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Macrophages regulate protective immune responses to infectious microbes, but aberrant macrophage activation
frequently drives pathological inflammation. To identify regulators of vigorous macrophage activation, we ana-
lyzed RNA-seq data from synovial macrophages and identified SLAMF7 as a receptor associated with a superacti-
vated macrophage state in rheumatoid arthritis. We implicated IFN-y as a key regulator of SLAMF7 expression and
engaging SLAMF7 drove a strong wave of inflammatory cytokine expression. Induction of TNF-a. after SLAMF7
engagement amplified inflammation through an autocrine signaling loop. We observed SLAMF7-induced gene
programs not only in macrophages from rheumatoid arthritis patients but also in gut macrophages from patients
with active Crohn’s disease and in lung macrophages from patients with severe COVID-19. This suggests a central
role for SLAMF7 in macrophage superactivation with broad implications in human disease pathology.

INTRODUCTION

Macrophages are necessary for protection against infectious microbes
(I) but can drive acute inflammation that can become exuberant or
chronic and cause profound tissue pathology (2). Dysfunctional
macrophage activation is evident in autoimmune diseases including
rheumatoid arthritis (RA) (3-5), inflammatory bowel disease (IBD)
(6-8), and interstitial lung disease (9, 10). RA is characterized by
infiltration of macrophages into the synovium, along with popula-
tions of lymphocytes and activated stromal cells (11-15). Macro-
phage numbers and activation states change and can correlate with
response to therapy in RA (16-18). In respiratory infection, macro-
phages promote inflammation resulting in lung injury (19) and
contribute to immune activation in severe acute respiratory dis-
ease syndrome (20, 21) associated with coronavirus disease 2019
(COVID-19) (22, 23).

Macrophage activation states are determined by receptors for
an array of environmental signals (24), with cytokines and micro-
bial molecules as the best-known macrophage regulators (25-27).
Interferon-y (IFN-y) is a key component of classical “M1” macro-
phage activation (27) and potentiates macrophage responses to
subsequent stimulation (28-30). Toll-like receptor (TLR) agonists
prime macrophages to express inflammasome components that,
when activated, result in pyroptotic cell death and release of bio-
active interleukin-1p (IL-1B) (31).

Here, we find that an important component of the macrophage
response to a primary signal is up-regulation of a secondary superacti-
vator receptor that can then transform these primed or potentiated
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macrophages into a highly activated, potentially pathogenic inflam-
matory state. As a strategy to find key regulators of superactivated
macrophages (SAMs), we evaluated inflammatory human diseases
where macrophages are implicated as major drivers of inflammation.
Using this approach, we identified signaling lymphocytic activation
molecule family member 7 [SLAMF?7, also known as CD319, CD2-
like receptor-activating cytotoxic cell (CRACC), and CS1] (32-34)
and implicate this receptor as having a central role in highly activated
macrophage-related inflammatory diseases. We determined that
SLAMF?7 is selectively expressed by macrophages from sites of in-
flammation and is regulated by IFN-y. Engagement of the receptor
drove a strong inflammatory signature, activating nuclear factor kB
(NF-xB) and mitogen-activated protein kinase (MAPK) pathways,
along with further autocrine amplification by tumor necrosis factor-o
(TNF-0). In publicly available single-cell RNA sequencing (RNA-seq)
data, we found this SLAMF7-SAM population in diverse tissues not
only from patients with RA but also from patients with IBD and
COVID-19 pneumonia. This implicates SLAME7 activation of in-
flammatory macrophages as a key pathway driving pathology in
acute and chronic inflammatory human diseases.

RESULTS

Up-regulation of SLAMF7 on macrophages from inflamed
synovial tissue

We focused on the inflammatory human disease RA to identify sig-
naling receptors that could act as macrophage superactivators. We
analyzed publicly available bulk RNA-seq data from phase 1 of the
Accelerating Medicines Partnership (AMP) Rheumatoid Arthritis/
Systemic Lupus Erythematosus Network (15) to examine gene ex-
pression of sorted CD14" synovial tissue macrophages from patients
with inflammatory RA (n = 11) and relatively noninflammatory os-
teoarthritis (OA; n = 10). Using DESeq2, we identified 509 differen-
tially expressed genes [log,foldchange (LFC) > 1, Wald adjusted
P value (padj) < 0.05] that were up-regulated in RA and that we
defined as an “inflamed RA macrophage signature” (data file S1). This
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signature contained IFN-inducible genes such as GBP1, IFI6, and
CDA40, as well as inflammatory cytokines and chemokines including
TNF, CCL3, and CXCLS, suggesting that both IFN-induced and inflam-
matory transcriptional programs define the dominant macrophage
state in RA. The single most significantly up-regulated gene in the in-
flamed RA macrophage signature was SLAMF7 (LFC = 3.82, padj =
223 x 10"'; Fig. 1A), a receptor that regulates leukocyte activation through
homotypic interactions with SLAMF7 on other cells (32-34).

To validate this finding, we disaggregated synovial tissue from
an independent cohort of individuals with OA (1 = 8; 87.5% female;
mean age, 67.1; range, 58 to 85) and RA (n = 9; 100% female; mean
age, 62.1; range, 28 to 86) to quantify SLAMF?7 protein expression
by flow cytometry (table S1, gating in fig. S1, A to D). SLAMF7 was
present at very low levels on synovial macrophages from patients
with OA but was about 40-fold higher on macrophages from pa-
tients with RA (Fig. 1B; Mann-Whitney test, P = 0.0016). We de-
tected SLAMF7 on up to 55% of macrophages [mean, 26.4%; 95%
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Fig. 1. Marked up-regulation of SLAMF7 on macrophages from inflamed
synovial tissue. (A) Differential gene expression in bulk RNA-seq of synovial tissue
macrophages from patients with inflamed RA (n=11) compared with OA (n=10)
(15). (B) Specific MFI for SLAMF7 and (C) percent of macrophages expressing
SLAMF7 in synovial tissue from patients with OA (n=8) or RA (n=9). (D) Specific
MFI for SLAMF7 and (E) percent of macrophages expressing SLAMF7 in synovial
fluid from patients with OA (n=6) or RA (n=15). Data represent means + SD.
Mann-Whitney test was used for statistical comparisons.
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confidence interval (CI), 13.3 to 39.5] from patients with RA com-
pared with less than 6% of macrophages (mean, 2.4; 95% CI, 0.35 to
4.5) from patients with OA (Fig. 1C). We were also able to obtain
discarded synovial fluid from deidentified patients with RA and
OA. SLAMF7 levels were twice as high on synovial fluid macro-
phages from patients with RA compared with OA (Fig. 1D) and on
up to 48% of macrophages (mean, 24.3; 95% CI, 17.03 to 31.56) from
patients with RA compared with less than 25% of macrophages
(mean, 13.3;95% CI, 6.1 to 20.5) from patients with OA (Fig. 1E). In
some patients with RA, only a subset of macrophages expressed
SLAMEF?7, whereas, in others, the majority of cells expressed this re-
ceptor (fig. S1E). In contrast, we did not observe major differences in
levels of another macrophage-expressed SLAM family member, CD84
(SLAMEFS5) (35), on macrophages from synovial tissue (figs. S1F and
S2, A and B) or synovial fluid (fig. S2, C and D) from patients with RA
versus OA. This identifies SLAMF7 as a receptor that is selectively
expressed by inflammatory macrophages in RA.

