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ABSTRACT

The plasma membrane tetraspan molecule MS4A4A is selectively expressed by
macrophage-lineage cells, but its function is unknown. Here we report that MS4A4A was
restricted to murine and human mononuclear phagocytes and was induced during
monocyte-to-macrophage differentiation in the presence of interleukin 4 or
dexamethasone. Human MS4A4A was coexpressed with M2/M2-like molecules in subsets
of normal tissue-resident macrophages, infiltrating macrophages from inflamed synovium,
and tumor-associated macrophages. MS4A4A interacted and co-localized with the (-
glucan receptor Dectin-1 in lipid rafts. In response to Dectin-1 ligands, MS4A4A-deficient
macrophages showed defective signaling and defective production of effector molecules.
In experimental models of tumor progression and metastasis, MS4A4A deficiency in
macrophages had no impact on primary tumor growth, but was essential for Dectin-1-
mediated activation of macrophages and natural killer (NK) cell-mediated metastasis
control. Thus, MS4A4A is a tetraspan molecule selectively expressed in macrophages
during differentiation and polarization, essential for Dectin-1 dependent activation of NK

cell-mediated resistance to metastasis.

Keywords: MS4A4A, tetraspanin, Dectin-1, macrophage, NK cell, tumor biology
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INTRODUCTION

Macrophages are central players in the pathophysiology of infections and cancer,
being capable of adapting to the local microenvironment assuming a range of different
phenotypes. During infections, macrophages sense pathogens through pattern recognition
receptors and by the release of immune mediators orchestrate the activation of
proinflammatory immune responses. This can be mimicked in vitro by the exposure to
bacterial compounds and interferon y (IFN-y), which promotes a classical activation of
macrophages (M1), endowed with pro-inflammatory features. At the opposite side of a
spectrum of activation phenotypes, interleukin 4 (IL-4) and other stimuli induce
macrophages to acquire an alternative phenotype (M2)1’2. Macrophages also coordinate
immune responses by complex bidirectional interplay with other immune cells. In tumors,
in particular, tumor-associated macrophages (TAMs) establish a network with tumor and
host cells supporting a protumoral microenvironment>*. TAMs promote tumor progression
by different means, ranging from stimulation of angiogenesis to suppression of adaptive
immune responses through the triggering of the activity of inhibitory immune checkpoint
molecules, such as PD-L1, PD-L2, and VISTA®. Based on this, targeting TAMs represents
a major therapeutic option under investigation3. Several markers have been reported to
identify specific macrophage subsets as well as distinct macrophage activation profiles®”
®. The present study investigated in particular the expression and function of the tetraspan
molecule membrane spanning 4-domains A4A (MS4A4A), which belongs to the
transcription signature of M2-polarized macrophages and TAMs®®. MS4A4A was
selectively expressed in tissue-resident macrophages, in homeostatic as well as in
inflammatory conditions, and was highly expressed in TAMs, both in humans and mice.
MS4A4A functionally associated with Dectin-1 in macrophage lipid rafts and was required

for the full activation of Syk-dependent signaling pathway and consequent production of
4
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cytokines and reactive oxygen intermediates upon Dectin-1 engagement. Though
macrophage-selective genetic inactivation of Ms4ada had no impact on primary
mesenchymal carcinogenesis and transplanted tumor growth, we found that MS4A4A-
deficient macrophages were impaired in their ability to support Dectin-1-dependent cross-

talk with natural killer (NK) cells, resulting in uncontrolled metastatic spread.
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RESULTS

MS4A4A expression is restricted to macrophages.

Transcriptomic data from others and us have previously identified MS4A4A as a putative
marker of human macrophages undergoing IL-4-dependent alternative activation®®. When
investigated at the protein level by flow cytometry, macrophages were the only leukocyte
population scoring positive, while circulating myeloid (polymorphonuclear neutrophils
(PMNs), monocyte subsets, myeloid and plasmacytoid dendritic cells) and lymphoid cells
(NK, NKT, T, B) scored negative (Fig. 1a). Monocyte-derived dendritic cells did not
express MS4A4A (Supplementary Fig. 1a,b) and were also negative for MS4A6A
(Supplementary Fig. 1c,d) and MS4A7 (Supplementary Fig. 1e-f), two other members of
the MS4A family highly expressed on macrophages®. In vitro, MS4A4A expression
progressively increased during macrophage colony-stimulating factor (M-CSF)-dependent
monocyte differentiation to macrophages (Fig. 1b). When regulation of MS4A4A
expression in mature macrophages was investigated, we first confirmed its induction in
alternative macrophages activated by IL-4, but not by other stimuli inducing M2-like
phenotypes such as transforming growth factor-g (TGF-B) and IL-10 (Fig. 1c). We then
identified the glucocorticoid hormone dexamethasone (Dex) as a second potent inducer of
MS4A4A expression, alone or in combination with IL-4 (Fig. 1c,d). MS4A4A transcript
abundance was increased by Dex treatment at 18 h, at which time a significant increase in
MS4A4A protein expression was also detected (Fig. 1e,f). Glucocorticoids were also
demonstrated to act as potent MS4A4A inducers in vivo, as MS4A4A transcript levels were
strongly upregulated in circulating monocytes isolated from Graves’ syndrome patients
upon acute exposure to methylprednisolone (Fig. 1g). Conversely, Dex treatment was
unable to induce expression of MS4A4A, MS4A6A, or MS4A7 in monocyte-derived

dendritic cells (Supplementary Fig. 1). Both in resting macrophages and more prominently
6
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in macrophages activated by Dex and IL-4 in combination, MS4A4A expression was
significantly enriched in the CD163" macrophage subset, while its expression did not
correlate with CD36 and CD206 expression (Fig. 1h).

To define MS4A4A expression in tissues, we first interrogated the public gene
expression database RefExA, which indicated expression of the MS4A4A transcript in
several normal human tissues (Supplementary Fig. 2a). Analysis of cell type-specific gene
expression revealed that MS4A4A expression was restricted to macrophages
(Supplementary Fig. 2b). In agreement with those data, immunohistochemical analysis
detected MS4A4A expression in several human tissues, including colon, lung, and skin
(Fig. 2). Also in vivo, combined staining confirmed that MS4A4A expression was restricted
to the CD163" macrophages (Fig. 1b,e,h). Importantly, lung plasmacytoid dendritic cells
(CD303"; Fig. 1c), colon dendritic cells (CD1c"; Fig. 1f), and skin Langerhans cells
(CD207"; Fig. 1i) did not express MS4A4A. Finally, when MS4A4A expression was
investigated in the synovium of early rheumatoid arthritis (RA) patients, a prototypic
chronic inflammatory condition, MS4A4A resulted again predominantly expressed by a
subset of CD163" macrophages (Fig. 3a,b) and was not detected in CD3" T cells, CD20" B
cells, or CD138" plasma cells (Fig. 3c) infiltrating the inflamed synovium. Taken together,
these results indicate that both in normal and in chronic inflammatory conditions MS4A4A
expression is restricted to tissue-resident macrophages, where it is upregulated by IL-4

and glucocorticoid hormones.

MS4A4A is not functionally relevant for protumoral functions of tumor-associated
macrophages.

The gene expression database TCGA also reported the MS4A4A transcript signature in a
large number of human tumors (Supplementary Fig. 3a), though in some cases to a lower

extent as compared to corresponding normal tissues. Consistent with this,
7
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immunohistochemical analysis detected MS4A4A expression in melanoma, as well as in
colon and lung tumors. Combined analysis confirmed that its expression was restricted to
CD163" TAMs (Fig. 4a,c,e), in agreement with results obtained on in vitro differentiated
human macrophages and in inflamed synovium. A strong correlation between MS4A4A
and CD163 transcript levels and, to minor extent, other M2/TAM markers, was also evident
in the TCGA cancer dataset (Supplementary Fig. 3b). Importantly, tumor-associated
dendritic cells did not express MS4A4A (Fig. 4b,d,f).

As the absence of a specific antibody prevented us from investigating the
expression of mouse MS4A4A protein, we evaluated Ms4ada expression at the transcript
level by gPCR. Consistent with results obtained in the human setting, macrophages were
the only leukocyte population present in mouse spleen with detectable Ms4a4a transcripts
(Supplementary Fig. 4a). IL-4 or Dex, alone or in combination, strongly augmented
Ms4ada expression, while the M1 polarizing treatment IFN-y and lipopolysaccharide (LPS)
failed to induce its expression (Supplementary Fig. 4b). In line with abundant MS4A4A
expression detected by immunohistochemistry in human TAMs, we detected elevated
levels of the murine Ms4a4da transcripts in murine TAMs isolated from animals bearing
LCC and B16F1 tumors, as well as xenograft tumors of the human kidney cancer cell line
A498 (Fig. 49).

