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Human M2 Macrophages Limit NK Cell Effector Functions
through Secretion of TGF-B and Engagement of CDS8S5j

Sol Y. Nuiiez,* Andrea Ziblat,* Florencia Secchiari,* Nicolas I. Torres,* Jessica M. Sierra,*
Ximena L. Raffo Iraolagoitia,”"1 Romina E. Araya,”"2 Carolina I. Domaica,*
Mercedes B. Fuertes,* and Norberto W. Zwirner*"

NK cells play important roles during immunosurveillance against tumors and viruses as they trigger cytotoxicity against susceptible
cells and secrete proinflammatory cytokines such as IFN-y. In addition, upon activation, macrophages can become proinflam-
matory (M1) or anti-inflammatory (M2) cells. Although the consequences of the cross-talk between M1 and NK cells are known,
the outcome of the cross-talk between M2 and NK cells remains ill-defined. Therefore, in the current work, we investigated the
outcome and the underlying mechanisms of the interaction between resting or stimulated human NK cells with M1 or M2. We
observed a lower percentage of activated NK cells that produced less IFN-y upon coculture with M2. Also, CD56%™ NK cells
cocultured with M2 displayed lower degranulation and cytotoxic activity than NK cells cocultured with M1. Soluble TGF-3 and
M2-driven upregulation of CD85j (ILT-2) on NK cells accounted for the diminished IFN-y production by CD56""8" NK cells,
whereas M2-driven upregulation of CD85j on NK cells accounted for the generation of hyporesponsive CD56%™ NK cells with
limited degranulation and cytotoxic capacity. Accordingly, M2 expressed higher amounts of HLA-G, the main ligand for CD85j,
than M1. Hyporesponsiveness to degranulation in NK cells was not restored at least for several hours upon removal of M2.
Therefore, alternatively activated macrophages restrain NK cell activation and effector functions through different mechanisms,
leading to NK cells that display diminished IFN-y production and at least a transiently impaired degranulation ability.

These results unravel an inhibitory circuit of possible relevance in pathological situations. The Journal of Immunology, 2018,

200: 1008-1015.

atural killer cells play a crucial role during immuno-
N surveillance against tumors, viruses, and other intracel-
lular pathogens, inducing cytotoxicity of susceptible
target cells and secreting cytokines such as IFN-vy (1, 2). Also, they

are abundant in different tissues, including secondary lymphoid
organs where they exert immunoregulatory functions and shift the
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adaptive immune response toward a Thl and CD8" cytotoxic-
mediated immunity (3). Two major subpopulations of NK cells
have been identified in peripheral blood of humans: ~90% are
CD3 CD356%™CD16" cells and display a strong cytotoxic activity,
whereas the rest are CD3~CD56"¢"CD16"™ ", produce immu-
noregulatory cytokines, and are poorly cytotoxic (4, 5). Activation
of NK cells is determined by the balance of signals triggered upon
engagement of a vast array of activating or inhibitory cell surface
receptors (2, 6).

Macrophages are key players during inflammation and tissue
homeostasis that can differentiate into a broad range of fully
functional cells that vary between proinflammatory (M1) and anti-
inflammatory (M2) macrophages (7, 8). M1 macrophages are
characterized by high expression of MHC class II molecules,
CD86, CD274 (PD-L1), and others, secretion of proinflammatory
cytokines (such as IL-1, IL-6, TNF, IL-12, IL-23, and IL-18), and
production of NO (7, 9, 10). Conversely, M2 macrophages display
lower expression of these cell surface markers but express higher
amounts of mannose receptor (CD206) and scavenger receptors
(MARCO and CD163), and secrete low amounts of proin-
flammatory cytokines (7, 9, 10). Polarization of human macro-
phages into different effector subsets has been associated with
many immunopathological conditions and diseases (11).

The interaction between NK cells and M1 has been explored
(12-14) but the consequences of their interaction with M2 remain
ill-defined (15). M2 resemble tumor-associated macrophages
(TAMs) (11), whose expansion and recruitment have been associ-
ated with poor prognosis in different tumor types because of local
and systemic effects that facilitate tumor growth, angiogenesis, me-
tastases, and immunosuppression (16-19). As NK cell phenotype and
effector functions are compromised in cancer (20, 21), it is possible
that TAMs and their closely related M2 induce immunosuppressive
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effects in NK cells that might impact on their immunosurveillance
capacity. Accordingly, the aim of this study was to explore the con-
sequences of the interaction between human M2 and NK cells, and to
unravel the underlying mechanisms that might contribute to their
suppression.