IFN-y is a dominant driver of macrophage
SLAMF7 expression
In the unstimulated state, SLAMF7 is expressed at high levels by plasma
cells (36) and can also be expressed on B cells, T cells, and natural
killer (NK) cells but is expressed at low levels on resting macrophages
(35, 37). However, elevated SLAMF?7 expression has been found on
macrophages from atherosclerotic lesions (38) and from patients with
myelofibrosis (39). B lymphocyte-induced maturation protein-1
(BLIMP-1) regulates SLAMF7 expression in lymphocytes (40), but
it is not well understood how this receptor is regulated in macro-
phages. We used RNA-seq to define the transcriptional activation state
of macrophages with high levels of SLAMF7 by sorting CD14" and
CD16" myeloid populations with high and low expression of SLAMF7
(gating in fig. S3) from peripheral blood of healthy controls (table S1:
n = 5; 80% female; mean age, 59.6; range, 45 to 74) or patients with
RA (n = 7; 57.1% female; mean age, 53.7; range, 37 to 67), as well as
synovial fluid from patients with RA (n = 4; 50% female; mean age,
53.5; range, 42 to 67). We then examined genes that were differen-
tially expressed in sorted cells with high versus low expression of
SLAMEF?7 and identified 21 genes that were commonly up-regulated
(LFC > 1, padj < 0.05) in CD14" populations of cells with high SLAMF7
expression from both blood and synovial fluid that we defined as a
“SLAMF7-high macrophage signature” (data file S2). In addition
to SLAMF?7, IFN-inducible genes CXCL9, CD40, and IDO1 were
up-regulated in SLAMF7-high CD14" cells from blood (Fig. 2A) and
synovial fluid (fig. S4A), with down-regulation of genes such as SELL
and SERPINB?2 (Fig. 2A and fig. S4A). Gene set enrichment analysis
revealed that high SLAMF?7 expression was significantly associated (padj <
0.05) with Molecular Signatures Database (MSigDB) Hallmark gene
sets for type I and type II IFN response (Fig. 2B), suggesting a prominent
in vivo role for IFN in regulation of this receptor on macrophages.
Oxidative phosphorylation pathways, which have been associated with
anti-inflammatory macrophages rather than the glycolytic M1 state
(41), were enriched in cells with high SLAMF7. TNF signaling was
decreased in monocytes with high SLAMF?7 (Fig. 2B). The transcription
factor EGRI, which can suppress inflammatory gene expression (42),
was expressed at significantly lower levels (LFC = —1.53, padj = 0.0017)
in synovial fluid cells with high SLAMF7, suggesting that these cells
are in a poised or potentiated but not yet fully activated state.

We then performed in vitro cytokine stimulation on monocyte-
derived macrophages from peripheral blood to determine how
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Fig. 2. SLAMF7 is a key feature of IFN-y-potentiated macrophages. (A) Differential gene expression in SLAMF7-high versus SLAMF7-low CD14*CD16~ cells from
peripheral blood (n =12). (B) Gene set enrichment analysis for Hallmark pathways in SLAMF7-high compared with SLAMF7-low myeloid populations from synovial
fluid and peripheral blood. (C) Specific MFI for SLAMF7 on macrophages incubated with different doses of IFN-y or IFN-B. (D) Specific MFI for SLAMF7 on macro-
phages incubated with cytokines or TLR agonists (100 ng/ml). IFN-B and IFN-y results are the same as the dose at 100 ng/ml in (C). (E) Macrophages were incubated
with ruxolitinib (JAK inhibitor) or dimethyl sulfoxide before IFN-y treatment (10 ng/ml), and the specific MFI for SLAMF7 was measured after 16 hours. Data in (C) to
(E) represent means + SD of four donors. (F) Macrophages were treated with a siRNA control or siRNA targeting IFNGR1 or IFNGR2 and then potentiated with IFN-y
(5 to 10 ng/ml) for 24 hours. SLAMF7 was quantified relative to macrophages treated with control siRNA only. Data represent means + SD of five donors. Statis-
tics were calculated using the one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. NES, normalized expression score; Ctrl, control;

*P<0.05; **P<0.01.

SLAMF?7 is regulated on macrophages. Treatment of macrophages
with IFN-y resulted in high expression of SLAMEF?7 (Fig. 2C). Cytokines
IEN-B, IL-1B, and TNF-a, as well as TLR agonists N-palmitoyl-S-
[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]- seryl-[S]-lysyl-
[S]-lysyl-[S]-lysyl-[S]-lysine (Pam3;CSKy) and lipopolysaccharide (LPS),
also increased expression of SLAMF7 on macrophages but to lower
levels than IFN-y, whereas IL-6 did not affect SLAMF7 expression
(Fig. 2D). In contrast, CD84 levels decreased by up to 50% after
stimulation with IFN-B, IL-1B, TNF-a, Pam3CSKy, LPS, and IFN-y
(fig. S4, B and C), whereas CD45 levels were relatively unchanged
(fig. S4, D and E). Janus kinase 1 (JAK1) and JAK2 are known to
transduce IFN-y signaling (43). Inhibitors of JAK1 and JAK2 such as
ruxolitinib effectively disrupt this pathway and are used clinically to treat
patients with myelofibrosis (44) and graft-versus-host disease (45).
We observed strong inhibition of IFN-y-induced SLAMF?7 expression
in macrophages treated with ruxolitinib in vitro (Fig. 2E), confirming
the importance of this pathway and revealing a potential method to
disrupt SLAMF?7 up-regulation. Conversely, there was a doubling in
CD84 expression in macrophages treated with ruxolitinib (fig. S4F),
suggesting reciprocal regulation of these two SLAM family members
by IFN-y. CD45 expression was unchanged by ruxolitinib treatment
(fig. S4G). Next, we used small interfering RNA (siRNA) to reduce ex-
pression of IFN-y receptors, IFNGRI (fig. S4H) and IFNGR2 (fig. S41),
which resulted in decreased SLAMF? levels (Fig. 2F) and further supports
that IFN-y is a key regulator of SLAMF7 expression in macrophages.

Simmons et al., Sci. Inmunol. 7, eabf2846 (2022) 11 February 2022

Engagement of SLAMF7 triggers an inflammatory cascade
We next asked whether the increased expression of SLAMF7 on
macrophages from inflamed tissues might play a role in their activation.
SLAMF7-high macrophages from blood and synovial fluid ex-
pressed higher levels of IFN-induced genes but not the inflammatory
genes from the inflamed RA macrophage signature. On the basis of
the up-regulation of SLAMF?7 after primary IFN-y stimulation, we
hypothesized that SLAMF7 engagement might provide a specific
signal to control activation of macrophages primed to up-regulate
its expression. SLAMF?7 has previously been reported to inhibit acti-
vation of monocytes (46, 47), and we wondered whether this recep-
tor might serve to down-regulate macrophage activation. However,
silencing SLAMF7 with siRNA did not result in increased TNF pro-
duction after IFN-y treatment (Fig. 3A and fig. S5A), despite a reduc-
tion in SLAMF7 expression (Fig. 3B and fig. S5B). Thus, we next
evaluated the hypothesis that SLAMF7 may instead serve to activate
IFN-y-potentiated macrophages.