As Ms4ada was highly expressed in murine TAMs, we investigated its functional
relevance for carcinogenesis and tumor progression in different tumoral experimental
models. To this purpose, mice with macrophage-selective deletion of Ms4ada were
generated. Ms4ada expression was successfully abrogated in bone marrow-derived
macrophages (BMDMs) of Ms4ada™Lys®™" animals (indicated here as Ms4ada™;
Supplementary Fig. 4c), with no apparent phenotype or impact on the development for any
immune cell subset (Supplementary Fig. 4d). When animals were tested, we found no

difference in appearance, incidence, and growth of primary tumors in mice having
8



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

MS4A4A-competent or -incompetent macrophages, neither in the B16F1 transplanted
tumor model (Fig. 4h) nor in a model of mesenchymal carcinogenesis based on 3-
methylcholanthrene (3-MCA) exposure (Fig. 4i,j). We conclude that, though highly
expressed in TAMs, MS4A4A has no functional relevance for their ability to promote

primary tumor growth, at least under the experimental conditions tested.

MS4A4A colocalizes with Dectin-1 in lipid rafts.

In search for a functional role of MS4A4A in macrophages, we considered the structural
homology of MS4A proteins with tetraspanins, which are known to engage latero-lateral
interactions with other membrane proteins and influence their functional properties''!. By
performing a split-ubiquitin yeast two-hybrid screening, an approach previously applied to
identify partners of other MS4A members'?, we identified membrane proteins interacting
with MS4A4A. These included MS4A4A itself as well as MS4A6A and MS4A7, two other
MS4A family members highly expressed in alternative macrophages®, suggesting that on
the macrophage plasma membrane these three MS4A members may interact among
themselves. We then validated MS4A4A interaction with itself as well as the other two
MS4A proteins in CHO-K1 transfected cells by FLIM-FRET analysis (Fig. 5a—c), which
indicates that these proteins likely organize in clusters on plasma membranes. Conversely,
FLIM-FRET experiments did not reveal interaction of MS4A4A with the tetraspanins CD63
(Forster radius 1.24 £ 0.15 vs 1.27 + 0.06 for vector- and MS4A4A-transfected cells,
respectively; p > 0.05) and CD9 (Forster radius 1.28 + 0.06 vs 1.26 + 0.05 for vector- and
MS4A4A-transfected cells, respectively; p > 0.05). Candidate MS4A4A interactors
emerged from the split-ubiquitin yeast two-hybrid screening also included the membrane
receptor for B-glucan Dectin-1, whose interaction with MS4A4A also was confirmed by
FLIM-FRET analysis (Fig. 5d). Flow cytometry analysis indicated that macrophages had

high co-expression of MS4A4A and Dectin-1, both under resting conditions and upon Dex
9
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treatment (Supplementary Fig. 5). Confocal microscopy experiments revealed that
MS4A4A and Dectin-1 colocalization was significantly increased by the Dectin-1 agonist
zymosan, which also induced a significant increase in the colocalization index of both
MS4A4A and Dectin-1 with the lipid rafts tracer CT-B (Fig. 5e-h). Super-resolution
stimulated emission depletion (STED) microscopy further confirmed increased
colocalization of MS4A4A and Dectin-1 upon zymosan stimulation, as well as increased
colocalization of both proteins with CT-B (Fig. 5i-k). Interestingly, treatment with the
cholesterol-depleting agent methyl-B-cyclodextrin (MBCD) completely abrogated the
zymosan-induced increase in Dectin-1 colocalization with MS4A4A (Fig. 5i-l). Taken
together, these results indicate that, upon exposure to Dectin-1 agonists, MS4A4A and
Dectin-1 colocalizes in lipid rafts on the macrophage plasma membrane, suggesting a

functional relevance of MS4A4A on Dectin-1 signaling.

MS4A4A is required for Dectin-1 signalling activity.
We next investigated the role of MS4A4A in Dectin-1 function. Dectin-1 was similarly

expressed on BMDMs generated from Ms4ada ™

and wild-type mice, and no difference
was observed in the rate of Dectin-1 internalization induced by its agonist zymosan (Fig.
6a). Similarly, binding of zymosan-FITC particles was identical in BMDMs generated from
Ms4ada™" and wild-type animals (Fig. 6b). MS4A4A expression was also not relevant for
Dectin-1 internalization and phagocytosis when Aspergillus fumigatus conidia were used
(Fig. 6¢).

In order to investigate the relevance of MS4A4A for Dectin-1 signaling,
phosphorylation events for the three main signaling pathways acting downstream Dectin-1

(Syk, p38, and ERK) were assessed in BMDMs generated from Ms4ada ™

and wild-type
mice. Upon zymosan challenge, only Syk phosphorylation was significantly reduced in

Ms4ada™~ as compared to wild-type BMDMs (Fig. 6d), while ERK and p38 phosphorylation
10
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was unaffected (Fig. 6e-f). Similar results were obtained when curdlan and depleted
zymosan, two Dectin-1-specific agonists, were used, but not when BMDMs were
stimulated with phorbol 12-myristate 13-acetate (PMA) (Supplementary Fig. 6a—c). Neither
p38 nor ERK phosphorylation were influenced by MS4A4A expression with any of the
stimuli used (Supplementary Fig. 6d-e). In accordance with reduced Syk phosphorylation,

upon zymosan challenge Ms4ada ™

BMDMs released less pro-inflammatory cytokines,
including IL-6 and tumor necrosis factor (TNF), and produced less ROS as compared to
wild-type BMDMs (Fig. 6g—i). The same defect was observed when depleted zymosan and
curdlan were used (Supplementary Fig. 6f,g,i,j). Of note, the absence of MS4A4A did not
impact on cytokine production by BMDMs stimulated with TLR agonists, such as LPS (Fig.
6g—h) or Pam3Cys (Supplementary Fig. 6h,k).

Taken together, these results indicate that MS4A4A is dispensable for Dectin-1-
mediated microbial recognition and phagocytosis, but is required to support optimal Syk

phosphorylation and production of inflammatory cytokines and ROS following Dectin-1

engagement.

MS4A4A contributes to Dectin-1-mediated protection against metastasis.

Dectin-1 has recently been shown to allow dendritic cell/macrophage-dependent
recognition of tumor-associated molecular patterns on some tumor cells'. This Dectin-1-
mediated recognition pathway was shown to have an impact on the metastatic potential of
the low metastatic B16F1 melanoma cells. Conversely, this pathway had no relevance for
the metastatic potential of the highly metastatic B16F10 melanoma cells, which were found
negative for the appropriate N-glycan structures recognized by Dectin-1"2. In accordance
with this evidence, we observed a higher binding of wheat germ agglutinin (WGA), which
recognizes N-acetylglucosamine residues, on the surface of B16F1 cells as compared to

B16F10 cells (Fig. 7a). As shown for the pathogen-derived Dectin-1 agonists, the tumor
11
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B16F1 cells were able to trigger Syk phosphorylation and cytokine production by BMDMs.
Importantly, both Syk phosphorylation and IL-6 secretion induced by B16F1 cells were
reduced in Ms4ada™~ as compared to wild-type cells (Fig. 7b,c).

