-36], we could not
detect surface expression of this molecule on the IL-2-stimulated
NK cells (data not shown). Furthermore, there was no significant
difference in the ability of IL-2-stimulated NK cells from PD-1 X
RAG1™/" mice to kill DCs when compared with NK cells from
the RAG1™/" mice (Fig. 4A). When anti-PD-L1 antibody was
added to the cytotoxicity culture, there was a slight increase in
cytotoxicity of the DCs, on average, but it was not significantly
different when compared with control antibodies (15.6% * 5.1
cytotoxicity with control antibody vs. 24.0 = 7.9% cytotoxicity
with anti-PD-L1 antibody, » = 5; Fig. 4B). It is ntoteworthy that
PD-L1 is also expressed on NK cells, and some studies have
demonstrated that PD-L1 may form interactions with CD80 and
CD86 [37]. However, even though we detected increased expres-
sion CD80 and CD86 on the GM-CSF-stimulated cDCs, we found
that GM-CSF-stimulated DCs from CD80 X CD86 /™ mice were
equally sensitive to NK cell-mediated lysis as wild-type DCs (Fig. 4C).
Like CD80 and CD86, CD40 has been associated with NK cell-
mediated killing [38, 39] and was associated with NK cell-mediated
killing of autologous human DCs [12]. However, when testing this
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possibility, we found that the blocking of CD40L on NK cells did not
alter the killing of the GM-CSF-stimulated DCs (Fig. 4D).

CD54 and CD226 drive NK cell-mediated killing of DCs

CD54 has a critical role in NK cell-mediated killing by focusing
the cytotoxic synapse and arranging granular release between the
effector and target cells [40, 41]. By adding anti-CD54 antibody
to the cell cultures, there was a significant reduction in
cytotoxicity of the DCs stimulated with GM-CSF (15.5% * 5.9
cytotoxicity with control antibody vs. 7.8 = 3.7% cytotoxicity with
anti-CD54 antibody, n = 4; P < 0.05, paired ¢ test; Fig. 5A). Thus,
NK cell-mediated lysis of GM-CSF-stimulated cDCs was, in part, a
result of increased expression of CD54.

We have previously reported that CD226 was involved in the
cytotoxicity of GM-CSF-derived BMDGs in vitro [27]. In the present
study, the addition of anti-CD226 antibody to the culture could
inhibit NK cell-mediated lysis of GM-CSF-stimulated, FIt3L-derived
cDCs (34.7% *5.1 cytotoxicity with control antibody vs. 13.0 * 8.6%
cytotoxicity with anti-CD226 antibody; P < 0.05, paired test, n = 3;
Fig. 5B). We have previously postulated that the coexpression of
CD226 and NKG2A on NK cells might be a means of controlling NK
cellmediated killing of DCs [16, 27]. Therefore, we sorted NK cells
into CD226'NKG2A", CD226"NKG2A ™, or CD226'NKG2A™ sub-
populations and examined their cytotoxic capacity against
GM-CSF-stimulated cDCs. The CD226'NKG2A™ NK cells exhibited
significantly greater cytotoxicity of the GM-CSF-stimulated cDCs
compared with the CD226'NKG2A" populations at the 10:1 (24.3 =
7.6vs. 14.6 = 7; P < 0.05, paired ¢ test, n="7) and 3:1 (17.3 £ 8.6 vs.
7.5 £ 5; P < 0.05, paired ¢ test, n = 7; Fig. 5C) ratios. Furthermore,
compared with the CD226"NKG2A™ populations, the CD226'NKG2A™
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and 17.3 £ 8.6 vs. 11.2 = 7.8; P < 0.05, paired ¢ test, n=7; Fig. 5C). examine if CD155 up-regulation played a role in NK cell-
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that NK cells also express CD96 and TIGIT, which are inhibitory
receptors on NK cells that bind CD155 as well. However, whereas
CD112 is also a ligand for CD226, we did not see any difference
in DC sensitivity to NK cell-mediated lysis in mice lacking this
molecule, suggesting that CD112 does not play a role in NK cell-
mediated killing of DCs (Fig. 5F).