Materials and Methods

Reagents

Human IL-12 and IL-15 (PeproTech), IL-18 (MBL International), IFN-y
and M-CSF (ImmunoTools), IL-4 (R&D Systems), TGF-1 (Tonbo), LPS
(Escherichia coli 0111:B4 strain; Sigma-Aldrich), Zombie Green (Bio-
Legend), and 4,5-Diaminofluorescein diacetate (DAF-2 DA; Calbiochem)
were used. The following mAbs were used for flow cytometry (FC): FITC
anti-CD14 (MSE2), PE/Cy7 anti-CD274 (29E.2A3), PE anti-CD86
(IT2.2), APC-Cy7 anti-CD206 (15-2), APC anti-CD56 (N901; Beckman
Coulter), PE/Cy7 anti-CD3 (UCHT1; Tonbo), FITC anti-CD69 (FN50), PE
anti-CD25 (BC96), PE or BV421 anti-IFN-y (4S.B3), FITC anti-CD107a
(H4A3), FITC anti-T-bet (4B10), PE anti-NKG2D (1D11), PE anti-NKp30
(P30-15), PE anti-NKp46 (9E2), PE anti-NKp80 (5D12), Alexa Fluor 488
anti-perforin (anti-pfp; dG9), PE anti-CD178 (FasL, NOK-1) (all from
BioLegend), Alexa Fluor 488 anti-NKG2C (134591), FITC anti-CD85j
(292305), PE anti-NKG2A (131411), PE anti-TIGIT (741182), Alexa
Fluor 488 anti-TRAIL (71908) (all from R&D Systems), FITC anti—
DNAM-1 (DX11), FITC anti-KIR3DL1 (DX9) (both from BD Biosci-
ences), PE anti-granzyme B (GB11; eBioscience), and PE anti-HLA-G
(MEMG9; Abcam). The following mAbs were used for blocking/
neutralization experiments: anti-TGF-$ (1D11.16.8), anti-CD85j (GHI/
75), mouse IgGlk isotype control (IC) (MOPC-21), all from BioLegend,
and mouse IgG2bk IC (eBMG2b) from eBioscience. Normal human
gammaglobulin (IgG;s00) was from Purissimus (Argentina).

Cells and cultures

Monocytes and NK cells were isolated from blood from healthy volunteers
(provided by the Blood Bank of the Province of Buenos Aires or by the
Hospital Churruca-Visca of Buenos Aires). Studies have been approved by
the institutional review committee and informed consent of participating
subjects was obtained. Monocytes (CD14" cells) were isolated by MACS
(Miltenyi Biotec) and NK cells were isolated using RosetteSep (Stemcell).
Purity of isolated cells was always above 90%, as assessed by FC (CD14*
or CD3 7 CD56" cells). Cells were cultured in RPMI 1640 (Life Technol-
ogies) supplemented with 10% inactivated FBS (Life Technologies) and
sodium pyruvate (Fluka). To obtain unpolarized macrophages (MO),
monocytes were cultured for 6 d with 100 ng/ml M-CSEF. To obtain M1 and
M2, MO were cultured for 24 h with 100 ng/ml LPS and 50 ng/ml IFN-vy or
200 ng/ml IL-4, respectively. M1 and M2 were cocultured with freshly
isolated NK cells (1:1 ratio) in the absence or in the presence of 10 ng/ml
IL-12, 1 ng/ml IL-15, and 10 ng/ml IL-18 for 18 h. For autologous cul-
tures, NK cells were frozen when monocytes were isolated and thawed
before coculture experiments. To obtain conditioned media (CM), M1 or
M2 were washed and cultured for 24 h with fresh medium. NK cells
cocultured with M1 or M2 (1:1 ratio) in the absence or in the presence of
IL-12, IL-15, and IL-18 were harvested and used for phenotypic and
functional characterization by FC. IFN-y and/or degranulation were also
assessed in NK cells stimulated with IL-12, IL-15, and IL-18 or K562 cells
(from American Type Culture Collection) separated from macrophages
using 24-well 0.4-pm pore size transwell devices (1:1 ratio), in NK cells
stimulated with the cytokines in the presence of CM from M1 or M2 and
an IC mADb, or an anti—-TGF-3 neutralizing mAb, or in NK cells stimulated
with the cytokines and increasing concentrations of recombinant TGF-3
for 24 h. For degranulation, K562 cells and a FITC-labeled anti-CD107a
mAD were added during the last 5 h of culture, and CD107a expression in
NK cells was assessed as described (22). K562 is the universal target cell
line for NK cell-mediated cytotoxicity derived from a chronic myeloge-
nous leukemia. In some experiments, NK cells were cocultured with M1 or
M2 in the presence of an IC mAb or an anti-CD85j blocking mAb. In
additional experiments, after coculture with M1 or M2 for 24 h, NK cells
were separated from macrophages by immunomagnetic depletion of
CD14" cells and further cultured alone or with fresh M1 or M2, in the
presence of an IC mAb or an anti-CD85j neutralizing mAb for 5 h. These
NK cells were used to assess degranulation.