Recombinant SLAMF7 (r-SLAMF?7) protein has been reported
to drive proliferation of myeloma cells (48), so we tested the re-
sponse of macrophages using this recombinant protein as a soluble
ligand. First, we pretreated macrophages with IFN-y to induce
SLAMEF?7 up-regulation, and, second, we added r-SLAMF?7 protein
to engage the receptor. Macrophages exhibited a remarkable 80-fold
increase in TNF RNA (Fig. 3C) and 30-fold increase in TNF-o protein
(fig. S5C) that was significantly reduced after siRNA silencing of
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SLAMF7 (Fig. 3C and fig. S5C).
We confirmed that endotoxin lev-
els in this protein were less than 1
endotoxin unit (EU)/ml (fig. S6A)
and induced secretion of 10 to
20 times more TNF-o than other
(control) protein preparations from the same company (fig. S6B),
including after endotoxin depletion (fig.S6, C and D). Monocytes
treated with the 162.1 SLAMF7-activating monoclonal antibody
(mAb) (32) produced much higher levels of TNF-o than control
antibodies (fig. S6F). We also evaluated endotoxin levels in and did
not detect endotoxin levels within the range of the assay for this
antibody and other antibodies from the same company (<0.1 EU/ml,
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IL-6

fig. S6E). Together, these results suggest that engagement of
SLAMF?7 receptor can drive the notable macrophage activation that
we observed.

To define transcriptome-wide changes driven by SLAMF?7 en-
gagement, we first pretreated macrophages with IFN-y to induce
high SLAMF?7 expression, and, second, we used SLAMF7-activating
antibody (a-SLAMEF?) or r-SLAMF?7 protein to engage cellular SLAMF?7.
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We then performed RNA-seq on these in vitro-stimulated macro-
phages to examine transcriptome-wide changes in gene expression
(table S1: # = 4 donors; 100% female; mean age, 34.3; range, 22 to 70).
We identified marked changes in gene expression after SLAMF7
engagement, with 596 up-regulated genes driven by both a-SLAMF7
and r-SLAMF7 (LFC > 1, padj < 0.05) that we defined as the “mac-
rophage SLAMF7 stimulation signature” (data file S3). We observed
up-regulation of inflammatory cytokines TNF, IL1B, IL6, and IL12B
as well as chemokines CCL3, CCL4, CXCL1, CXCL2, and CXCL8
after treatment with activating a-SLAMF7 mAb (Fig. 3D) or
r-SLAMEF?7 protein (fig. S7A) compared with macrophages treated
with IFN-y alone. SLAMF7 was itself up-regulated after stimulation,
suggesting a positive feedback loop. In contrast, we detected down-
regulation of the transcription factor CEBPA, which regulates mono-
cyte development (49) and may inhibit inflammatory pathways in
monocytes (50). Gene set enrichment analysis identified strong en-
richment of MSigDB Gene Ontology (GO) categories (padj < 0.05)
including cytokine activity and response to molecule of bacterial
origin (Fig. 3E), indicating that triggering SLAMF7 drives a domi-
nant myeloid inflammatory program. Mitochondrial and ribosomal
pathways were down-regulated (Fig. 3E), suggesting changes in me-
tabolism to support this strong inflammatory macrophage state.
A large number of cytokines were up-regulated in macrophages
stimulated with either a-SLAMF7 mAb or r-SLAMF?7, as visualized
by heatmap (Fig. 3F).

Consistent with this profoundly inflammatory state identified by
RNA-seq, secreted TNF-o levels increased from 12 pg/ml to 2.2 to
3.0 ng/ml after stimulation (Fig. 3G) and IL-6 levels increased from
6 pg/ml to 0.7 to 1.2 ng/ml after stimulation (Fig. 3H). Real-time
polymerase chain reaction (RT-PCR) analysis confirmed the induc-
tion of CCL3, CXCLI, and CXCL8 after SLAMF7 engagement (fig. S7,
B to D). The inflammatory cytokine IL1B was strongly up-regulated
after stimulation with SLAMF7. However, macrophages only express
high levels of inflammasome components and pro-IL-1f3 when they
are primed by microbial TLR agonists or cytokines like TNF-0, and
subsequent inflammasome activation with pyroptotic cell death is
required for abrupt release of bioactive IL-1B (31, 51). We detected
release of IL-1PB (134 to 395 pg/ml) from macrophages stimulated
with SLAMF7 when nigericin was added to activate the inflam-
masome (Fig. 31), suggesting that SLAMF?7 can also prime inflam-
masomes. We also sought to verify the relevance of this pathway in
cells from diseased human tissues by purifying macrophages from
synovial fluid of patients with RA. Stimulation of SLAMF7 on syno-
vial fluid macrophages with r-SLAMF7 protein resulted in strong
induction of TNF (mean LFC = 5.0; fig. S7E) and IL1B (mean LFC =
6.9; fig. S7F), indicating the potential importance of this receptor in
macrophage activation in RA.

We did not observe a strong overlap with the MSigDB Immuno-
logic Signatures gene set for classically activated M1 macrophages.
The “classical M1 versus alternative M2 macrophage” up-regulated
gene set (52) defines activation after 18 hours combined stimulation
with IFN-y and LPS, but the array of cytokines driven by SLAMF7
engagement was notably absent from that signature. Other M1 acti-
vation protocols include initial priming with IFN-y followed by LPS,
which results in production of inflammatory cytokines and gene
expression (53) that partially overlaps with those that we identified
in our conditions. This underscores the fact that this SLAMF?7 acti-
vation program serves as a separate step after primary stimulation
of macrophages by IFN-y or other M1 differentiation/activation
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factors. These sequential in vitro conditions include (i) the initial
macrophage potentiation with IFN-y to drive high SLAMF?7 expres-
sion, followed by (ii) engagement of SLAMF7 and completion of
activation, underscoring this distinct program. We termed this as
activation state, defined by up-regulation of the SLAMF?7 receptor
followed by SLAMF7 engagement that then triggers profound in-
flammatory activation, as the SLAMF7-SAM state.

SLAMF7 drives an inflammatory signaling cascade

SLAMF7 contains a cytoplasmic immunoreceptor tyrosine switch
motif that can either drive inhibitory signaling by phosphatases or
can alternatively allow the docking of the adaptor Ewing’s sarcoma
associated transcript 2 (EAT-2) to activate downstream pathways
while sterically blocking binding of inhibitory phosphatases (54, 55).
SLAMF?7 engagement drives activation of NK cells through phos-
pholipase C and Akt (56) and has been reported to activate macro-
phages independent of EAT-2 by recruiting the immunoreceptor
tyrosine activating motif-bearing proteins Fc common gamma chain
(FcyR) and DNAX activating protein of 12 kDa (DAP12) (57). To as-
sess which pathways might control the activation observed in human
macrophages, we first assessed the expression of EAT-2 (SH2D1B),
FcyR (FCERIG), and DAP12 (TYROBP) in the bulk RNA-seq data
for synovial tissue macrophages from the AMP cohort (15). We de-
tected high levels of FCER1G and TYROBP but not SH2DIB in
synovial macrophages (Fig. 4A). There was similar gene expression
in the CD14" cells that we sorted from synovial fluid (fig. S8A) and
peripheral blood (fig. S8B), suggesting that the EAT-2 adaptor is
unlikely to contribute to macrophage activation through SLAMF?7.
We then evaluated whether activating FcyR or DAP12 contributes
to activation of macrophages by SLAMF?7. Silencing FCERIG, but
not TYROBP, reduced production of TNF-o by macrophages after
stimulation with r-SLAMF7 (Fig. 4B and fig. S8, C and D), suggest-
ing that FcyR plays an important role in macrophage activation
by SLAMF?7.