DISCUSSION

We have previously hypothesized that NK cell-mediated killing of
DCs is a means by which inflammatory responses induced by DCs
could be limited [43]. Data that supported this hypothesis came
from studies demonstrating NK cell-mediated lysis of DCs

generated from monocytes or BM cells with GM-CSF, which are

equivalent to the TiP DCs found in vivo and arise during
inflammation [44, 45]. However, this implies that the previous
studies of NK cell-mediated killing of DCs have been biased
toward inflammatory monocytes rather than cDCs. In the present
study, we have shown that cDCs from FIt3L BM cultures were not
sensitive to NK cell-mediated lysis. Importantly, this was also
observed when testing ex vivo cDCs isolated from spleen.
However, upon stimulation with GM-CSF, NK cells could mediate
cytotoxicity of cDCs, which was, in part, a result of up-regulation
of CD54 on the surface of the DCs and of the CD226"'NKG2A ™
subset of NK cells. Furthermore, GM-CSF produced by NK cells
could also increase the sensitivity of cDCs to NK cell-mediated
lysis. In vivo, injection of the proinflammatory cytokine IL-18 also
led to increased NK cell-mediated killing of cDCs. Under these
conditions, anti-GM-CSF antibodies could only partially inhibit
cDC death, suggesting that other proinflammatory cytokines
might play a role in aiding NK cell-mediated killing of ¢DCs.
Together, these data highlight that NK cells do not attack cDCs
until an inflammatory response is induced and that specialized
NK cells can play a role in ¢cDC elimination.

In the present study, NK cell-mediated cytotoxicity of DCs was
inhibited by antibodies directed against CD54 and CD226. CD54
was 1 of the first identified ligands to trigger NK cell-mediated
cytotoxicity through LFA-1 [40, 41, 46], so it may not be
surprising that increased expression of CD54 on activated DCs
leads to their sensitivity to cytotoxicity. However, the receptors
for CDb54, LFA-1, and CD226 are found associated with each
other in the lipid rafts on NK cells, and they work synergistically
to activate NK cells [47-49]. Phosphorylation of CD226 at Ser329
leads to the association of CD226 with LFA-1, which then recruits
Fyn to phosphorylate the Tyr322 of CD226 that leads to Sh2
domain-containing leukocyte protein of 76 kDa (SLP-76) and
Vav-1 phosphorylation. More recently, CD226-mediated cytotox-
icity was also found to be involved directly via growth factor
receptor-bound protein 2 [50]. This suggests that GM-CSF
induction of CD155 and CD54 expression may act as a signal for
DGCs to make them more vulnerable to NK cells and to aid in
their elimination during inflammation.

We [27] and others [51] have previously found that CD226"
NK cells are more cytotoxic than CD226~ NK cells and may
produce more cytokines. Furthermore, NK cells express different
levels of receptors and chemokines related to their expression of
CD226 [27, 51], which was further related to the maturation state

www jleukbio.org

Smith et al. NK cell-mediated killing of dendritic cells

of the NK cells [51]. In the present study, the CD226"NKG2A ™
NK cells were the most proficient NK cell subset in killing DCs,
which is in line with our previous hypothesis that the mouse NK
cells may be subdivided into subpopulations of CD226 and
NKG2A to regulate the ability of NK cells to kill DCs [16, 27].
Although the CD226'NKG2A™ population of NK cells is 1 of the
smaller populations of NK cells, they were the best killers of GM-
CSF-stimulated DCs, which could be related to the fact that these
cells may be more mature [51] but also would not be inhibited
from killing by nonclassic MHC I molecules on the DCs after GM-
CSF treatment. Thus, our data and the study of Martinet et al.
[51] suggest that expression of CD226, in combination with other
receptors on NK cells, may impart NK cells for specific niche
functions. In contrast to mice, all human NK cells express CD226,
and like mouse NK cells, CD226 is involved in killing of human
monocyte-derived DCs [52, 53]. However, human CMV infection
of human monocyte-derived DCs reduces expression of CD226
ligands over time, making these DCs less sensitive to NK cell-
mediated lysis. In this case, the CD94/NKG2A" NK cells appear
to play a great role in killing these DCs [53]. Therefore, we can
hypothesize that the immune system may have evolved to have
different subsets of NK cells expressing CD226 and NKG2A as
means to control pathogens and to regulate DC numbers during
infection.