Flow cytometry

FC was performed as described (23). Macrophages were harvested with
TrypLE Express (Life Technologies). Expression of IFN-vy, T-bet, pfp, and
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granzyme B was analyzed by intracellular FC using Fix/Perm Buffer
(BioLegend). For IFN-y and CD107a, cells were cultured in the presence
of monensin and brefeldin A (BioLegend) solutions for 5 h. Viability was
assessed with Zombie Green (BioLegend). To assess NO production,
macrophages were harvested and labeled with 4.4 uM DAF-2 DA for 30
min at 37°C, washed and acquired. Cells were analyzed in a FACSCanto II
flow cytometer (BD Biosciences) or MACSQuant Analyzer 10 (Miltenyi
Biotec). Data were analyzed using FlowJo X software (Tree Star) and
results were expressed as median fluorescence intensity (MFI), as relative
MEFI (rMFI) (MFI of the specific mAb divided by the MFI of the IC mAb),
or as percentage of positive cells.

ELISA for cytokines

IFN-vy secretion was analyzed by ELISA as described (23). Secretion of
IL-12 and IL-10 was assessed using the ELISA MAX Standard kit (Bio-
Legend). Secretion of 1L-23, IL-27, and TGF- was assessed using the
human IL-23, IL-27, and TGF-B1 DuoSet (R&D Systems). Secretion of
IL-18 was assessed using the anti-human IL-18 matched pair of mAb clone
125-2H and biotinylated clone 159-12B (R&D Systems) and HRP-labeled
streptavidin (BioLegend).

NK cell-mediated cytotoxicity

NK cells were cultured with M1 or M2 for 18 h. Thereafter, eFluor Dye 670
(eBioscience) —labeled K562 was added at different E:T ratios (1:1, 3:1,
5:1). After 5 h, cells were harvested, labeled with Zombie Green, and
analyzed by FC. Percentage of cytotoxicity was calculated as 100 X
percentage of eFluor Dye 670"Zombie Green™&" cells / percentage of
eFluor Dye 670" cells.

Conjugates

eFluor Dye 670-labeled NK cells were cultured with M1 or M2 for 18 h
and mixed with CFSE-labeled K562 cells at an E:T ratio of 1:1. Then, NK
cell-target cell conjugates were evaluated as described (23).

Statistical analysis

A one-way ANOVA with Bonferroni post hoc test was used to compare three
or more experimental groups, a paired ¢ test was used to compare two
experimental groups, and a two-way ANOVA with repeated measures
matched by both factors and Bonferroni post hoc test was used for func-
tional and blocking experiments. Data were analyzed using GraphPad
Prism 6.0 software.

Results

M2 macrophages restrain NK cell activation

To interrogate the consequences of the interaction between M2 and
NK cells, we obtained unpolarized human macrophages (M0), M1,
and M2, as outlined in Fig. 1A. Phenotypic and functional analysis
revealed that as expected, M1 displayed increased expression of
CD86 and CD274, whereas M2 displayed increased expression of
CD206 (Fig. 1B, 1C). Also, M1 produced more NO (Fig. 1D, 1E)
and secreted higher amounts of IL-12, IL-23, IL-27, IL-18, and
IL-10 and similar amounts of TGF-3 compared with M2 (Fig. 1F).
Nonetheless, the ratio of secretion of IL-12 to IL-10 and IL-12 to
TGF-3 was significantly higher for M1 than for M2 (Fig. 1G). A
similar effect was observed for the ratio of IL-18, IL-23, or IL-27
to IL-10 or TGF- (data not shown).