Prompted by this observation, we assessed the relevance of Dectin-1 and MS4A4A
expression in macrophages for the metastatic potential in vivo of B16F1 and B16F10 cells.
In agreement with earlier observations', B16F1 cells showed a significant higher
metastatic potential in Dectin-1-deficient animals (Clec7a’) compared to wild-type mice,
whereas no difference was observed in the number of metastasis generated by B16F10
cells (Fig. 7d,e, respectively). Similarly to previous observations on Dectin-1-deficient
animals™, macrophage-specific Ms4ada deletion had no effect on the metastatic
spreading of B16F10, but resulted in a significant increase in the number of B16F1
metastasis, whose metastatic potential became comparable to that of B16F10 (Fig. 7f,g,
and Supplementary Fig. 7a). Of note, the number of B16F1 metastasis was not further
increased when mice double-deficient for MS4A4A and Dectin-1 (Ms4ada™ Clec7a™)
were used, consistent with the idea the two molecules cooperate in a common recognition
pathway (Supplementary Fig. 7b). Importantly, the increased B16F1 metastatic spreading
observed in the absence of Dectin-1 or MS4A4A was also evident when N-glycans-
depleted B16F1 cells were injected in wild-type animals (Fig. 7h). Similar experiments
were then performed with two colon carcinoma cell lines that exhibit different metastatic
potential. As observed for B16 cells, the low metastatic MC38 cells showed high WGA
binding and an increased number of metastasis when injected in both Clec7a™ and
Ms4ada™~ mice as compared to wild-type mice (Supplementary Fig. 8a,b,d). Conversely,
the highly metastatic SL4 cells, which showed lower WGA binding as compared to MC38
(Supplementary Fig. 8a), generated the same number of metastasis in both Clec7a™~ and
Ms4ada™" animals compared to wild-type animals (Supplementary Fig. 8c,e). Taken

together, these results suggest that the expression of MS4A4A on macrophages is
12
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required for Dectin-1-mediated control of metastatic spreading of highly N-glycosylated
tumor cells.

In vitro experiments have identified NK cells as effector cells in B16F1 killing™.
Consistent with this, NK cell depletion by the use of an anti-NK1.1 antibody resulted in a
significant increase in B16F1 lung metastasis and abrogated the difference observed

between Ms4ada™~

and wild-type animals (Fig. 8a,b). Conversely, NK cell depletion did
not abrogate the difference observed in the number of MC38 liver metastasis
(Supplementary Fig. 8d). As confocal microscopy analysis showed that NK cells and
macrophages were located in close proximity in B16F1 lung metastasis, suggesting a
possible cross-talk between NK cells and macrophages in metastatic lesions
(Supplementary Fig. 7c), we then investigated the role of macrophage MS4A4A in NK cell
activation. Though Ms4ada deletion had no impact on the abundance of NK cells and
macrophages in the lungs bearing B16F1 metastatic lesions (Fig. 8c for NK cells;
Supplementary Fig. 7d-g for macrophages), macrophage expression of MS4A4A was
required for optimal recognition by NK cells of tumor targets. NK cell cytotoxicity, assessed
in vitro as the frequency of CD107a" cells in a degranulation assay, was significantly lower
when B16F1 cells were cultured with splenocytes from Ms4ada™~ mice as compared to the
wild-type counterpart (Fig. 8d). Of note, defective activation of NK cells was not observed
when B16F10 cells were used as targets (Supplementary Fig. 7h).

Previous studies suggested that Dectin-1 triggering by tumor cells induces the
expression on macrophage plasma membrane of calcium homeostasis modulator family
member 6 (CALHM®6), also known as IFN regulatory factor 3-dependent NK-activating
molecule (INAM), which in turn promotes NK cell activation leading to tumor cell kiIIing13.
Consistent with this, the induction of Calhm6 expression in BMDMs cocultured with B16F1

-

cells was defective when Ms4ada™ cells were used (Fig. 8e). A similar defect was

observed when Dectin-1 ligands were used, but not when BMDMs were activated using
13
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LPS (Supplementary Fig. 7i,j,k). The lack of MS4A4A also affected the cytokine profile
induced in BMDMs by tumor cell recognition. While induction of 1112p40 after B16F1
engagement did not require MS4A4A expression on BMDMs (Fig. 8f), Ms4a4a~~ BMDMs
expressed significantly less 1115 and 1118 transcripts as compared to wild-type BMDMs
(Fig. 8g,h respectively). A similar defect was evident when BMDMs were stimulated with
zymosan (Supplementary Fig. 71). In accordance with this finding, IFN-y production by NK

cells was significant lower when B16F1 cells were cocultured with Ms4ada™"

splenocytes
as compared to wild-type littermates (Fig. 8i). Taken together, these results are consistent
with a non-redundant role of MS4A4A expression in macrophages in controlling tumor

metastatization by supporting a Dectin-1-dependent recognition of N-glycans on tumor

cells and triggering NK cell-mediated tumor cell killing.
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DISCUSSION

MS4A4A is a member of the MS4A family, encoded in a 600 Kb region on
chromosome 11q12-13 in human and chromosome 19 in mouse genome''>. MS4A4A
has been reported by us and by others as a macrophage-restricted transcript associated
with M2/M2-like polarization, and genome-wide association studies have correlated SNP
variants within the MS4A4A/MS4A6A locus with late onset Alzheimer's disease and
cutaneous systemic sclerosis’® Recent studies have described MS4A4A as a
chemosensor expressed by necklace sensory neurons'’ and as a partner of the receptor
tyrosine kinase KIT in mast cells'®, but its function in macrophages is unknown.

MS4A proteins are characterized by a common structural organization based on
four putative highly hydrophobic transmembrane domains, two extracellular loops, and
short cytoplasmic N- and C-terminals, tightly resembling tetraspanins'®. Tetraspanins, a
large family of cell-surface proteins with a similar structural organization, are known to
establish homo and heterocomplexes called tetraspanin-enriched microdomains in which
they engage lateral interactions with different partners, influencing their trafficking and
signalling properties'?%?"?2. Of note, some MS4A proteins, including CD20/MS4A1,
FceR1B/MS4A2, and the highly MS4A4A-related protein MS4A4B, have been shown to
enter oligomeric complexes in lipid rafts, where they interact and influence signalling
properties of associated partners'®??*. Furthermore, MS4A4A has been reported to
regulate the signalling activity of the receptor tyrosine kinase KIT controlling its endocytic
recycling and degradation pathways by a mechanism that involves colocalization of KIT
with caveolin-1 in lipid rafts in mast cells'®. Here we have demonstrated that, after Dectin-1
engagement by zymosan, Dectin-1 and MS4A4A translocate in lipid rafts on macrophage
plasma membrane. Of note, Dectin-1 has already been reported to interact with

tetraspanins, which control its availability on the plasma membrane and the quantity of
15
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cytokines produced after zymosan engagement®. Finally, we also provided evidence of
MS4A4A association with itself and with MS4A6A and MS4A7, other two members of the
MS4A family with a macrophage-restricted expression pattern, and showed that in the
absence of MS4A4A expression the signalling properties of Dectin-1 are affected. Taken
together, our results suggested that these three MS4A proteins might contribute to the
organization of specific microdomains on the plasma membrane of macrophages where
signalling properties of membrane receptors, including Dectin-1, are regulated.

Dectin-1 is a pattern recognition receptor belonging to the non-classical C-type
lectin receptor family?®. Dectin-1 plays a pivotal role in controlling a wide range of fungal
infections, including species of Candida, Aspergillus, Pneumocystis, and Coccidioides?®?’.
More recently, a role of Dectin-1 in the resistance to a broader range of microorganisms, in
autoimmunity, and in tumor cell recognition has also been recognizedzs. The signalling
activity of Dectin-1 after ligand engagement requires clustering into a phagocytic
synapse®® and results in enhanced phagocytosis, respiratory burst activity, and
inflammatory cytokines secretion®>*'. The Dectin-1 signalling pathway in macrophages is
still ill defined®*%*34, It has however been demonstrated that Dectin-1 signaling activity in
macrophages is delayed as compared to dendritic cells, and that it leads to both Syk-
independent and Syk-dependent signalling pathways, which control phagocytosis and
production of effector molecules (cytokines and ROS), respectively*?3>*¢3" Our evidence
that MS4A4A-deficient macrophages show normal phagocytic properties but reduced Syk
phosphorylation and impaired cytokine and ROS production indicates that MS4A4A is
functionally relevant for the Syk-dependent signalling pathway in macrophages. In
macrophages, MS4A4A expression was significantly increased by IL-4 and, intriguingly,
glucocorticoids. In patients with Graves’ disease treated with methylprednisolone,
MS4A4A induction was observed in circulating monocytes, thus providing an in vivo

confirmation of the regulation found in vitro. Glucocorticoid hormones are potent regulators
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of immunity and inflammation and macrophages are a prime target for their action under
physiological and pharmacological conditions®. Glucocorticoid hormones not only
suppress inflammatory cytokines production, but also orchestrate tissue remodeling and
reshape macrophage functions with the induction of anti-inflammatory molecules such as
the IL-1 decoy receptor IL-1R2% and selected chemokines*®. Moreover, glucocorticoid
hormones have been suggested to set components of the innate immune system in an
alert mode, priming for immediate/early responses to pathogens®. Given the coupling of
MS4A4A with a microbial sensor, its induction could be a component of this early aspect of
the pathophysiology of glucocorticoid hormones. Irrespective of its significance, monocyte
expression of MS4A4A could serve as a biomarker of the response of mononuclear
phagocytes to these agents.