We then explored activation of pathways downstream of FcyR, which
signals through SYK and SRC pathways (58, 59), resulting in phos-
phorylation of downstream mediators including rat sarcoma
(RAS)/extracellular signal-regulated kinase (ERK), phosphatidyli-
nositol 3-kinase/AKT, phospholipase C-y, NF-kB, and MAPK
pathways (60, 61). Engagement of SLAMF7 with r-SLAMF?7 resulted
in doubling of ERK phosphorylation (Fig. 4C) and more than four
times more phosphorylation of NF-xB P65 (Fig. 4D) at the time points
tested. We also detected more than 10 times higher phosphoryla-
tion of MAPK P38 (Fig. 4E) and an almost threefold increase in
AKT phosphorylation (Fig. 4F). This implicates SLAMF?7 as a re-
ceptor that activates multiple pathways associated with macrophage
metabolism to drive inflammatory gene expression.

SLAMF7 amplifies macrophage activation through a TNF-a
autocrine loop

The magnitude of macrophage activation by SLAMF7 engagement
was so notable that we wondered whether it might recruit autocrine
amplification pathways. A time course revealed the rapid induction
of TNF RNA in 30 min, resulting in secretion of TNF-a within 2 hours,
with continued accumulation over time (Fig. 5A). On the basis of
the rapid induction of TNF-0, we hypothesized that this cytokine
might provide an autocrine amplification signal, as previously noted
in other signaling contexts (28, 62). We used siRNA to silence the
genes encoding the receptors for TNFR1 (TNFRSFIA, fig. S9A) and
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Fig. 4. SLAMF7 engagement drives an inflammatory signaling cascade. (A) Gene
expression in bulk RNA-seq of synovial tissue macrophages from patients with
arthritis from AMP (n=21 donors) (75). (B) Macrophages were treated with siRNA
control or siRNA targeting TYROBP or FCER1G. Cells were potentiated with IFN-y
(5 ng/ml) for 24 hours and then stimulated with r-SLAMF7 (100 ng/ml) for 4 hours.
Secreted TNF-a was measured by ELISA. Data represent means + SD of triplicate
wells from an experiment representative of at least two independent experiments.
(C to F) Macrophages were potentiated with IFN-y (10 ng/ml) for 24 hours and then
stimulated with r-SLAMF7 (100 ng/ml) for the times indicated. Representative
Western blots and densitometry quantification for (C) ERK and phospho-ERK, (D)
P65 and phospho-P65, (E) MAPK P38 and phospho-MAPK P38, and (F) AKT and
phospho-AKT. Data represent means + SD of at least three donors. Statistics were
calculated using the one-way ANOVA with Dunnett’s multiple comparisons test.
*P<0.05; **P<0.01; ***P < 0.001; tpm, transcripts per million.

TNFR2 (TNFRSFI1B, fig. S9B), resulting in a marked reduction of
TNF-a secretion after stimulation with r-SLAMF?7 (Fig. 5B). Anti-
body blockade of TNF-a decreased expression of TNF (Fig. 5C) and
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Fig. 5. SLAMF7 amplifies macrophage activation through a TNF-a autocrine
loop. (A) Macrophages were potentiated with IFN-y (10 ng/ml) for 24 hours and
then stimulated with r-SLAMF7 (500 ng/ml). TNF RNA was measured at each time
point relative to unstimulated cells (blue) by RT-PCR, and secreted TNF-a protein
was measured by ELISA (red). Data represent means + SD of four donors. (B) Mac-
rophages were treated with siRNA control or siRNA targeting TNFR1 (TNFRSF1A) or
TNFR2 (TNFRSF1B), potentiated with IFN-y (5 ng/ml) for 16 to 18 hours, and stimu-
lated with r-SLAMF7 (100 ng/ml) for 3 hours. TNF-a was measured by ELISA. Data
represent means + SD of triplicate wells from an experiment representative of at
least three independent experiments. (C and D) Macrophages were potentiated
with IFN-y (10 ng/ml) for 24 hours, treated with antibodies for 30 min, and stimu-
lated with r-SLAMF7 (100 ng/ml) for 8 hours. RT-PCR was used to quantify (C) TNF
and (D) IL1B relative to macrophages without antibody pretreatment. Data repre-
sent means + SD of six donors. Statistics were calculated using the one-way
ANOVA with Dunnett’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001;
***¥¥P <0.0001.

IL1B (Fig. 5D) by about 50% after SLAMF7 stimulation. Corre-
sponding blockade of the TNFR1 and TNFR2 receptors also re-
duced levels of TNF (Fig. 5C) and ILI1B (Fig. 5D). This implicates
TNF-o autocrine signaling as an additional amplification step
for inflammatory pathway activation after SLAMF7 engagement in
SLAMF7-SAMs.

SLAMF7 superactivation of macrophages in RA

In the data from the AMP cohort (15), we had observed much higher
SLAMF?7 gene expression in synovial tissue macrophages from pa-
tients with RA compared with OA (Fig. 1). We then evaluated ex-
pression of the 596 genes in the macrophage SLAMF7 stimulation
signature identified by in vitro stimulation of macrophages (Fig. 3)
in the AMP bulk RNA-seq data by calculating the percent of
gene expression derived from SLAMF7-induced genes. Expression
of these genes as a “SLAMF?7 activation score” was almost twice as
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high in RA compared with OA (Fig. 6A), suggesting that SLAMF7-
SAM program specifically contributes to RA. We also analyzed an
independent single-cell RNA-seq dataset on synovial macrophages
(18), focusing on the comparison between healthy controls and un-
treated patients with RA. Macrophages from patients with RA had
more than double the levels of SLAMF?7 relative to healthy controls
(Fig. 6B), along with increased levels of the SLAMF7 activation
score (Fig. 6C). One untreated individual (SA220) with both low
SLAMF?7 and the SLAMF?7 activation score (Fig. 6, B and C) also
had a low disease activity score compared with other patients with
untreated RA in the study (18), suggesting that SLAMF7 and its ac-
tivation score may relate to disease activity.

We then performed clustering of macrophages from healthy
controls and patients with untreated RA and visualized using uni-
form manifold approximation and projection (UMAP) (Fig. 6D).
These cells uniformly expressed CD14 and CD68, with one large
population expressing MERTK and FOLR2, and another with high
levels of CD48 (fig. S10, A to C). We further subdivided these popula-
tions into groups defined by expression of TREM2, LYVEI, CLECI0A,
S100A12, or SPPI (fig. S10, D to F). As previously reported (18), the

SPPI* and S100A12" populations were expanded in most patients
with RA (Fig. 6E). We observed prominent expression of the SLAMF7
activation score in the SPPI" and SI00A 12" clusters that were ex-
panded in patients with RA (Fig. 6F). The SPPI" cluster had very
high expression of SLAMF7, transcription factor NFKBI, and in-
flammatory cytokine CXCL8 (Fig. 6G and fig. S11, A and B, red
circle). This population also exhibited high levels of IFN-induced
CD40 and GBP1, as well as cytokines such as TNF, CCL3, and CXCL2
(fig. S11, C to E, red circle). This suggests that the high expression
of SLAMF?7, along with its gene expression signature, represents
the superactivated SLAMF7-SAMs, which may contribute to dis-
ease pathology.