Next, we explored their effect on NK cell activation (Fig. 2).
We observed that only M1 but not M2 induced a statistically
significant increase in the percentage of CD56“™ cells express-
ing CD69. In addition, stimulation of NK cells with IL-12,
IL-15, and IL-18 induced high percentages of CD56"€" and
CD56%™ NK cells expressing CD25 (Fig. 2A, 2B) and CD69
(Fig. 2C, 2D), but these percentages were lower in the presence
of M2 than in the presence of MI. Also, CD56“™ NK cells
exposed to M2 displayed lower expression of CD56 than those
exposed to M1 (Fig. 2E, 2F), confirming that M2 preclude full
NK cell activation. Of note, M1 and M2 did not affect the via-
bility of NK cells (data not shown).
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M?2 restrict NK cell IFN-vy production through TGF- secretion

Next, we assessed the effect of M2 on NK cell effector functions. We
observed significantly fewer IFN-y* CD56""¢" NK cells in response
to stimulation with IL-12, IL-15, and IL-18 in the presence of M2 than
in the presence of M1 or MO (Fig. 3A, 3B, Supplemental Fig. 1A). A
similar effect was observed on CD56%™ NK cells but, as expected, the
percentage of IFN-y—producing NK cells was much lower than in
CD56™" NK cells (Fig. 3C, 3D). These results were validated using
autologous combinations of NK cells and macrophages (Fig. 3E, 3F).
Thus, subsequent experiments were performed with allogeneic com-
binations of macrophages and NK cells. Also, the effect of M2 on
IFN-y secretion was confirmed by ELISA using resting (Fig. 3G) and
cytokine-stimulated NK cells (Fig. 3H).

As T-bet is a critical transcription factor that regulates IFN-y
production in T and NK cells, we assessed whether M2 affect
T-bet expression in CD356°€" NK cells (Fig. 31, 3J). Indeed,
compared with M1, M2 negatively affected T-bet expression in
cytokine-stimulated CD56™€™ NK cells, suggesting that such
reduction could be one of the effects of M2 on NK cells that lead
to a reduced IFN-y production. To further explore the underlying
mechanisms, we repeated the experiments described in Fig. 3A
but using transwell devices (Fig. 4A). Physical separation of NK
cells from macrophages did not reverse the inhibitory effect,
whereas CM from M2 retained the inhibitory effect on IFN-vy
production (Fig. 4B). Thus, M2-derived soluble factors curb IFN-
v production by CD56™" NK cells in response to cytokine
stimulation. To identify such factors, we performed neutralization
experiments and assessed IFN-y production. Neutralization of

TGF- but not IL-10 in CM from M2 resulted in an increased
percentage of IFN-y—producing CD56™¢" NK cells (Fig. 4C-E,
Supplemental Fig. 2). Moreover, neutralization of TGF-$ in CM
from M1 also led to a higher percentage of IFN-y—producing
CD56"™ " NK cells compared with the IC mAb, suggesting that
TGF-3 also exerts a negative regulation of IFN-y production
by NK cells exposed to classical proinflammatory macrophages
(Fig. 4C, 4D). However, neutralization of TGF-f3 in CM from M2
led to a significantly higher recovery in the percentage of IFN-y—
producing CD56™€™ NK cells compared with neutralization of
TGF-B in CM from M1 (Fig. 4E). Moreover, stimulation of NK
cells with cytokines in the presence of increasing concentrations
of TGF- led to dose-dependent reduction in the percentage of
IFN-y-producing CD56™€" NK cells (Fig. 4F) confirming the
suppressive effect of TGF-B on IFN-y production by NK cells.
Therefore, TGF-3 secreted by M2 strongly contributes to restrain
IFN-y production by CD56™¢™ NK cells.

M?2 preclude NK cell-mediated cytotoxicity through
engagement of CD85j (ILT-2)