Macrophages have been shown to promote activation of NK cell anti-tumoral
activities through direct cell-cell contacts or soluble mediators, including IL-15 and IFN-
B*'*2. In this setting, recent evidence in a melanoma model indicates that macrophage
recognition of tumor cell-associated molecular patterns via Dectin-1 is associated with
reduction of tumor burden and metastatic spreading due to the activation of cytotoxic NK
cells”™. NK cells are known to play a major role in resistance against hematologic

t*3. Recent

neoplasms, while their role in solid tumors is usually considered less relevan
results challenge this long held view by showing that inactivation of the NK cell checkpoint
IL-1R8 unleashes NK cell mediated resistance against carcinogenesis at NK cell-rich
anatomical sites, such as the liver and the Iung44. In line with this general view, results
reported here indicate that when macrophages are engaged via Dectin-1 with B16F1
melanoma cells, the absence of MS4A4A impairs their ability to upregulate
CALHMG6/INAM, secrete IFN-y inducing cytokines, and trigger NK cell-mediated cytotoxic

response, thus hampering NK cell ability to control tumor metastatization to the lung.

Considering these evidences and the observation that MS4A4A is barely detectable in the
17
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419

various subsets of circulating monocytes and induced during their differentiation to
macrophages, we conclude that MS4A4A expression on TAM is likely required to support
the interaction between NK cells and TAM observed in metastatic foci, where this cross-
talk activates NK cells-mediated tumor cell killing. MS4A4A therefore does not contribute
to the protumoral functions of TAM infiltrating primary tumors and conversely its
expression in macrophages at metastatic sites is required for appropriate NK cell-mediated
anti-tumoral functions. These results are well in line with previous results by us and others
showing that the organ immunological context is indeed a key determinant of effective
antitumor effector mechanisms®®, with divergent impact of immune manipulations on

4647  There is evidence that the tissue contexture

primary versus metastatic tumors
contributes to shaping the microenvironment of tumors originating in different organs®.
Moreover, complex and diverse mechanisms orchestrate the formation of metastatic
niches at sites of secondary localization of tumors*®. Accordingly, it has long been known
that immune mechanisms can have divergent impact of primary tumors and metastasis>*’,
as shown here for the MS4A4A-Dectin-1 interaction. Thus, in a therapeutic perspective,
pathways of immune resistance at sites of secondary localization should be taken into
account.

Several studies are ongoing with the aim of targeting TAM as a promising immune
strategy to impact on tumor biology**°. MS4A4A belongs to the same protein family of
CD20 (also known as MS4A1)™, whose targeting by specific monoclonal antibodies has
proven to be effective for the treatment of hematological and autoimmune disorders®’.
Thus, from a translational perspective, our discovery of MS4A4A as a new M2/TAM
marker raises the interesting possibility that it may represent a valid target for TAM

depletion, though the anti-tumoral effect has to be balanced with the negative impact on

metastasis spreading we have shown here. Finally, targeting the MS4A4A/Dectin-1

18



420 interaction may allow fine-tuning of uncontrolled, pathogen-triggered innate immune
421  responses.
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FIGURE LEGENDS

Figure 1. MS4A4A expression and its regulation in human macrophages.

a-c) Flow cytometry analysis of MS4A4A surface expression on human leukocyte subsets
(a), monocytes during M-CSF-dependent differentiation to macrophages (b), and
differentiated macrophages treated for 18 h as indicated or not (MO) (c). Results are
shown as mean + SEM of relative Mean Fluorescence Intensity (MFI; fold on isotype). Two
biologically independent experiments were performed, with each dot representing a
biologically independent sample (a: 3 donors for CD14"/CD16"™ monocytes,
CD14°/CD16*° monocytes, NK, NKT, T, mDC, and pDC; 4 for CD14%™/CD16°®
monocytes, B, PMN; 8 for macrophages; b: 2 donors for day 7 after M-CSF treatment, 3
for monocytes and day 3 after M-CSF treatment; 4 for day 1 and 5 after M-CSF treatment;
c: 3 donors). Statistical analysis by one-way ANOVA.

d) MS4A4A expression on human macrophages treated with IL-4 plus Dex (Dex+IL-4) or
not (Medium) for 18 h. DAPI staining of nuclei is shown in blue. Immunofluorescence
images are representative of one experiment out of three biologically independent
performed.

e-f) Time-course of MS4A4A mRNA (e) and plasma membrane protein (f) in human
macrophages treated with Dex for the indicated time. Results are shown as mean + SEM
of fold change (e) or relative MFI (f; fold change on MO). Two biologically independent
experiments were performed (3 donors for e and 5 for f). Statistical analysis by two-tailed
one sample Student’s t test.

g) Expression levels of MS4A4A mRNA in monocytes isolated from three Graves’
syndrome orbitopathy patients before and 6 h after injection with 1 g methylprednisolone.

Results are shown as fold change on untreated cells (open columns).
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h) Flow cytometry analysis of macrophage plasma membrane expression of MS4A4A and
other indicated M2 markers (CD36, CD163, CD206) in resting conditions (-) or after
exposure for 18 h to IL-4 plus M Dex (+).Two biologically independent experiments were

performed (4 donors).

Figure 2. Macrophage expression of MS4A4A in human tissues.

MS4A4A expression on formalin fixed paraffin-embedded sections of human colon (a-c),
lung (d-f), and skin (g-i). MS4A4A is visualized in brown (single staining in b-e-h, left and
middle panels). In double-stained sections, MS4A4A expression (brown) was combined
with CD163 (blue) in b-e-h right panels, CD1c (blue) in ¢, CD303 (blue) in f, and CD207
(blue) in i. Omission of primary antibodies was used as negative control (a-d-g panels).
Magnification: 100X (a-d-f and b-e-h left panels; scale bar: 200 um), 200X (c-f-i; scale bar:
100 um) and 400X (b-e-h, middle and right panels; scale bar: 50 um). One set of images

out of five healthy tissues analyzed is shown.

Figure 3. MS4A4A expression is restricted to CD163" macrophages in inflamed
synovium.

a and c) Representative immunofluorescence images of MS4A4A expression on formalin
fixed paraffin-embedded sections of synovial tissue from early RA patients. MS4A4A
staining is visualized in yellow, CD68 in green, CD3/CD20/CD138/CD163 in red. Nuclei
were counterstained with DAPI and are visualized in blue. Matching isotype control
antibodies were used as negative control. Magnification: 15X for upper panels (scale bar:
250 pm), and 40X for lower panels (scale bar: 70 ym). One set of images out of five RA
patients analyzed is shown.

b) Percentage of synovial macrophages (CD68" cells) from early RA patients positive for

MS4A4A and/or CD163, quantified by immunofluorescence in five RA patients.
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Figure 4. MS4A4A is expressed in murine TAMs but is dispensable for primary
tumor growth.

a-f) MS4A4A expression on formalin fixed paraffin-embedded sections of human colon
adenocarcinoma (a-b), lung adenocarcinoma (c-d), and melanoma (e-f). MS4A4A is
visualized in brown (single staining in a-c-e, left and middle panels). In double-stained
sections, MS4A4A expression (brown) was combined with CD163 (blue) in a-c-e right
panels, CD1c (blue) in b, CD303 (blue) in d, and CD207 (blue) in f. Magnification: 100X in
a-c-e left panels (scale bar: 200 um), 200X in b-d-f panels (scale bar: 100 um), and 400X
in a-c-e middle and right panels (scale bar: 50 um). One set of images out of five cancer
tissues analyzed is shown.

g) Expression levels of the MS4A4A mRNA in murine TAM isolated from B16F1 tumors,
Lewis lung carcinoma (LLC) tumors, and human renal cancer cell A498 tumor xenografts.
Data are normalized to actin and expressed as mean + SEM of MS4A4A relative
expression in TAMs compared to corresponding PECs, used as control. Results pooled
data (4 mice per group) from one representative experiment out of three run in triplicate for
A498 model and from one experiment (3 mice per group) for LLC and B16F1 models.

h) Tumor growth curve in Ms4ada™ (open symbol) and wild-type (closed symbol) mice
upon s.c. injection of B16F1 melanoma cells. Results are shown as mean + SEM. Two
biologically independent experiments were performed (11 mice). No statistical difference at
any time point by two-tailed unpaired Student’s t test.

