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* The NKG2D ligand
ULBP-4 is expressed
on healthy monocytes.

* Monocyte ULBP-4 ex-
pression regulates
NKG2D expression by
NK cells.

Introduction

Natural killer group 2 D (NKG2D) is an activating receptor on natural killer (NK) cells. NKG2D signaling is
induced when this receptor is ligated by one of multiple proteins that function as NKG2D ligands. These
are the major histocompatibility complex class | chain-related (MIC) proteins and the UL16 binding proteins
(ULBP1-6)." NKG2D ligands are considered “stress ligands,” with expression induced by stressors,
including viral infection or DNA damage.?® Nevertheless, there are cells that are not considered stressed
that also express NKG2D ligands.' The function of this expression is largely unknown."

Monocytes from healthy donors have been reported to express little to no NKG2D ligands.*” However,
an omission in these previous studies is measurement of ULBP-4 protein. Here, we demonstrate
that ULBP-4 is expressed by monocytes from healthy individuals. This expression resulted in the
downregulation of NKG2D from the cell surface of NK cells in monocyte—NK cell cocultures.

Methods

Cell purification

Blood was harvested from healthy volunteers with institutional review board approval. Peripheral blood
mononuclear cells were isolated using Histopaque (Sigma-Aldrich). Monocytes were purified using the
Untouched Human Monocyte Kit (Invitrogen) or anti-CD14 magnetic particles (BD Biosciences). NK
cells were purified using the Untouched Human NK cells kit (Invitrogen) or anti-CD56 magnetic particles
(BD Biosciences).

Antibodies, cytokines, and recombinant proteins

Anti-CD14, ant-CD3, and anti-CD56 were purchased from BD Biosciences. Anti-NKG2D and mouse
immunoglobulin G1 (IgG1) were purchased from BioLegend. Anti-MICA/B, anti-ULBP1, anti-ULBP2/5/6, anti-
ULBPS3, anti-ULBP4 (clone 709116), mouse IgGga, mouse IgGog, hNKG2D-Fc, control Fc, rULBP-4-Fc, and
rhiL-18 were purchased from R&D Systems. rhiL-2, rhiL-12, and rhIL-15 were purchased from Peprotech.

Immunoblotting
Cells were lysed in Laemmli buffer (Bio-Rad). ULBP-4 was detected with clone 709116 (R&D Systems).

Enzyme-linked immunosorbent assay (ELISA)

Monocytes were cultured in RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal calf serum
(Hyclone), penicillin, and streptomycin (Life Technologies). Eighteen to 20 hours later, ULBP-4 present
in the culture supernatant was detected using an ULBP-4—specific ELISA (MyBiosource).

Monocyte-NK coculture

Cells were cultured in a 24-well plate in RPMI 1640 supplemented with 10% fetal calf serum,
penicillin, and streptomycin for 18 to 20 hours. In some experiments, the following cytokines were
added: interleukin-12 (IL-12), IL-15, and IL-18 (10 ng/mL each). In other experiments, Human BD Fc
Block (25 pg/mL; BD Biosciences) was added and the cells incubated at room temperature for 15
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Figure 1. Monocytes in healthy individuals express the NKG2D ligand ULBP-4. Monocytes or NK cells were purified from the peripheral blood of healthy volunteers and
analyzed for expression of NKG2D ligands. (A-D) Example flow cytometry histograms (A-B) and contour plots (C-D) of NKG2D ligand staining of monocytes (4',6-diamidino-2-
phenylindole-negative “CD14™ cells) (A,C) or NK cells (4’,6-diamidino-2-phenylindole—negative CD3~CD56" cells) (B,D) from 1 individual. The numbers shown are the percent of

cells with staining with the given NKG2D ligand-specific antibody above control antibody staining. (E) The percent (average [AVG] * standard error of the mean [SEM]) of

monocytes that expressed ULBP-4 on the surface in all healthy individuals tested (n = 9). (F) Immunoblotting with ULBP-4—specific antibody with HelLa cells, monocytes purified

from a healthy individual, and rULBP-Fc. These results are representative of 4 individual experiments. (G) Monocytes were cultured for 20 hours, and ULBP-4 was measured in the

supernatant by ELISA. These results are representative of 4 individual experiments. ***P < .001 in 2-tailed Mann-Whitney U test. Ctrl, control; M, marker; mAb, monoclonal antibody;

mono, monocytes; ND, not detected.