Next, we explored whether M2 also affect the cytotoxic potential of
CD56%™ NK cells. To this end, NK cells were cocultured with M1
or M2 for 18 h, K562 cells were added, and after 5 h degranulation
was assessed in CD56%™ NK cells (Fig. 5A, 5B). We observed
that M2 significantly inhibited NK cell degranulation compared
with M1 and MO in allogeneic (Fig. 5A, 5B, Supplemental Fig.
1B) and autologous combinations (Fig. 5C). Also, NK cells ex-
posed to M2 were less cytotoxic than NK cells exposed to M1 at
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after coculture with allogeneic M1 or M2 in the absence (white bars) or in
the presence of IL-12, IL-15, and IL-18 (black bars) (n = 8). (J) Repre-
sentative histograms from cells from one healthy donor. A two-way
ANOVA with repeated measures matched by both factors and Bonferroni
post hoc test was used for (A), (C), (E), (F), and (I). A paired ¢ test was used
in (G) and (H). Mean = SEM were plotted in (A), (C), and (E)-(l). *p <
0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4. Reduced IFN-vy production by CD56°¢" NK cells induced
by M2 upon stimulation with cytokines is due to soluble TGF-(.
(A) Percentage of IFN-y—producing CD56"" NK cells stimulated with
IL-12, IL-15, and IL-18 after coculture with allogeneic M1 or M2 in the
presence of cell-to-cell contact (white bars) or when cells were separated
by transwell devices (TW, black bars) (n = 6). (B) Percentage of IFN-y—
producing CD56"€" NK cells cultured in the presence of CM from M1 or
M2 in the absence (white bars) or in the presence of IL-12, IL-15, and
IL-18 (black bars) (n = 8). (C) Percentage of IFN-y—producing CD56" €™
NK cells cultured in the presence of IL-12, IL-15, IL-18, and CM from M1
or M2 in the presence of an IC mAb (white bars) or an anti-TGF-§
neutralizing mAb (black bars) (n = 7). (D) Representative zebra plots from
cells from one healthy donor. (E) Ratio of the percentage of IFN-y—pro-
ducing CD56"€" NK cells in the presence of an anti-TGF-B neutralizing
mAb and the percentage of IFN-y—producing CD56"€" NK cells in the
presence of an IC mAb for NK cells cultured with CM from M1 or M2
(n = 6). (F) Percentage of IFN-y—producing CD56"€" NK cells cultured
in the presence of IL-12, IL-15, IL-18 and increasing concentrations of
TGF-B (n = 6). A two-way ANOVA with repeated measures matched by
both factors and Bonferroni post hoc test was used in (A)—(C). A paired
t test was used in (E). A one-way ANOVA and Bonferroni post hoc test was
used in (F). Mean = SEM were plotted in (A)—(C), (E), and (F). *p < 0.05,
#¥p < 0.01, ##*p < 0.001.

IFN-y

different E:T ratios (Fig. 5D), confirming that M2 negatively
regulate the cytotoxic activity of CD56%™ NK cells. Accordingly,
compared with M1, M2 negatively affected the content of pfp
(Supplemental Fig. 3A) and granzyme B (Supplemental Fig. 3B)
in CD56"™ NK cells but did not affect the formation of NK
cell-target cell conjugates nor the expression of TRAIL and
CD178 (data not shown).

To further explore the underlying mechanisms involved in
CD56%™ NK cell suppression, we assessed NK cell degranulation
in response to K562 cells separating NK cells from macrophages
using transwell devices. Physical separation of both cells com-
pletely prevented the inhibitory effect of M2 on CD56%™ NK cell
degranulation (Fig. 6A), and CM from M2 did not affect NK cell
degranulation (data not shown). Thus, M2 preclude NK cell-
mediated cytotoxicity through a cell-to-cell contact-dependent