i-j)) Tumor volume (i) and incidence (j) of 3-methylcholanthrene-induced fibrosarcoma in
Ms4ada™ (open symbol) and wild-type (closed symbol) mice. Results are shown as mean
+ SEM. Two biologically independent experiments were performed (16 mice). No statistical

difference at any time point by two-tailed unpaired Student’s t test.
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Figure 5. MS4A4A and Dectin-1 associate in lipid rafts after zymosan engagement.
a-d) FLIM-FRET analysis of eGFP mean fluorescence lifetime in CHO-K1 cells expressing
eGFP-MS4A4A alone (V) or in combination with mCherry-MS4A4A (6 for V and 7 for
MS4A4A), mCherry-MS4AG6A (6 for V and 4 for MS4A6A), mCherry-MS4A7 (7 for V and 6
for MS4A7), and mCherry-Dectin-1 (4 for V and 8 for Dectin-1). FRET efficiency (E) and
Forster radius (R) are indicated. Results are shown as mean £ SEM.

e-h) Colocalization of MS4A4A and Dectin-1 in lipid rafts (stained with cholera toxin; CT-B)
in human macrophages treated with 100 pg/ml zymosan. Panel e reports the kinetic of
colocalization of MS4A4A and Dectin-1, panels f and g the kinetics of localization of
MS4A4A and Dectin-1 in lipid rafts, respectively. Results are shown as mean + SEM of the
colocalization index (Manders coefficient) in 20+78 cells from three donors analyzed. Error
bars are included in symbols. Statistical analysis in comparison with time 0 was performed
by one-way ANOVA. Images referring to the 30 min time point are shown in panel h, with
nuclei counterstained with DAPI visualised in white. Scale bars: 10 um.

i-) STED analysis of MS4A4A and Dectin-1 in lipid rafts (stained with CT-B) in human
macrophages treated (+) or not (-) for 15 min with 100 pg/ml zymosan alone or in
combination with 5 mM MBCD. Panel i shows images from one experiment representative
of two analyzed. Panels j to | report the colocalization rate (%) of MS4A4A in lipid rafts,
Dectin-1 in lipid rafts, and MS4A4A and Dectin-1, respectively. Results are shown as
mean = SEM of the colocalization rate in 20+33 cells from 2 donors analyzed. Scale bars:
5 um. Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test (j and k)

and one-way ANOVA (I).

Figure 6. MS4A4A is required for Dectin-1 signalling.
Dectin-1 expression and function in BMDMs from wild-type (closed symbol) and Ms4a4a™

(open symbol) mice.
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a) Dectin-1 surface expression upon stimulation with 100 ug/ml zymosan (solid line) or 100
ng/ml LPS (dashed line). Results are shown as relative MFI (fold on isotype) mean + SEM.
Five biologically independent experiments were performed (time 0: 15 wild-type and 25
Ms4ada™ mice; 5 min: 11 wild-type and 20 Ms4ada’ mice; 15 min: 4 wild-type and 5
Ms4ada™ mice; 30 min: 4 wild-type and 3 Ms4ada™ mice; 30 min with LPS: 6 wild-type
and 5 Ms4a4a™ mice).

b) Binding of zymosan-FITC. Results are shown as MFI mean + SEM (time 0, 5, and 15
min: 6 wild-type and 6 Ms4a4a™ mice; 30 min: 4 wild-type and 4 Ms4a4a™ mice).

c) Phagocytosis of Aspergillus fumigatus conidia-FITC. Results are shown as mean + SEM
of percentage (left y-axis, solid lines) and relative MFI (fold on untreated; right y-axis,
dotted lines) of FITC® cells gated on F4/80" cells. Three biologically independent
experiments were performed. At all time points, 6 wild-type and 8 Ms4ada’ mice.

d-f) Phosphorylation of Syk (d), ERK (e), and p38 (f) after stimulation with 100 pg/ml
zymosan. Results are shown as relative MFI (fold on untreated) mean + SEM. Five
biologically independent experiments for d (time 5: 4 wild-type and 5 Ms4ada’™ mice; time
15: 8 wild-type and 12 Ms4ada’ mice), three for e (time 5: 4 wild-type and 7 Ms4ada™
mice; time 15: 4 wild-type and 5 Ms4a4a™ mice), four for f (time 5: 4 wild-type and 4
Ms4ada™ mice; time 15: 4 wild-type and 8 Ms4ada™ mice). Statistical analysis by two-
tailed unpaired (Mann-Whitney) Student’s t test.

g-h) Secretion of IL-6 (g) and TNF (h) after stimulation for 6 h with 100 pg/ml zymosan or
100 ng/ml LPS. Cytokine levels in untreated cells were below detection limit. Results are
shown as mean + SEM. Four biologically independent experiments were performed (g: 7
wild-type and 7 Ms4a4a™ mice for zymosan; 6 wild-type and 7 Ms4a4a’ mice for LPS; h: 7
wild-type and 6 Ms4ada’ mice for zymosan, 7 wild-type and 8 Ms4ada’™ mice for LPS).

Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test.
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i) ROS production after stimulation with 100 ug/ml zymosan. Results are shown as MFI
mean = SEM (6 wild-type and 6 Ms4ada’ mice). Statistical analysis by two-tailed unpaired

Student’s t test.

Figure 7. MS4A4A regulates Dectin-1 recognition and control of B16F1 metastasis

a) Flow cytometry analysis of WGA binding on B16F1 and B16F10 cells. Results are
shown as representative dot plot (left) and mean £ SEM of relative MFI (fold on unstained;
right). Six biologically independent experiments were performed (10 independent
samples). Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test.

b) Syk phosphorylation in BMDMs from Ms4a4a™ (open symbol) and wild-type (closed
symbol) mice primed for 18 h with 10 ng/ml GM-CSF and cocultured at 1:1 ratio with
apoptotic B16F1 cells. Results are shown as relative MFI (fold on unstained) mean + SEM.
Three biologically independent experiments were performed (11 wild-type and 6 Ms4ada™
mice). Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test.

c) Cytokine secretion by BMDMs from Ms4a4a” (open symbol) and wild-type (closed
symbol) mice primed for 18 h with 10 ng/ml GM-CSF and cocultured with B16F1 cells for 6
h. Cytokine levels in untreated cells were below detection limit. Results are shown as
mean + SEM. Two biologically independent experiments were performed (6 wild-type and
6 Ms4ada™ mice). Statistical analysis by two-tailed unpaired (Mann-Whitney) Student's t
test.

d-e) Number of metastatic foci in lungs from Clec7a’ (open symbol) and wild-type (WT,
closed symbol) mice upon i.v. injection of B16F1 (d) or B16F10 (e) cells. Results are
shown as mean + SEM. Three biologically independent experiments for B16F1 cells (9
wild-type and 16 Clec7a’ mice), one for B16F10 cells (7 wild-type and 6 Clec7a’ mice).

Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test.
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f-g) Number of metastatic foci in lungs from Ms4a4a’™ (open symbol) and wild-type (WT,
closed symbol) mice upon i.v. injection of B16F1 (f) or B16F10 (g) cells. Results are shown
as mean + SEM. Five biologically independent experiments for B16F1 cells (23 wild-type
and 26 Ms4ada” mice), three for B16F10 cells (12 wild-type and 15 Ms4ada™ mice).
Statistical analysis by two-tailed unpaired (Mann-Whitney) Student’s t test.

h) Number of metastatic foci in lungs from wild-type mice upon i.v. injection of B16F1
treated for 1 h with 25 U/ml N-glycosidase F (N-glyc, open symbol) or buffer (NT, closed
symbol). Results are expressed as mean * SEM. Two biologically independent
experiments were performed (12 mice for NT, 11 for N-glyc). Statistical analysis by two-

tailed unpaired (Mann-Whitney) Student’s test.