SLAMF7 superactivation of macrophages in autoimmune
and infectious disease
On the basis of our detection of the SLAMF7-SAM state in RA, we
evaluated public data from other inflammatory diseases. Macrophages
contribute to inflammatory pathways in Crohn’s disease (6-8) as
part of the GIMATS [immunoglobulin G (IgG) plasma cells, in-
flammatory mononuclear phagocytes, and activated T and stromal
cells] module that has been associated
» with resistance to TNF-blockade in pa-
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Fig. 6. SLAMF7-SAMs drive inflammation in RA. (A) SLAMF?7 activation score for bulk RNA-seq data on synovial
macrophages from patients with OA (n=10) or RA (n=11) (75). (B) SLAMF7 expression and (C) SLAMF7 activation
score for pseudobulk RNA-seq data for synovial macrophages from healthy controls (n = 4) or patients with untreated
RA (n=5) (18). Data in (A) to (C) represent means + SD. (D) UMAP plot of macrophage clusters from synovial tissues of
healthy controls or patients with untreated RA. (E) Percent of macrophages from each donor assigned to each cluster.
(F) Violin plot showing the SLAMF7 activation score in different macrophage populations. (G) Violin plots showing
gene expression of synovial macrophage populations. The t test was used for statistical comparisons. HC, healthy

control; CPM, counts per million; *P < 0.05; ***P < 0.001.
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= flamed ileal tissue and bronchoalveolar
lavage cells with the in vivo-derived
S SLAMF7-high macrophage signature
(Fig. 2) and the in vitro-derived macro-
phage SLAMF?7 stimulation signature
(Fig. 3). We found a strong correlation
between these signatures and gene ex-
pression in macrophages from inflamed
gut and lung tissues (Fig. 7A). The average
levels of SLAMF?7 activation were more
than twice as high in macrophages from
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Fig. 7. SLAMF7-SAMs drive inflammation in IBD and COVID-19 infection. (A) Gene set enrichment analysis comparing gene expression from macrophages from in-
flamed ileal tissues in patients with Crohn'’s disease or lungs of patients with severe COVID-19 with the inflamed RA macrophage signature, the SLAMF7-high macrophage
signature, and the macrophage SLAMF7 stimulation signature. (B) SLAMF7 activation score for macrophages from noninflamed (n=9) and inflamed ileal tissues (n=9)
(8). (€) SLAMF7 activation score for bronchoalveolar lavage macrophages from healthy controls (n = 3) or individuals with mild (n = 3) or severe COVID-19 (n = 6) (20). Data
in (B) and (C) represent means + SD. (D) UMAP plot of macrophage clusters from involved and uninvolved ileal tissues. (E) Percent of macrophages from each donor
assigned to each cluster. (F) UMAP plots showing gene expression of ileal macrophage populations. (G) UMAP plot of bronchoalveolar lavage macrophage populations.
(H) Percent of macrophages from each donor assigned to each population. (I) UMAP plots showing gene expression for bronchoalveolar lavage macrophage populations.
The paired t test was used to compare inflamed and noninflamed gut tissues, and the one-way ANOVA with Dunnett’s multiple comparisons test was used to com-
pare mild and severe COVID-19 to healthy controls. Res, resident macrophage cluster; Inf, inflammatory macrophage cluster; M, mild COVID-19; S, severe COVID-19;
*P<0.05; ****P < 0.0001.
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inflamed gut tissue than noninflamed tissue (Fig. 7B), with the
highest levels of SLAMF?7 activation in samples categorized as having
high rather than low GIMATS module intensity scores (fig. S12, A
and B). Individuals with mild COVID-19 lung involvement had double
the SLAMF?7 activation levels compared with healthy controls, and
the signature was more than fourfold higher in individuals with se-
vere disease (Fig. 7C). This suggests that this SLAMF7-SAM pro-
gram represents a dominant state in these inflammatory diseases.

We explored which single-cell populations displayed the SLAMF7-
SAM state in vivo. First, we visualized macrophage populations
from ileal tissue of patients with IBD using UMAP plots. We ob-
served two dominant populations of ileal macrophages with expres-
sion of CDI4 and CD68, including a population of macrophages
with higher expression of MRCI (fig. S13) that was present in both
inflamed and noninflamed tissues, consistent with “resident macro-
phage” populations (Fig. 7D). Another macrophage population
with higher cytokine expression was predominantly derived from
inflamed tissues, consistent with “inflammatory macrophages” (Fig. 7,
D and E). Gene expression from the SLAMF?7 activation score was ex-
tremely high in the inflammatory macrophage population (Fig. 7F,
red dotted circle). This cluster also exhibited higher expression of
SLAMEF?7, as well as GBP1, NFKBI1, TNF, CCL3 (Fig. 7F and fig. S14,
A and B), IFN-induced CD40 and IDO1, and inflammatory chemokines
CXCL2 and CXCL8 (fig. S14, Cto E).

We then focused on lung macrophages from ]?atients infected
with COVID-19, including a monocyte-like FCNI"¢" population, a
chemokine-high FCNI'®" group, fibrosis-associated SPP1"'®" mac-
rophages (10), and FABP4" alveolar macrophages (Fig. 7G). On the
UMAP plot, there was clear separation of the three FCN1" and SPPI*
macrophage populations from the FABP4" alveolar macrophages
(fig. S15), with large increases in the proportions of FCN1"¢", FCN1"",
and SPP1"®" macrophage populations in individuals with COVID-19
(Fig. 7H). We observed the highest levels of the SLAMF?7 activation
score in cells from the FCN1°" and FCN1"8" populations that were
expanded in patients with severe disease, although it was highly ex-
pressed in all three FCNI" and SPP1" populations compared with
FAB4" alveolar macrophages (Fig. 71, red circle). There was also an
increase in SLAMFY expression in FCN1" and SPPI" macrophages
from patients with severe COVID-19 compared with low expres-
sion in FABP4" alveolar macrophages from healthy controls (Fig. 71
and fig. $16, A and B). The FCNI* and SPPI" populations also ex-
pressed high levels of GBPI, NFKBI, TNF, and CCL3 (Fig. 71 and
fig. S16, A and B), as well as IFN-inducible CD40, IDOI, and in-
flammatory CXCL2 and CXCLS (fig. S16, C to E). The convergence
of higher levels of SLAMF7 and other IFN-induced genes, along with
SLAMF7-induced inflammatory genes, implicates the SLAMF7-SAM
state as an important factor in COVID-19 pneumonia. This macro-
phage activation state, defined by initial potentiation with IFN-y
and up-regulation of SLAMF7, followed by subsequent SLAMF7
engagement and amplification through TNF-o, is one that may play
a conserved role in pathological inflammation of RA, IBD, and
COVID-19 pneumonia.

DISCUSSION

Macrophages orchestrate immune responses to protect against in-
vading microbes, but overly robust immune responses and inflam-
mation can cause autoimmune disease or cytokine storm during
infection. Here, we have identified a pathway in which SLAMF7 is a

Simmons et al., Sci. Inmunol. 7, eabf2846 (2022) 11 February 2022

key receptor that defines a specific macrophage activation program,
with the highest levels on macrophages exposed to IFN-y and lesser
but significant induction by other cytokines and TLR agonists. Sub-
sequent triggering of SLAMF7, even in the absence of microbial
molecules, drives rapid and extensive production of cytokines and
chemokines that we have defined as SLAMF7-SAMs. Whereas resting
macrophages are characterized by selectins and anti-inflammatory
genes, IFN-y reprograms the macrophage state, including high ex-
pression of SLAMF7. Subsequent triggering of the SLAMF7 recep-
tor leads to production of inflammatory cytokines with autocrine
amplification to drive this SLAMF7-SAM state (fig. S17). A similar
inflammatory macrophage population has been reported in several
single-cell RNA-seq datasets (63, 64), and, here, we identify a path-
way that can drive the activation of this macrophage population.