mechanism. Blocking experiments performed with an anti—
TGF-B mAb during the coculture ruled out the involvement of
membrane-bound TGF-$ (data not shown). Thus, we hypothe-
sized that the reduced cytotoxic ability might be associated with
the downregulation of activating receptors and/or the upregulation
of inhibitory receptors. A phenotypic characterization of NK cells
cultured with M1 or M2 revealed no downregulation of the acti-
vating receptors CD226 (DNAM-1), CD335 (NKp46), CD337
(NKp30), CD314 (NKG2D), NKp80 (KLRF1), and NKG2C
(Supplemental Fig. 3C) or upregulation of the inhibitory receptors
NKG2A, TIGIT and KIR3DL1 (Supplemental Fig. 3D). However,
we observed that a higher percentage of NK cells expressed CD85j
and the expression of this inhibitory receptor was increased in NK
cells upon coculture with M2 compared with M1 (Fig. 6B, 6C),
whereas M2 expressed significantly higher amounts of its main li-
gand (HLA-G) than M1 (Fig. 6D, 6E). Therefore, we next explored
whether such higher expression of CD85j and HLA-G contributed
to the suppressive effect of M2 on the degranulation of CD56%™
NK cells. Indeed, blockade of CD85j during coculture with M2
resulted in a partial restoration of the percentage of degranulating
CD56%™ NK cells (Fig. 6F-H). Strikingly, blockade of CD85j
during coculture with M2 led to a significantly higher recovery in
the percentage of degranulated CD56"™ NK cells compared with
blockade during coculture with M1 (Fig. 6G). Of note, the recovery
in NK cell degranulation was not detected when this receptor was
blocked exclusively on M1 or M2 (Supplemental Fig. 4A), sug-
gesting that the inhibitory effect of CD85j occurs upon engagement
of this receptor on NK cells and not on macrophages. Moreover, the
blocking effect of this mAb was equally evident when the func-
tional experiments were performed in the presence of an excess of
human IgG, which would prevent the hypothetical binding of the
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FIGURE 5. M2 induce reduced degranulation and cytotoxic activity of
CD56%™ NK cells against susceptible target cells than M1. (A) Percentage
of CD107a*CD56%™ NK cells after coculture with allogeneic M1 or M2 in
the absence (white bars) or in the presence of K562 target cells (black bars)
(n = 8). (B) Representative zebra plots from cells from one healthy donor.
(C) Percentage of CD107a*CD56%™ NK cells after coculture with autol-
ogous M1 or M2 in the absence (white bars) or in the presence of K562
target cells (black bars) (n = 6). E:T ratio (A-C), 1:1. (D) Cytotoxicity of
NK cells cocultured with M1 (white dots) or M2 (black dots) against K562
cells at different E:T ratios (n = 6). A two-way ANOVA with repeated
measures matched by both factors and Bonferroni post hoc test was used in
(A), (C), and (D). Mean = SEM were plotted in (A), (C), and (D). *p < 0.05,
*¥p < 0.01, **#*¥p < 0.0001.
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susceptible target cells and IFN-y production. (A) Percentage of CD107a*CD56"™ NK cells after coculture with K562 target cells and allogeneic M1 or M2
in the presence of cell-to-cell contact (white bars) or when NK cells and macrophages were separated by transwell devices (TW, black bars). The ex-
perimental design is depicted on the right (n = 4). (B and C) Percentage of CD85j* NK cells (B) or rMFI of CD85j (C) in NK cells after coculture with M1 or
M2 (n="7). (D and E) Percentage (D) or rMFI (E) of HLA-G* M1 and M2 cells (n = 8). (F) Percentage of CD107a*CD56%™ NK cells after coculture with K562
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(K) Representative zebra plots from cells from one healthy donor. A two-way ANOVA with repeated measures matched by both factors and Bonferroni post hoc
test was used in (A), (F), (1), and (J). A paired 7 test was used in (B)—(E) and (G). Mean = SEM were plotted in (A), (F), (G), (I), and (J). Individual values for each

donor were plotted in (B)—(E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

mouse IgG2a mAb (the anti-CD85j) to human Fc receptors
(Supplemental Fig. 4B).

We also assessed the effect of CD85j blockade on IFN-vy pro-
duction by CD56™" NK cells blocking or not blocking TGF-f
(Fig. 61-K). Although blockade of TGF-3 abundantly restored the
percentage of IFN-y—producing CD56"€" NK cells, blockade of
CD8S5j also resulted in a robust restoration (Fig. 6I). Accordingly,
blockade of CD85j during coculture of M2 and NK cells led to a
significantly higher recovery in the percentage of IFN-y—produc-
ing CD56™ " NK cells compared with its blockade during co-
culture of M1 (Fig. 6J).

Altogether, our results indicate that, in addition to the previously
demonstrated role of M2-derived TGF-3, M2 restrain NK cell-
mediated cytotoxicity and IFN-y production through a unique
mechanism that involves the upregulation of CD85j on NK cells and
the interaction with its cognate ligand HLA-G expressed on M2.

Next, we interrogated whether the suppressive effect triggered by
M2 on NK cells depends on a continuous contact between both
cells, and if it involves a constant engagement of CD85j. Therefore,
after coculture with M1 or M2 for 18 h, NK cells were isolated and
further recultured with fresh M1 or M2 or in the absence of
macrophages. Also, these NK cells were cultured alone, or were
exposed to an IC mAb or an anti-CD85j blocking mAb (Fig. 7A).