Although the blocking of CD226 could inhibit NK cell-
mediated killing of DCs, it was surprising that DCs lacking CD155
were more sensitive to NK cell-mediated lysis. However, this can
be explained, in part, by the complex nature of paired receptors
on NK cells [54], which also express 2 additional inhibitory
receptors that can bind CD155, namely CD96 and TIGIT [54].
Thus, when CD155 is up-regulated on DCs, there could be
competition between the activation and inhibitory signals
induced by CD155, which controls the sensitivity of the DCs to
NK cell-mediated killing. Furthermore, we cannot rule out that in
the absence of CD155, CD112 might also be made available for
recognition by NK cells; however, it is still unclear if mouse NK
cells can recognize CD112 [54]. Mice lacking TIGIT or CD96
have demonstrated their roles in autoimmunity and anti-tumor
immunity [55-59], but mice lacking CD96 or TIGIT have not
been used to address the role of these molecules in NK cell-mediated
killing of DCs. However, it would appear that these receptors, in
combination with NKG2A, act as further controls in regulating the
extent of DC killing that might occur during inflammation, thus
allowing a balance, whereby some DCs are eliminated, but allowing
others to stimulate the adaptive immune system.

Whereas we observed that GM-CSF up-regulated costimulatory
molecules, there was also increased expression of immunoinhi-
bitory molecules, such as PD-L1, which binds to PD-1 on T cells,
and antibodies to either of these molecules have been shown to
have beneficial effects in anti-tumor therapy [60]. Although PD-1
has been reported on NK cells [33-36], to date, there has been
little published about the effects of anti-PD-1 or -PD-L1 antibody
treatments on NK cell function [34, 35]. PD-1 on NK cells has
been found in inflammatory conditions, where IL-18 has been
added to NK cells [35] or during chronic viral infection [36]. This
suggests that during inflammatory conditions, PD-1-PD-L1 inter-
actions might play an important role in limiting NK cell-mediated
activation. In the present study, we did see increased lysis of DCs
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when anti-PD-L1 antibody was added to the cultures, but it was not
significantly different from control antibody treatment, which
suggested that PD-L1 might only play a minor role in inhibiting
NK cells from eliminating DCs. However, PD-L1 can also be
expressed on activated NK cells, so it is unclear whether the
antibodies are blocking PD-L1 on the NK cells, DCs, or both. As
there are increasing numbers of clinical studies using anti-PD-1
and -PD-L1 antibodies [60], it will be interesting to see if there are
any effects of these antibodies on NK cells from these patients.

We have previously postulated a model to explain why NK cells
would target DCs for killing [43]. With the current study, we have
further elucidated the mechanisms of how this model works. We
propose that upon encountering a pathogen, DCs could release
NK cell-activating cytokines, such as IL-12, IL-15, IL-18, and TNF,
as well as chemokines, to attract NK cells to the site of infection.
The combination of cytokines could induce GM-CSF and IFN-y
production, which would then initiate cytotoxic T cell function

but also feedback on the DCs, including uninfected DCs, to make
them sensitive to NK cells. The elimination of bystander DCs
would be important in this case, as it would limit and focus T cell
responses to only infected cells and make immune responses
more efficient, as well as potentially eliminating DCs expressing
autoantigens [61]. The infected DCs could also be targeted by
NK cells to limit the infection, and the resulting debris would be
processed by other DCs for presentation to T cells through (e.g.,
cross-priming). Furthermore, expression of PD-L1, as well as
classic and nonclassic MHC I molecules, may limit the extent/
speed of elimination of DCs by NK cells, which again, could allow
T cells to find their antigen and become activated. Thus, by this
means, the immune system can balance the elimination of
infected cells while developing, at the same time, a specific
adaptive immune response to a pathogen.
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