Figure 8. Expression of MS4A4A in macrophages is required for NK-mediated
Dectin-1-triggered protection against metastasis.

a-b) Representative images (a) and number (b) of lung metastasis in Ms4ada” (open
symbol) and wild-type (closed symbol) mice injected i.v. with B16F1 cells upon NK cell
depletion by anti-NK1.1 treatment. Results are shown as mean + SEM. Two biologically
independent experiments were performed. Statistical analysis by one-way ANOVA and
two-tailed unpaired Student’s t test.

c) NK cell infiltrating the lungs of Ms4ada’ (open symbol) and wild-type (WT, closed
symbol) mice injected i.v. with B16F1 cells. Results are shown as mean + SEM of absolute
numbers (n) of Live/CD45"/CD3/NK1.17 cells. Three biologically independent experiments
were performed (9 wild-type and 6 Ms4ada’ mice). Statistical analysis by two-tailed
unpaired Student’s t test.

d) Degranulation of NK cells after engagement with B16F1 cells in the presence of
splenocytes from Ms4ada’ (open symbol) and wild-type (WT, closed symbol) mice.

Results are shown as mean + SEM of percentage of CD107a” NK cells gated on
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Live/CD45"/CD3/NK1.1" splenocytes. Two biologically independent experiments were
performed (4 wild-type and 5 Ms4ada’ mice). Statistical analysis by two tailed unpaired
(Mann-Whitney) Student’s t test.

e-h) Expression levels of Calhmé (e), 1112p40 (f), 1115 (g), and 1118 (h) mRNA in Ms4ad4a™
(open symbol) and wild-type (WT, closed symbol) BMDMs primed with 10 ng/ml GM-CSF
cocultured for 24 h with B16F1 apoptotic cells. Results are shown as mean + SEM of fold
of induction. Two biologically independent experiments were performed (f: 5 wild-type and
8 Ms4ada™ mice; g: 5 wild-type and 8 Ms4ada’™ mice; h: 4 wild-type and 8 Ms4ada’ mice;
i: 4 wild-type and 4 Ms4a4a™ mice). Statistical analysis by two-tailed unpaired Student’s t
test.

i) IFN-y production by NK cells after engagement with B16F1 cells in the presence of
splenocytes from Ms4ada”™ (open symbol) and wild-type (WT, closed symbol) mice.
Results are shown as mean * SEM of percentage of IFN-y" NK cells gated on
Live/CD45/CD3/NK1.1" splenocytes. Two biologically independent experiments were
performed (5 wild-type and 6 Ms4ada’ mice). Statistical analysis by two tailed unpaired

(Mann-Whitney) Student’s t test.
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METHODS

Cells.

Human peripheral blood mononuclear cells were isolated from buffy coats of healthy
donors and monocytes were obtained by serial centrifugation as described® and approved
by the institutional Ethical Committee of the Humanitas Clinical and Research Center.
Monoctes were treated for 7 days with 50 ng/ml recombinant human (rh) GM-CSF
(Miltenyi Biotech) plus 40 ng/ml rhiL-4 (Peprotech) to obtain dendritic cells, and to 100
ng/ml rhM-CSF (R&D Systems) to obtain macrophages. Macrophages were activated in
vitro by 18 h incubation with either 100 ng/ml 055:B5 LPS (Sigma-Aldrich) plus 20 ng/ml
rhIFN-y (Peprotech), 20 ng/ml rhiL-10 (Miltenyi Biotech), 10 ng/ml rhTGF-B (Miltenyi
Biotech), 10® M dexamethasone (Dex; Sigma-Aldrich), 20 ng/ml rhiL-4, or 10° M Dex plus
20 ng/ml IL-4. Murine bone marrow-derived macrophages (BMDMs) were generated by 6
days of culture with 20 ng/ml recombinant murine (rm) M-CSF (Miltenyi Biotech) and were
cultured for 18 h with 100 ng/ml LPS plus 20 ng/ml rmIFN-y (R&D Systems) or 20 ng/ml
rmiL-4 (R&D Systems). TAMs were isolated from s.c. B16F1 (0.1 x 10°) or Lewis lung
carcinoma (LLC; 1 x 10°) tumors into C57BL/6J (Charles River Laboratories) or A498
human renal tumor cells (1 x 10°% grown in NOD/scid/IL-2R-y™" mice (NOD.Cg-
Prkdc*12rg™™"/SzJ; Jackson Laboratory). After mice were sacrificed (day 14 for LLC
tumors, day 18 for A498 tumors, day 20 for B16F1 tumors), tumors were harvested and
disaggregated. Peritoneal exudate macrophages (PECs) were collected by peritoneal
lavage. Tumor suspension cells and PECs were stained for F4/80 and CD11b and
F4/80"/CD11b" TAMs and PECs were sorted using an Influx flow sorter (BD Bioscience)
and immediately lysed for RNA extraction. B16F1 and B16F10 cells were cultured in RPMI

1640, 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 1% HEPES (Lonza). B16F1
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cells were induced to apoptosis by 5 min heat-shock at 65°C followed by 5 min on ice.
MC38 cells were cultured in Dulbecco's modified Eagle medium (DMEM; Lonza), 10%
FBS, 1% L-glutamine, 1% penicillin/streptomycin, 1% sodium pyruvate, 1% non-essential
amino acids (Lonza). SL4 cells were cultured in DMEM:F12 (1:1) medium (Lonza), 10%
FBS, 1% L-glutamine, 1% penicillin/streptomycin. Chinese hamster ovary (CHO-K1) cells
were grown in DMEM, 10% FBS, 100 U/ml penicillin/streptomycin, and 25 mM HEPES pH
7.2 (Gibco). Transfectants were obtained by lipofection with Lipofectamine 2000 according

to manufacturer's instructions, and selected with 650 ug/ml G418 (Invitrogen).

Patients’ samples.

Monocytes from patients with active severe Graves orbitopathy were collected before and
6 h after the first i.v. infusion of 1 g methylprednisolone. A signed informed consent for
blood/serum collection and storage and for its use for research purposes was obtained by
the Endocrinology Unit, Fondazione IRCCS Ca’ Granda Policlinico. In agreement with the
institutional policy, the Ethical Committee approval was not required, as patients did not
undergo tests or therapies other than those routinely proposed for their specific disease.
Rheumatoid arthritis (RA) synovium samples were retrieved from early (<12 months
symptoms) patients fulfilling the ACR/EULAR 2010 criteria® for RA diagnosis, recruited

into the Pathobiology of Early Arthritis Cohort (PEAC; http://www.peac-

mrc.mds.gmul.ac.uk/) at Bart's Health NHS Trust in London. After obtaining written

informed consent, patients underwent an ultrasound-guided needle synovial biopsy of the

most inflamed accessible joint52

. Synovial tissue samples were immediately fixed in 4%
formaldehyde (Merck) and subsequently paraffin-embedded. The study was approved by
the institutional Ethical Committee (No. 05/Q0703/198). Histological analysis of normal and

tumoral tissue samples was performed on material obtained from the Surgical Pathology

Unit, ASST-Spedali Civili in Brescia. Experiments performed on archival material were
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approved by the institutional Ethical Committee (WV-Immunocancer 2014 to WV, IRB

code NP906). When requested, an informed consent was obtained from all participants.

Immunohistochemical and immunofluorescence analysis.

MS4A4A expression was analyzed on 4-um formalin-fixed paraffin-embedded sections of
normal tissues (skin, lung, colon) and corresponding neoplastic samples (five melanomas,
five lung adenocarcinomas, five colon adenocarcinomas) by staining with anti human
MS4A4A (rabbit polyclonal, dilution 1:4.000; Sigma-Aldrich) and revealing using Novolink
Polymer (Leica Biosystems) as secondary reagent. The chromogen reaction was
developed using diaminobenzidine. For double immunostains, MS4A4A was combined
with CD1c (clone OTI2F4; Abcam), CD163 (clone 10D6; Thermo Fisher Scientific), CD207
(clone 12D6; Vector Laboratories), and CD303 (clone 124B3.13; Dendritics). The second
antibody reactivity was detected using a Mach 4 alkaline phosphatase system with Ferangi
Blue (Biocare Medical) as chromogen. Slides were counterstained with hematoxylin.
Omission of primary antibody was also performed as control staining. Immunostained
sections were photographed using the DP73 Olympus digital camera mounted on the
Olympus BX60 microscope and analyzed by the acquisition software CellSens Standard.
Images were then processed using Adobe Photoshop Cs4 Portable. MS4A4A expression
on inflamed synovium was performed on 3-um formalin-fixed paraffin embedded sections
obtained from five patients by multiplex immunofluorescence staining using a tyramide
signal amplification protocol and an anti-MS4A4A rabbit polyclonal anti human antibody
(dilution 1:2000; Sigma-Aldrich) in combination with CD68 (mouse anti human IgG1, clone
KP1; Dako), CD163 (mouse anti human IgG1, clone 10D6; Leica Biosystems), CD3
(mouse anti human IgG1, clone F7.2.38; Dako), CD20 (mouse anti human IgG2a, clone
L26; Dako), and CD138 (mouse anti human 1gG1, clone MI15; Dako). Matching isotypes