We observed that the suppressive effect triggered on NK cell
degranulation by M2 persisted even in the absence of M2 for at
least 2 h and did not depend on a sustained engagement of CD85j,
as it lasted even in the presence of an anti-CD85j blocking mAb
(Fig. 7B).

Therefore, our results indicate that human M2 limit NK cell
effector functions through distinctive mechanisms that involve a
TGF-B-mediated suppression of IFN-y production by CD56"€ht
NK cells, and an upregulation of CD85j that inhibits CD56“™ NK
cell degranulation and IFN-y production by CD56°€" NK cells
triggered by an upregulated expression of HLA-G in M2. Also,
these NK cells remained at least transiently hyporesponsive to
degranulation stimuli.

Discussion

In this work, we explored the consequences of the interaction of NK
cells with anti-inflammatory macrophages using polarized mac-
rophages generated following consensus guidelines (7). M1 se-
creted higher amounts of IL-12, IL-23, IL-27, and IL-18 than M2.
Although mouse M2 secrete higher amounts of IL-10 and TGF-$
compared with M1 (7, 9, 10), we observed that human M1 se-
creted higher amounts of IL-10 and similar amounts of TGF-f
compared with M2, similar to the results of others (24-27).

8T0Z ‘vZ Afenuer UO JBUlIMZ 01BgION Ag /610 jounwiw i mmm//:dny wody papeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1700737/-/DCSupplemental
http://www.jimmunol.org/

1014 HUMAN M2 MACROPHAGES LIMIT NK CELL EFFECTOR FUNCTIONS

Pre-column

Overnight co-culture
Negative NK cell

magnetic selection  Pre-column

Overnight co-culture

B [ ]Pre-column co-culture
[ ]Isolated NK cells + M1 or M2 (1)
[l Isolated NK cells (2)
Isolated NK cells + IC (3)
M Isolated NK cells + a-CD85j (4)

M1 M2

FIGURE 7. Exposure of NK cells to M2 macrophages generates tran-
siently hyporesponsive NK cells. (A) Schematic representation of the ex-
perimental design used to assess the consequences of the exposure of NK
cells to M2. Briefly, NK cells were cocultured with M1 or M2 for 18 h.
Thereafter, cells were harvested and NK cells were separated from mac-
rophages by negative immunomagnetic selection of CD14" cells. Isolated
NK cells were further cultured with fresh M1 or M2 (condition 1), in the
absence of macrophages (condition 2), in the absence of macrophages but
in the presence of an IC mAb (condition 3), or in the absence of macro-
phages but in the presence of an anti-CD85j blocking mAb (condition 4).
Finally, degranulation assays were performed with these NK cells. (B)
Percentage of CD107a*CD56%™ NK cells after culture of NK cells pre-
viously exposed to M1 or M2 as detailed in (A) (conditions 1-4). As
control, NK cells that remained in contact with M1 or M2 were also an-
alyzed (precolumn coculture). A two-way ANOVA 1700737with repeated
measures matched by both factors and Bonferroni post hoc test was used
(n = 6). Mean = SEM were plotted in (B). ****p < 0.0001.

Nonetheless, the ratio of proinflammatory to anti-inflammatory
cytokines was much higher for M1 than for M2, suggesting that
they resemble tissue-resident pro- and anti-inflammatory macro-
phages (28). Moreover, the M2-like phenotype has been associ-
ated with tumor progression and reduced overall survival in cancer
patients (29).

The consequences of the cross-talk between macrophages and NK
cells has been reviewed (13). Human macrophages promote NK cell
activation and IFN-y secretion through a mechanism that involves
CD244 (2B4), and cytotoxicity against LPS-treated macrophages in
an NKG2D-dependent manner (14). Moreover, the interaction be-
tween NKp80 and activation-induced C-type lectin promotes cytokine
production and degranulation of NK cells upon cross-talk with MO
(30). MO and M2 repolarized toward M1 can trigger NK cell acti-
vation and effector functions (15), whereas TAMs from ascites from
ovarian cancer patients display a M2-skewed phenotype that can be
reprogrammed into M1-like macrophages with LPS and subsequently
promote IFN-y production and cytotoxicity by NK cells (12). How-
ever, the effects of M2 on NK cells were not explored. We observed
that M2 limit NK cell activation (negatively affecting CD25, CD69,
and CD56 expression), and IFN-y production by cytokine-stimulated
CD56°2" NK cells, which was associated with reduced expression of
T-bet, a critical transcription factor that stimulates IFN-y gene tran-
scription (23). The effect of M2 on IFN-y production was mediated by
soluble TGF-. TGF-$3 also restrained IFN-y production by M1 in
CD56™#" NK cells, which may constitute a self-control mechanism
of proinflammatory macrophages to prevent overactivation of NK
cells in inflamed tissues and/or secondary lymphoid organs. Strikingly,
our results suggest that M2 overexploit the production of soluble TGF-
B to suppress NK cell IFN-y production. Accordingly, human regu-
latory T cells inhibit IFN-y production by NK cells through
membrane-bound TGF-3 (31).