Because macrophages must pass through multiple steps to
achieve this complete superactivation state, interventions targeting
different parts of this pathway could allow for fine-tuned therapeutic
strategies. JAK inhibitors such as ruxolitinib impair macrophage
responses to IFN-y and diminish induction of SLAMF7, thereby
limiting activation of this pathway. TNF-o blockade could impair
autocrine amplification of this pathway but would have limited effects
on the array of inflammatory effectors driven by direct SLAMF7
stimulation. Current therapeutics targeting these pathways may
partially alleviate different components driving SLAMF7-SAMs,
but we did not have access to transcriptional data from treated indi-
viduals in sufficient numbers to evaluate this question in this study.
The patients with inflamed RA from AMP predominantly repre-
sented not only untreated individuals but also patients treated with
tofacitinib, methotrexate, and etanercept (15), suggesting that this
macrophage state is shared across treatment conditions and is un-
likely to be an effect of specific drug treatments. The absence of this
receptor on normal resident macrophage populations implicates it
as having particular importance as a specific target for inflamma-
tory macrophages.

We expect that it is blockade of SLAMEF?7 itself that would prevent
the completion of macrophage superactivation of IFN-y-potentiated
macrophages and likely have important therapeutic implications.
Elotuzumab is an antibody targeting SLAMF?7 that is in clinical use
for treatment of relapsed multiple myeloma (65), and part of this
drug’s efficacy is through activation of NK cells (66) and macro-
phages (67), indicating that it has activating effects. Another anti-
body against SLAMF7 was used to deplete plasma cells and reduce
disease severity in an animal model of arthritis (68), but the impor-
tance of this receptor on highly activated macrophages has not pre-
viously been appreciated. SLAMF?7 and its activation signature are
up-regulated in inflammatory RA, IBD, and COVID-19 pneumo-
nia, implicating it as contributing to macrophage-driven inflamma-
tion in autoimmune and infectious diseases. Targeting this receptor
and downstream pathways may offer a distinct opportunity to block
severe macrophage-driven inflammation without diminishing more
moderate macrophage immune surveillance and helpful homeostatic
macrophage functions.

MATERIALS AND METHODS

Study design

The objective of this study was to identify receptors that regulate
macrophage activation in inflammatory human disease. We ana-
lyzed publicly available RNA-seq data to identify genes that are
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selectively expressed in macrophages from inflamed tissues, identi-
fying and validating that SLAMF?7 is highly expressed in synovial
tissue macrophages from inflamed RA tissues. To define the tran-
scriptional state of macrophages with high SLAMF?7, we sorted my-
eloid cells with high versus low expression of SLAMF7. We used
in vitro stimulation assays to identify IFN-y as a dominant driver of
SLAMEF?7 expression. We then engaged this receptor on monocyte-
derived macrophages in vitro and defined a strong inflammatory
gene expression signature driven by SLAMF7. We used siRNA and
Western blots to define signaling pathways that drive this signature,
as well as blocking antibodies to implicate a TNF-o autocrine loop
that amplifies this superactivation state. Last, we analyzed other
datasets to identify this SLAMF7-activated macrophage state in single-
cell RNA-seq data not only from synovial tissue macrophages from
patients with arthritis but also from gut macrophages from patients
with IBD and lung macrophages from individuals with COVID-19
pneumonia.

Human research

Human subject research was performed with approval from the In-
stitutional Review Board at the Brigham and Women’s Hospital.
Patients with RA were defined according to the American College
of Rheumatology 2010 Rheumatoid Arthritis classification criteria
(69). Synovial tissue samples were obtained as excess samples from
patients undergoing arthroplasty procedures at the Brigham and
Women’s Hospital, and samples were frozen in Cryostor CS10
preservation medium (Sigma-Aldrich). Synovial fluid samples were
obtained sterile before arthrotomy as discarded samples from routine
clinical care, and peripheral blood samples were collected as dis-
carded samples from routine clinical care. Patient consent for ge-
nomic studies was obtained for all samples used for RNA-seq.

Sample processing

Synovial tissue was disaggregated as previously described (11, 70).
Frozen synovial tissue was thawed and minced into small pieces
that were digested with Liberase TL (100 pg/ml; Sigma-Aldrich)
and deoxyribonuclease I (100 pug/ml; Sigma-Aldrich) at 37°C for
30 min. Samples were passed over a 70-um cell strainer (Thermo
Fisher Scientific), red blood cells were lysed with ammonium-chloride-
potassium (ACK) lysis buffer (Thermo Fisher Scientific), and cells
were stained for flow cytometry. Synovial fluid and peripheral blood
were isolated as previously reported (14), with density centrifugation
on a Ficoll-Hypaque gradient to isolate mononuclear cells. Cells were
cryopreserved for subsequent analysis.

Reagents and antibodies

Recombinant human macrophage colony-stimulating factor (M-CSF),
IFN-B, IFN-y, IL-1B, IL-6, and TNF-o were from PeproTech.
Enzyme-linked immunosorbent assay (ELISA) kits for TNF-a, IL-6,
and IL-1B were from R&D Systems. Endotoxin quantification kits
and endotoxin removal kits were from Pierce. Pam;CSK, and LPS
were from InvivoGen. Ruxolitinib was from Selleckchem. Nigericin
was from InvivoGen. Fetal bovine serum (FBS) was from HyClone.
Propidium iodide was from BioLegend, and a fixable blue dead cell
stain kit was from Thermo Fisher Scientific. The following 6x-His-
tagged recombinant proteins, expressed in human embryonic kid-
ney 293 cells, with at least 95% purity, were from Sigma-Aldrich:
SLAMF7 (r-SLAMF7), CD84 (r-CD84), and CD326 (r-CD326).
Purified a-SLAMF7 (162.1) anti-TNF-o0, (MAb1), anti-CD4 (OKT4),
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and mouse IgG2b, « isotype control (MPC-11) were from BioLegend.
Anti-TNFR1 (16803) and anti-TNFR2 (22210) were from R&D Sys-
tems. The following antibodies were used for flow cytometry and cell
sorting: CD16 (CB16, eBioscience), CD45 (HI30, BioLegend), CD14
(61D3, eBioscience), SLAMF7 (162.1, BioLegend), CD84 (CD84.1.21,
BioLegend), CD3 (UCHT], eBioscience), CD19 (HIB19, eBioscience),
CD56 (CMSSB, eBioscience), TNF-o (Mabl1, BioLegend), mouse
IgG2b, and « isotype control (MPC-11, BioLegend). The following
antibodies from Cell Signaling Technology were used for Western
blot: Akt (40D4), phospho-Akt (Ser*”, D9E), ERK1/2 (3A7), phospho-
ERK1/2 (Thr***/Tyr*”, D13.14.4E), p38 MAPK (polyclonal, no. 9212),
phospho-p38 MAPK (Thr'®’/Tyr'®?, 28B10), NF-xB p65 (L8F6),
and phospho-NF-xB p65 (Ser®®, 93H1). Fluorescent secondary
antibodies anti-rabbit IRDye 680RD and anti-mouse IRDy3 800CW
were from LI-COR.

Cell culture and stimulation

Monocytes were magnetic-activated cell sorting—purified from pe-
ripheral blood mononuclear cells using CD14 microbeads (Miltenyi
Biotec). A total of 50,000 cells per well were cultured in flat bottom
96-well plates, or 300,000 cells per well were cultured in 24-well
plates in RPMI 1640 (Thermo Fisher Scientific) with 10% FBS, with
additives of B-mercaptoethanol, sodium pyruvate, Hepes, penicillin/
streptomycin, L-glutamine (Thermo Fisher Scientific), and M-CSF
(20 ng/ml). Macrophages were allowed to rest for at least 24 hours.
Cytokines were then added for an additional 24 hours. For inhibitor ex-
periments, ruxolitinib or an equivalent concentration of dimethyl
sulfoxide was added 30 min before IFN-y. For SLAMF?7 stimulation,
after 24 hours of incubation with IFN-y, macrophages were treated
with a-SLAMEF?7 antibody or r-SLAMF7 protein. For blocking ex-
periments, antibodies were added at 10 ug/ml (TNFR1 and TNFR2)
or 20 pg/ml (TNF-a) 30 min before stimulation with r-SLAMF?7.