were used as controls. Nuclei were counterstained with 4’,6-diamidino-2’-phenylindole
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(DAPI, 300 nM; Invitrogen) and mounted with ProLong Antifade Mountant (Thermo Fisher
Scientific). Sections were imaged with the digital slide scanner Nanozoomer S60
(Hamamatsu Photonics). The quantification of CD68/MS4A4A/CD163" cells was
performed using the cell count plugin of the Image J software. TAMs and NK cells
infiltrating experimental metastasis were analyzed on frozen sections (10 um thick)
obtained from tissue blocks of B16F1 metastasis-bearing lungs. Sections were thawed and
fixed with 4% PFA for 5 min, washed and incubated for 15 min in PBS supplemented with
0.05% Tween-20, 2% BSA, 5% donkey serum (Sigma-Aldrich), and incubated for 1 h with
purified polyclonal goat anti mouse NKp46 (R&D System), rat anti mouse F4/80
(Serotech), and rabbit anti mouse Ki-67 (Cell Signalling). After extensively wash, sections
were incubated for 1 h with Alexa Fluor (488, 568, 647)-conjugated species-specific cross-
adsorbed detection antibodies (Molecular Probes). Nuclei were stained using DAPI.
Sections were mounted with 20 ul FluorSave reagent (Calbiochem). Fluorescent high-
resolution images were acquired with a Leica SP8 STED 3X confocal microscope (Leica

HC PL APO 60X/1.40 oil STED white objective system) and analyzed by LAS-X software.

Animal colonies.
Wild-type C57BL/6J mice were obtained by Charles River Laboratories (Calco, Italy). Mice

with macrophage-specific Ms4ada inactivation in C57BL/6J background were achieved

breading mice carrying floxed Ms4ada alleles (Ms4a4a™; Ozgene) with mice expressing

Cre under the control of the promoter of the Lys gene, encoding for the myeloid-restricted

lysozyme M protein (Lys®™®*; B6.129P2-Lyz2"™¥®/j from Jackson Laboratory).

Ms4ada™LysC™®" mice (here indicated as Ms4ad4a™") were born in Mendelian ratios,

reproduced normally, and did not show significant differences in body weight compared to

+/+

control floxed littermates (Ms4a4a""Lys"*, here used as wild-type animals). Ms4ada™"~

mice were co-housed with littermates in individually ventilated cages in a specific
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pathogen-free/viral antibody-free animal facility at Humanitas Clinical and Research
Center. Mice in C57BL/6J background with Dectin-1 inactivation (Clec7a™; B6.129S6-
Clec7a™°%®/J) were obtained by Jackson Laboratory. To obtain double-deficient mice
(here indicated as Msdada”’ Clec7a™), Clec7a’™ mice were bred with
Ms4a4a""/ubiquitinC*™"* animals (B6.Cg'8VBCcrERT21EL/2 ) from Jackson Laboratory).
Animals were housed in ventilated cages in a specific pathogen-free/viral antibody-free
animal facility at Humanitas Clinical and Research Center. Experiments were performed

using sex- and age-matched mice.

Experimental models.

The 3-methylcholanthrene (3-MCA)-induced tumor model was performed with 100 pug 3-
MCA as previously described®. In the melanoma B16F1 model, tumor dimension was
monitored in mice s.c. injected with 0.1 x 10° B16F1 cells as previously described'. Lung
metastasis were analyzed in the lungs 10 days after i.v. injection with 0.3 x 10° B16F1 or
B16F10 cells and 14 days after i.v. injection with 0.3 x 10° SL4 cells. To visualize
metastasis, lungs from mice injected with SL4 were fixed and stained over night with
Bouin’s Solution (Histoline). Liver metastasis were analyzed 14 days after i.s. injection with
0.25 x 10° MC38 cells. For NK cell depletion in the melanoma model, mice were i.p.
injected with 200 ug anti-NK1.1 (BioXcell) or its isotype control 3 days before and 100 ug
anti-NK1.1 or isotype control 3 and 7 days after B16F1 cells injection and metastasis were
evaluated at day 10. For NK cell depletion in the colon carcinoma model, mice were i.p.
injected with 200 ug anti-NK1.1 (BioXcell) or its isotype control 5 and 3 days before and 3
and 7 and 10 days after MC38 cells injection and metastasis were evaluated at day 12.
Animal procedures were reviewed and approved by the institutional Ethical Committee at

Humanitas Clinical and Research Center and were in accordance with national (D.L. N.
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116, G.U. suppl. 40, 18-2-1992 and N. 26, G.U. 4-3-2014) and international laws and
policies (EEC Council Directive 2010/63/EU, OJ L 276/33 22-9-2010; National Institutes of
Health Guide for the Care and Use of Laboratory Animals, US National Research Council,
2011). The study was approved by the Italian Ministry of Health (approvals n. 89/2013-B
issued on the 8/4/2013, 6B2B3.N.ERY issued on 06/12/2017, and 949/2018-PR issued on

the 20/12/2018).

Split-ubiquitin assay.

The split-ubiquitin assay was performed as previously described'?. Briefly, a split-ubiquitin
NubG-X library, derived from monocyte-derived human macrophages treated with 10° M
Dex, was directionally cloned into the prey vector pBT3-N and the bait protein MS4A4A
cDNA was cloned into the bait vector pBT3-STE, in which the LexA-VP16-Cub cassette is
fused to the N-terminus. The yeast strain NMY51 (MATa his3-200 trp1-901 leu2-3,112
ade2 LYS2:(lexAop)4-HIS3 ura3::(lexAop)8-LacZ ade2::(lexAop)8-ADE2 GAL4) was
transformed using standard procedures . Transformants were grown on selective medium
lacking leucine, tryptophan, histidine and adenine, with addition of 20 mM 3-amino-1,2,4-
triazole. Positive clones were sequenced by colony PCR (pPR3N-FOR: 5'-
GTCGAAAATTCAAGACAAGG-3"; pPR3N-REV: 5-AAGCGTGACATAACTAATTAC-3').
Library plasmids were isolated from positive clones and retransformed into NMY51 to test
bait dependency. Prey sequences activating the histidine and adenine reporters in the
presence of MS4A4A and not the empty pBT3-STE vector were considered as potential

MS4A4A interactors.

Flow cytometry.
For direct multi-color flow cytometry (FACS Canto Il and LRS Fortessa; BD Bioscience),

cells were incubated for 30 min at 4°C with directly conjugated anti-human or anti-mouse
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protein antibodies (Supplementary Tables 1 and 2, respectively, Life Science Reporting
Summary) and their appropriate isotype controls. Live/dead cell discrimination was
performed staining with the Zombie Aqua Fixable Viability Kit (BioLegend). For MS4AGA
and MS4A7 surface staining, purified MS4A6A (Abnova) and MS4A7 (Novusbio)
antibodies were used as primary antibodies and anti human IgG-Alexa Fluor 488
(Invitrogen) as secondary antibody. Wheat germ agglutinin Alexa Fluor 594-conjugated
(WGA; ThermoFisher) was used to detect N-acetylglucosamine residues on the surface of
tumor cells. To block Fc receptors, a purified anti mouse CD16/CD32 (BioLegend) was
used. For intracellular staining, cells were permebilized and fixed using the
FoxP3/Transcription Factor Staining Buffer Set (eBioscience). Phosphoproteins were
detected as previously described®® using the anti-phospho-Syk-Tyr525/526 antibody (Cell
Signalling) and the anti-phospo-p38-Thr180/Tyr182 antibody (Cell Signalling) as primary
antibodies and an anti rabbit IgG Alexa Fluor 647 as secondary antibody (Invitrogen) or
the directly conjugated anti-phospho-ERK Alexa Fluor 647 antibody (BD Pharmigen),
according to protocols recommended by the manufacturers. To analyze immune cell
infiltration, lungs were incubated for 1 h at 37°C in 1% DNAse | in HBSS supplemented
with 1 mg/ml collagenase D (Roche) and then for 10 min in 5 mM EDTA on ice. The cell
suspension was passed through a 70 um filter, red cells were lysed with ACK (Lonza), and
then cells were stained and analyzed by flow cytometry. Data were analyzed with FACS
Diva (BD) and Flow Jo (Treestar) software. Gating strategies are reported in

Supplementary Note.