minutes; then, ANKG2D-Fc or control Fc (300 ng/mL) was added.
NKG2D surface expression was measured using flow cytometry.

Jurkat killing assay

Jurkat cells were labeled with 1 uM carboxyfluorescein diacetate
succinimidyl ester (Invitrogen). Carboxyfluorescein diacetate succini-
midyl ester—labeled Jurkats (10° per well) and NK cells (10° per well)
were plated in a 96-well round-bottom plate, spun, and cultured for 4
hours at 37°C. The number of live Jurkats in each well was then
determined by flow cytometry.

Results and discussion

We analyzed monocytes harvested from the blood of healthy
individuals for surface expression of NKG2D ligands. As reported
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in previous studies,*” little MICA, MICB, ULBP-1, ULBP-2, ULBP-3,
ULBP-5, or ULBP-6 was detected (Figure 1A,C). However, ULBP-4
was detected on >40% of monocytes in all individuals tested
(Figure 1A,C,E). This is in contrast to the low ULBP-4 expression on
NK cells (Figure 1B,D) that we previously reported.? We confirmed
that ULBP-4 was the protein detected by performing immunoblotting
(Figure 1F). NKG2D ligands can be shed from cells.® Therefore, we
looked for ULBP-4 in the supernatant of monocyte cultures, and we
found ULBP-4 was present (Figure 1G). Finally, similar to what was
published previously,® we found that NKG2D ligand expression was
increased on monocytes by lipopolysaccharide stimulation (supple-
mental Figure 1A-B). These data demonstrate that unlike other ligands
that require stimulation for expression, monocytes in healthy individ-
uals express ULBP-4 on the cell surface and shed this NKG2D ligand.
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Figure 2. ULBP-4 expression by monocytes regulates NKG2D surface expression by autologous NK cells. Monocytes and NK cells purified from the same individual
were cocultured for 18 to 20 hours. (A) The percent of NK cells expressing NKG2D cultured in the presence or absence of autologous monocytes (AVG = SEM) (n = 6). (B)
The mean fluorescent intensity (MFI) (AVG = SEM) of anti-NKG2D staining on the surface of NK cells cultured in the presence or absence of autologous monocytes (n = 6).
(C) NKG2D expression on NK cells cultured with autologous monocytes or monocyte culture supernatant. These results are representative of results from 4 independent
experiments. (D) Lysis of Jurkats by NK cells cultured in the absence of monocytes, or isolated from NK-monocyte coculture at an effector:target cell ratio of 1:1. These results
are combined results from 2 independent experiments. (E) NK cells were cultured in the presence or absence of autologous monocytes along with NKG2D-Fc or control Fc.
Twenty hours later, NKG2D surface expression on the NK cells was determined by flow cytometry. The level of anti-NKG2D staining is expressed as percent of anti-NKG2D
staining on NK cells cultured in the absence of monocytes and with control Fc, which is defined as 100% expression (AVG = SEM) (n = 5). (F) NK cells were cultured in the
presence or absence of autologous monocytes and IL-12 (10 ng/mL), IL-15 (10 ng/mL), and IL-18 (10 ng/mL). Twenty hours later, NKG2D surface expression on the NK cells
was determined by flow cytometry. The MFI (AVG = SEM) of anti-NKG2D staining on the surface of NK cells is shown (n = 9). *P < .04 in 2-tailed Wilcoxon matched-pairs

signed rank test. **P < .03 in 1-tailed Student ¢ test. ns, not statistically significant.