Small interfering RNA

Monocytes were cultured in RPMI 1640 with 10% FBS and M-CSF
(20 ng/ml). They were transfected with either a control siRNA or
siRNA against a gene of interest (Silencer Select, Life Technologies)
at 25 to 30 nM by reverse transfection using RNAiMax (Life Tech-
nologies). After 24 to 72 hours of siRNA treatment, macrophages were
treated with IFN-y for 16 to 24 hours before analysis or stimula-
tion with r-SLAMEF?7 protein.

Quantitative RT-PCR

Primers (table S2) were from Integrated DNA Technologies. RNA
was processed using the RNEasy Mini kit (Qiagen) and Quantitect
Reverse Transcription kit (Qiagen). RT-PCR was performed using
SybrGreen (Agilent) on the AriaMX (Agilent). Gene expression for each
sample was normalized to GAPDH and compared across conditions.

Cell staining

Cells were washed with staining buffer (phosphate-buffered saline,
2% FBS, 2 mM EDTA) (Thermo Fisher Scientific), treated with Hu-
man Trustain FcX (BioLegend) for 10 min on ice, and stained with
antibodies for 30 min on ice. Propidium iodide (1 ug/ml) was added
15 min before acquisition. For stimulation experiments, cells were
stained and then fixed in 4% paraformaldehyde for 10 min on ice
before acquisition. The Tru-Nuclear Transcription Factor Buffer Set
(BioLegend) was used for intracellular cytokine staining. Analysis
was done on the LSRFortessa (BD Biosciences).
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Flow cytometry analysis

Analysis was performed by gating on myeloid cells by forward scat-
ter and side scatter, excluding doublets, and gating on CD45" leu-
kocytes with exclusion of dead cells. CD14" cells were selected for
analysis (fig. S1, A to D). Specific mean fluorescence intensity (MFI)
was determined by subtracting the MFI from an isotype control
from the MFI for a specific antibody. Percent positive cells were
calculated by setting a gate with <1% of cells in a sample stained
with isotype control as the threshold for positivity.

Cell sorting

Sorting was performed on a FACSAria Fusion sorter (BD Biosciences).
Myeloid cells were gated as CD45" cells with exclusion of live/dead
dye, CD3, CD19, and CD56. SLAMF7-low cells were defined as 40%
of myeloid cells with lowest expression of SLAMF7. SLAMF7-high
cells were defined as those with staining above the level of isotype
control. Three populations from blood and two populations from
synovial fluid were sorted on the basis of expression of CD14 and
CD16 (fig. S3). Up to 1000 cells from each population were collected
in Eppendorf tubes with 5 ul of TurboCapture Lysis buffer (Qiagen)
(TCL) buffer and 1% B-mercaptoethanol. Cell lysates were frozen
at —80°C for further processing.

Western blot

Monocytes were cultured in M-CSF, treated with IFN-y for 16 to
24 hours, and stimulated with r-SLAMF?7 protein. Cells were lysed
in radioimmunoprecipitation assay buffer (Cell Signaling Technology)
with 1 mM phenylmethylsulfonyl fluoride (Cell Signaling Technology)
and protease/phosphatase inhibitor (Cell Signaling Technology) and
boiled at 95°C in Laemmli buffer (Bio-Rad). Protein was quantified
with bicinchoninic acid (BCA) (Pierce Technologies), and 25 to
50 ug of protein was loaded in each well for SDS-polyacrylamide
gel electrophoresis separation (Invitrogen). Samples were transferred
to nitrocellulose membrane (iBlot2, Invitrogen) for detection with
primary antibodies. Fluorescent secondary antibodies were used for
detection, and membranes were imaged on a LI-COR Odyssey Blot
Imager (LI-COR Biotechnology). Blots were processed and ana-
lyzed with LI-COR Image Studio version 4.0.21.

RNA sequencing

Cell lysates were collected in TCL buffer with 0.1% B-mercaptoethanol
and frozen at —80°C. Samples were sequenced at the Broad Institute
using the Smart-seq2 RNA-seq platform (71-73). This platform uses
paired read sequencing and provides around 4 million reads per
sample. Samples with detection of at least 10,000 genes were used
for subsequent analysis.

Analysis of bulk RNA-seq from synovial tissue macrophages

FASTAQ files for bulk RNA-seq data were obtained for sorted CD14"
synovial macrophages from patients with OA (n = 10) and inflamed RA
(n=11) from AMP (dbGaP phs001457.v1.p1) (15). Reads were quan-
tified using kallisto. To focus on signaling receptors, we selected genes
with the “protein_coding” Ensembl biotype with at least one count
across samples, resulting in 18,304 genes for analysis. DESeq2 was
used for differential gene expression analysis comparing macrophages
from inflamed RA and OA, including both disease status and process-
ing batch in the model. The 509 genes with LFC > 1 and padj < 0.05
for RA compared with OA were considered significantly up-regulated
genes, defined as the inflamed RA macrophage signature (data file S1).
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Analysis of bulk RNA-seq from sorted SLAMF7-high

and SLAMF7-low cells

RNA-seq on SLAMF7-high and SLAMF7-low cells sorted from pe-
ripheral blood from healthy controls (n = 5) or patients with RA
(n=7) and synovial fluid from patients with RA (n = 4 donors) was
performed at the Broad Institute using Smart-seq2 with 25-base
pair (bp) paired reads. Read quantification was performed using the
Broad Institute pipeline, with alignment to GRCh38.83 using STAR
version 2.4.2a (74) and quantification with RSEM version 1.2.2.1
(75). A total of 37,414 genes were included for analysis. DESeq2 was
used to calculate differential gene expression between SLAMF7-
high and SLAMF7-low cells for each population, including both
SLAMF7 expression and donors in the model. Genes with LFC > 1
and padj < 0.05 were considered significantly up-regulated, and the
SLAMF7-high macrophage signature was defined as 21 genes that
were up-regulated in SLAMF7-high compared with SLAMF7-low
CD14" CD16 cells from both peripheral blood and synovial fluid
(data file S2). Differentially expressed genes from SLAMF7-high
versus SLAMF7-low cells from each population in peripheral blood
and synovial fluid were ordered by the Wald statistic calculated by
DESeq2. The fgsea package was used for gene set enrichment anal-
ysis with 10° permutations for comparison of these ordered genes to
MSigDB Hallmark gene sets (h.all.v7.0.symbols.gmt).