Imaging analysis.
Freshly isolated human monocytes were differentiated to macrophages directly on 14-mm
diameter cover glasses (Menzel-Glaser) in 24-well plates and treated as described above.

Cells were fixed with 4% PFA (Euromedex). For intracellular staining, cells were
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permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), 2% BSA (Biosera), 5% goat serum
(Dako) in PBS. Cells were then incubated for 18 h with a purified mouse anti human
MS4A4A MoAb (R&D System) and a purified goat anti human Dectin-1 polyclonal (R&D
System) and then for 1 h with Alexa Fluor (488, 647)-conjugated species-specific cross
adsorbed detection antibodies (Molecular Probes). Nuclei were stained using DAPI. Lipid
rafts were stained with the Vybrant Lipid Raft Labeling Kit, based on the cholera toxin
subunit B (CT-B) labeled with the red-fluorescent Alexa Fluor 594 dye (Molecular Probes),
following the manufacturer protocol. High-resolution images (1024 x 1024 pixels) were
acquired with an Olympus Fluoview FV1000 laser scanning confocal microscope with 60X
(N.A. 1.4) plan-apochromat oil immersion objective (Olympus) and analyzed with ImageJ
software (NIH). Quantitative colocalization and statistical analysis were performed with
Imaris Coloc 4.2 (Bitplane AG) software and FV1000 1.6 colocalization software
(Olympus) and Imaged Coloc2 plugin. Representative images were smoothed with a
Gaussian filter and upscaled with bicubic interpolation (Imaged). For STED microscopy,
human macrophages were stained with purified mouse anti human MS4A4A monoclonal
Ab (R&D System) and a purified goat anti human Dectin-1 polyclonal (R&D System) and
then for 1 h with Alexa Fluor (568, 647)-conjugated species-specific cross-adsorbed
detection antibodies (Molecular Probes). Lipid rafts were stained with the Vybrant Lipid
Raft Labeling Kit, based on the CT-B labeled with the green-fluorescent Alexa Fluor 488
324 dye (Molecular Probes), following the manufacturer protocol. Mowiol was used as
mounting medium. Alexa Fluor 488, 568 and 647 were excited with a 400 Hz white light
laser tuned at 485/493, 561/569 and 635/643 nm, respectively, and emission was
collected at 505-550, 580-620, and 650-700 nm, respectively. A gating between 0.4 to 7 ns
was applied to avoid collection of reflection and autofluorescence and sequential
acquisition was applied to avoid fluorescence overlap. The 775 nm CW-depletion laser

(30% of power; =90 mW) was used for Alexa Fluor 488, 568 and 647 excitations. STED
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analysis was performed on ROI corresponding to the traced freehand area of the image of
a single cell (3-5 ROIs per image) and xyz images (1928 x 1928 px; px size, 0.05 um; vx
size, 0.2 um) were acquired in a z-stack (30-40 images; 0.2 um slice) with a Leica SP8
STED 3X confocal microscope system adopting a Leica HC PL APO 100x/1.40 oil STED
white objective at 706-929 mAU. CW-STED and gated CW-STED were applied to Alexa
Fluor 488 and Alexa Fluor 568 and 647, respectively. A linear background subtraction was
applied to all z-stack STED images. The colocalization rate was measured with the LASX
software after a maximum intensity projection of the non-deconvolved images. Collected
images were deconvolved with Huygens Professional software. To evaluate the interaction
between MS4A4A and its putative partners, we investigated by Fluorescence Lifetime
Imaging Microscopy (FLIM) the Fluorescence Resonance Energy Transfer (FRET) from an
excited MS4A4A-eGFP donor molecule to ground state proximal acceptor molecules
chimerized to the fluorescent protein mCherry54. To this purpose, eGFP-MS4A4A and
mCherry chimerized candidate partners were cotransfected in 2 x 10° CHO-K1 cells
seeded onto poly-L-lysine treated coverslips, cells were fixed, irradiated with a 830 nm
light to excite the donor, and imaged using a TriM Scope Il two photon laser scanning
microscope (LaVision Biotec) equipped with a 60X water immersion lens (LUMFLG0X;
Olympus). Light was separated using a IR700 long pass filter and detected with the FLIM
X16 TCSPC module 350 (LaVision Biotec). FLIM data were fitted with single exponential
and background correction using Imspector Pro (LaVision Biotech). FRET efficiency (E)

and Forster radius (R), which express the distance between the molecules, are reported.

Gene expression analysis.
For real-time PCR assay (QPCR), cells were lysed with QlAzol Reagent (Qiagen) and total
RNA was extracted using miRNeasy mini kit (Qiagen). RNA was converted in cDNA using

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and quantification
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of the transcripts reported in Supplementary Table 3 was performed following the
recommended protocols for SYBR Green Master Mix (Applied Biosystems). Results were
normalized on human GAPDH or murine Gapdh. gPCR was performed with the ViiA™ 7
Real-Time PCR System (Applied Biosystems). To determine MS4A4A gene expression
levels in different human tissues and cells lines and in different cancer types, the
Laboratory for Systems Biology and Medicine RefExA database

(http://sbmdb.genome.rcast.u-tokyo.ac.jp/refexa/main search.jsp) and the Cancer

Genome Atlas database (TCGA; https://doi.org/10.7908/C11GOKM9) through the

Firebrowse repository (http://firebrowse.org/) were used. Gene expression levels as rsem

values were downloaded and distribution boxplots were performed using the ggplot2 R
package version 2.2.1. Correlation between MS4A4A and TAM markers transcripts were
performed using the ‘rcorr’ function implemented in Hmisc R package version 4.0.3
adopting the Pearson’s correlation method. Significant correlations (p < 0.05) were plotted
using the NMF R package version 0.20.6. Genes with a not significant correlation show a

coefficient equal to zero. Mentioned source data are provided in Supplementary Fig. 3.

NK cell functional assays.

NK cell degranulation was investigated by CD107a surface expression, as previously
reported*?. Briefly, splenocytes isolated from Ms4ada™ and wild-type mice were treated
for 18 h with 100 ng/ml rmIL-2 and co-cultured for 4 h with B16F1 or B16F10 cells (E:T
ratio 12:1). Percentage of CD107a” NK cells (Live/CD45"/CD37/NK1.1") was analyzed by
flow cytometry. IFN-y production was investigated on splenocytes isolated from Ms4ada™~
and wild-type mice treated for 12 h with 50 ng/ml rmIL-2 and co-cultured for 4 h with
B16F1 and additional 2 h with Golgi plug (BD Pharmingen). Percentage of IFN-y" NK cells

(Live/CD45"/CD37/NK1.1%) was analyzed by flow cytometry.
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Macrophage functional assays.

To study Dectin-1 functional activities, BMDMs were primed for 18 h with 10 ng/ml GM-
CSF and treated with 100 ug/ml zymosan (InvivoGen), 100 ug/ml depleted zymosan
(InvivoGen), 100 ug/ml curdlan (Wako Chemicals), 100 ng/ml LPS, 100 ng/ml PMA
(Sigma-Aldrich), 100 ng/ml Pam3Cys (Enzo Life Science), 20 ug/ml fluorescein-conjugated
zymosan bioparticles (Molecular Probes), or 5 x 10° Aspergillus fumigatus conidia-FITC.
To deplete lipid rafts, macrophages were treated for 15 min with 100 ug/ml zymosan alone
or in combination with 5 mM methyl-B-cyclodextrin (MBCD; Sigma-Aldrich). ROS
production was investigated using the CellRox Deep Red reagent (Life Technologies)
according to the manufacturer’s instructions. Live-cell widefield microscopy was performed
monitoring fluorescence at 350ex/461em (Hoechst) and 640ex/665em (CellROX) with a
Cell-R epi-fluorescence microscope (Olympus). ROl were analyzed using the Xcellence

software (Olympus). Secreted cytokines were measured by ELISA (Duoset; R&D System).

Statistical analysis.
Results were expressed as means + SEM from multiple independent experiments. One-
way ANOVA and two-tailed Student’s t test were performed using Prism (GraphPad)

and/or Excel (Microsoft) software. ROUT test was applied to determine outliers.

Data availability.
The data that support the findings of this study are available from the corresponding author

flifl

upon reasonable request. Ms4ad4a™" animals have been developed by the research team

and are available after evaluation of potential conflict of interest upon MTA.

Methods-only references.
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