NKG2D expression on NK cells can be negatively affected by
interaction with NKG2D ligand-expressing cells or soluble ligands.®
Therefore, we tested whether monocyte ULBP-4 expression reduced
NKG2D on NK cells. We cultured NK cells with or without autologous
monocytes and compared NKG2D expression. Although the percent-
age of NK cells expressing NKG2D was unaltered, the NK cells
cocultured with monocytes had decreased NKG2D expression
(Figure 2A-B). Although to a lesser extent, monocyte culture super-
natant also reduced NKG2D (Figure 2C). ULBP-4 expression was
also reduced on monocytes after coculture with NK cells, whereas
soluble ULBP-4 levels were unchanged (supplemental Figure 1C-D),
indicating ULBP-4 may be internalized along with NKG2D. Coculture
did not induce ULBP-4 on NK cells (supplemental Figure 2A). To
determine whether NKG2D expression could recover, after 20 hours
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of coculture, we separated the NK cells and cultured them alone. As
demonstrated in other systems,'®'" within 24 hours NKG2D expres-
sion recovered (supplemental Figure 2B).

Under no condition was NKG2D-dependent lysis of monocytes
observed (supplemental Figure 3). Therefore, to test the functional
consequence of reduced NKG2D, we tested the ability of NK cells to
lyse Jurkat cells. Jurkats express high levels of NKG2D ligands, and
killing of these cells by NK cells involves NKG2D."%'® Corresponding
with the reduced NKG2D on NK cells, the NK cells that had been
cocultured with monocytes exhibited reduced killing of Jurkats
compared with those that had been cultured alone (Figure 2D).

There is no blocking ULBP-4 antibody available; therefore, we
blocked ULBP-4 using human NKG2D-Fc. NKG2D-Fc inhibited the
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NKG2D decrease on NK cells induced by monocytes (Figure 2E).
This confirmed that the reduction in NKG2D was mediated by
ligands on the monocytes. To determine whether NKG2D was also
decreased on activated NK cells, we performed cocultures in the
presence of high-dose IL-2 or the combination of IL-12, IL-15, and
IL-18. In contrast to nonactivated NK cells or those activated
with IL-2 (supplemental Figure 2C), NKG2D expression was not
significantly changed by coculture with monocytes when NK cells
were activated with IL-12, IL-15, and IL-18 (Figure 2F). These
cytokines did not induce expression of other NKG2D ligands or alter
ULBP-4 expression on monocytes (supplemental Figure 1E).

In summary, we found that monocytes from healthy donors
expressed ULBP-4. This expression correlated with decreased
NKG2D expression on cocultured autologous NK cells, which was
reversed by blockade of NKG2D ligands with NKG2D-Fc. NKG2D
expression was recently demonstrated to be controlled on mature
mouse NK cells by NKG2D ligands expressed on macrophages or
endothelial cells."*"® Similarly, our data indicate that at least 1
function of monocyte NKG2D ligand expression is to regulate
NKG2D expression on NK cells. Of the currently known NKG2D
ligands, the only one detectable on healthy monocytes is ULBP-4;
therefore, ULBP-4 is likely the NKG2D ligand responsible for the
decreased NKG2D expression on NK cells. Despite ULBP-4
expression, healthy monocytes were not killed via NKG2D by NK
cells. This is likely due to high expression of ligands for NK cell
inhibitory receptors, including major histocompatibility complex
class |, expressed on healthy monocytes. The cytokines IL-12, IL-15,
and IL-18 have well-known functions in NK cell activation.®'® The
ability of NK cells treated with these cytokines to overcome the
ULBP-4-mediated NKG2D downregulation via interaction with
monocytes demonstrates yet another role for these cytokines in
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increasing NK cell responsiveness. ULBP-4 has been understudied
compared with other NKG2D ligands.'” The role of NKG2D ligands
on monocytes in cancer progression in particular is an active area of
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