The suppressive effect of M2 also extends to CD56"™ NK cells
as they displayed less degranulation and cytotoxicity, associated
with a reduction in the content of pfp and granzyme B. This effect
required cell-to-cell contact but did not involve membrane-bound
TGF-B as was observed for regulatory T cells (31). Instead,
M2 induced upregulation of the inhibitory receptor CD85j on
NK cells. Similar phenotypic alterations have been observed in
blood NK cells from patients with colorectal cancer (32). Blocking
experiments demonstrated that NK cells exposed to M2 experienced
a higher degree of CD85j engagement as a consequence of both, the
upregulated expression of CD85j on NK cells, and a higher ex-
pression of HLA-G on M2. This interaction contributed to the
generation of CD56™ NK cells with diminished degranulation
ability and CD56""8" NK cells with lower IFN-y producing ca-
pacity, compared with NK cells exposed to M1. The effect was
mediated by CD85j expressed by NK cells and not on macro-
phages as the recovery in NK cell degranulation upon CD85j
blockade was not detected when this receptor was blocked ex-
clusively on M1 or M2. Also, the involvement of CD85j in
the inhibition of NK cell effector functions was independent of
possible Fc-mediated effects triggered by this mAb because the
affinity of mouse IgG2a (the isotype of the anti-CD85j mAb) for
human Fc receptors is 250 times lower than the affinity of human
IgG (33) and similar results were obtained in the absence or in the
presence of an excess of human IgG (the natural ligands for Fc
receptors).

Upregulation of an inhibitory receptor such as CD85j in NK cells
without affecting the expression of major activating and other in-
hibitory receptors indicates that M2 may raise the activation
threshold of NK cells. Such strategy may constitute an efficient
manner to suppress NK cell effector functions because a hypothetical
downregulation of an activating receptor may desensitize NK cells
only to target cells that express the cognate ligand. Instead, up-
regulation of an inhibitory receptor such as CD85j would affect the
activation threshold of NK cells regardless of the activation receptor
used to sense target cells. Accordingly, upregulated expression of
CD85j in peripheral blood NK cells from triple-negative breast
cancer patients dampens cetuximab-mediated Ab-dependent cellular
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cytotoxicity and this effect can be reversed by CD85j blockade (34).
Thus, M2 may generate hyporesponsive NK cells with impaired
immunosurveillance capacity.

The inhibition of NK cell-mediated cytotoxicity lasted at least
for several hours, confirming that M2 generate transiently hypo-
responsive NK cells. This effect is probably triggered by inter-
action between CD85j on CD56%™ NK cells and its cognate
ligand HLA-G expressed by M2 (35). This circuit might be rel-
evant in the tumor microenvironment where M2-like macrophages
may generate hyporesponsive NK cells that subsequently display
impaired cytotoxic activity against the tumor cells even without
contacting M2-like macrophages. Accordingly, human mammary
tumors contain macrophages that express HLA-G and lymphoid
cells that express increased amounts of CD85j (36). Thus, ex-
pansion of M2-like macrophages may constitute a tumor-driven
shield against NK cell effector functions, reinforcing the notion
that therapeutic reprogramming of M2-like macrophages consti-
tutes an exciting approach to improve the efficacy of tumor-
targeted immunotherapy strategies.

Overall, our results indicate that M2 curb NK cell activation and
effector functions through distinctive mechanisms that involve a
TGF-B-mediated suppression of IFN-y production by CD56"€ht
NK cells, and an upregulation of CD85j that inhibits CD56"™ NK
cell degranulation and IFN-y production by CD56™€™ NK cells
triggered by an upregulated expression of HLA-G in M2. More-
over, such cross-talk generates transient hyporesponsive NK cells
with impaired cytotoxic capacity. Therefore, our results may have
implications in different situations where M2-like cells become
accumulated such as the resolution of inflammation and tumor
environments.
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