Analysis of bulk RNA-seq from in vitro SLAMF7-stimulated
macrophages

For analysis of macrophages after in vitro SLAMF7 stimulation
(n = 4 donors), RNA-seq was performed using Smart-seq2 with
50-bp paired reads. Reads were quantified using kallisto. One sample
stimulated with a-SLAMF?7 was excluded due to low gene counts. A
total of 36,513 genes were included for analysis. DESeq2 was used
for differential gene expression analysis comparing macrophages po-
tentiated with IFN-y, followed by stimulation with either a-SLAMF7
or r-SLAMF?7 to macrophages treated with IFN-y without additional
stimulation. Fold-change values were shrunk using the apeglm al-
gorithm (76). Genes with LFC > 1 and padj <0.05 were considered
significantly up-regulated. The “macrophage SLAMF?7 stimulation
score” was defined as 596 genes that were commonly up-regulated
with both a-SLAMF7 and r-SLAMF?7 stimulation (data file S3).
Differentially expressed genes from macrophages stimulated
with a-SLAMF7 or r-SLAMF7 compared with unstimulated macro-
phages were ordered by the Wald statistic calculated by DESeq2.
The fgsea package was used for gene set enrichment analysis with
10° permutations for MSigDB GO gene sets (c5.all.v7.0.symbols.
gmt), and CollapsePathways was used to combine overlapping GO
categories to identify top and bottom pathways.

Analysis of single-cell RNA-seq on synovial macrophages
fromindividuals with RA

Read count matrices and metadata for single-cell RNA-seq for
synovial tissue from patients with RA (E-MTAB-8322) (18) were
downloaded on 13 July 2020. Harmony reduction was used to cor-
rect for differences between donors for clustering and UMAP anal-
ysis. Macrophages were selected for analysis based on expression of
CD68 and CD14, excluding possible doublets using CD2 and CD3D
to identify T cells, COL1AI and PDPN to identify stromal cells, and
VWEF and CD34 to identify endothelial cells. Further subclustering
was performed only on macrophages from healthy controls and in-
dividuals with untreated RA, using harmony reduction to correct
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for differences between donors for clustering and UMAP analysis.
There was clear separation of macrophages expressing MERTK and
FOLR2 versus CD48. These included subpopulations with MERTK,
FOLR2, and TREM2 (TREM2"); MERTK, FOLR2, and LYVEI
(LYVEI"); CD48 and CLECI0A (CLECI0A"); CD48 and S100A12
(S100A12"); and CD48 and SPP1 (SPPI") expression.

Analysis of single-cell RNA-seq on macrophages from ileal
samples from individuals with Crohn’s disease

Read count matrices for single-cell RNA-seq of ileal biopsies from patients
with IBD (GSE134809) (8) were downloaded on 10 December 2019.
Cells were filtered to include those with >500 and <5000 genes and <25%
mitochondrial RNA. Harmony reduction was used to correct
for differences between samples for clustering and UMAP analy-
sis. Myeloid cells were selected for analysis based on expression
of CD68 and CDI4. From the myeloid population, we excluded
nonmacrophage populations of dendritic cells (DCs) and other cells
to focus our analysis on macrophages, using CDIC and FCERIA to
identify CD1c" DCs and monocyte-derived DCs, CLEC9A and
BATEF3 to identify CD141" DCs, CCR7 and LAMP3 to identify mi-
gratory DCs, GZMB and IRF7 to identify plasmacytoid DCs, and
CD3D and IGHGI to exclude possible doublets. The remaining
macrophages were positive for CD14, CD68, CSFIR, and MAFB. A
cluster of resident macrophages had higher expression of MRCI,
CD163, and MERTK, whereas a cluster of inflammatory macro-
phages had high expression of inflammatory cytokines and chemo-
kines including TNF and CCL3 (8). As described in the original
publication, samples from donor 6 were excluded from additional
analysis because of the low number of cells, and samples from do-
nor 16 were excluded due to similarity in cells from involved and
uninvolved tissues.

Analysis of single-cell RNA-seq from bronchoalveolar lavage
of individuals with COVID-19 infection

Read count matrices for single-cell RNA-seq of bronchoalveolar la-
vage cells from patients with COVID-19 (GSE145926) (20) were
downloaded on 5 May 2020, and metadata provided by the authors
was downloaded from github on 21 May 2020. Myeloid cells and
populations in the metadata were used as originally described for
analysis (20). Cells were filtered to include those with >500 and
<5000 genes. Harmony reduction was used to correct for differenc-
es between donors for UMAP visualization.

Custom gene set enrichment analysis

For single-cell datasets, the sum of counts for each gene from all
cells for each sample was combined to generate pseudobulk RNA-seq
counts. For ileal macrophages from GSE134809, DESeq2 was used
for differential gene expression comparing inflamed tissues (1 = 9)
compared with noninflamed tissues (n = 9), including both disease
involvement and donor in the model. For bronchoalveolar lavage
macrophages from GSE145926, DESeq2 was used for differential
gene expression comparing healthy controls (1 = 3) to patients with
severe COVID-19 infection (n = 6), including disease state in the
model. Differentially expressed genes for macrophages from inflamed
versus noninflamed tissues from patients with RA or IBD, or healthy
versus COVID-19-infected individuals, were ordered by the Wald
statistic calculated by DESeq2. Genes from the inflamed RA macro-
phage signature, the SLAMF7-high macrophage signature, and
macrophage SLAMF7 stimulation signature were compiled into a

Simmons et al., Sci. Inmunol. 7, eabf2846 (2022) 11 February 2022

custom-derived gmt file. The fgsea package was used with 10° per-
mutations for gene set enrichment analysis of these ordered gene
lists against these custom gene sets.

SLAMF?7 activation score

The SLAMF?7 activation score was calculated using the up-regulated
genes (LFC > 1, padj <0.05, n = 596 genes) from the macrophage
SLAMF7 stimulation signature. For bulk RNA-seq data on CD14"
synovial macrophages from AMP, the SLAMF?7 activation score was
calculated as the sum of counts for these 596 genes as a percent of
total gene counts for each donor. For single-cell RNA-seq data on
macrophages from patients with RA, IBD, or COVID-19, the SLAMF?7
activation score was calculated as the sum of counts for these 596
genes as a percent of total gene counts for each cell, and the median
value for all cells from each donor was used for pseudobulk analysis.

Data and statistical analysis

Flow cytometry data were analyzed using Flowjo version 10.4
(BD, Biosciences). Graphical and statistical analysis was done in
RStudio version 1.1.383 with R version 3.6.0, JMP Pro version
13.0.0 (JMP Inc.), and Prism version 6.0.h (GraphPad). Kallisto
version 0.46.0 was used for quantification of RNA-seq reads (77)
using version GRCh38.97 of the Ensembl transcriptome (downloaded
on 13 August 2019). Differential gene expression analysis was per-
formed using DESeq?2 version 1.24.0 (78). Gene set enrichment analysis
was performed with fgsea version 1.10.1 (79) using MSigDB gene
sets (downloaded on 4 December 2019), including Hallmark gene
sets (h.all.v7.0.symbols.gmt), GO gene sets (c5.all.v7.0.symbols.
gmt), and Immunologic Signatures gene sets (c7.all.v7.0.symbols.gmt).
Heatmaps were generated using pheatmap version 1.0.12. Single-
cell RNA-seq analysis was performed on a cloud computing cluster
using R version 3.5.3, Seurat version 3.1.4 (80, 81), and harmony
version 1.0 (82).

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/sciimmunol.abf2846
Figs.S1to S17

Tables S1and S2

Data files S1to S4

View/request a protocol for this paper from Bio-protocol.
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Inflammatory macrophages get supercharged

Macrophages produce inflammatory cytokines that stimulate immune responses against pathogens, but excessive or
chronic activation in inflammatory diseases can lead to tissue damage. By profiling synovial macrophages, Simmons
et al. found that SLAM family member (SLAMF7) was elevated in patients with rheumatoid arthritis (RA) compared with
less inflammatory osteoarthritis and could be induced by IFN-#. Signaling through SLAMF7 in macrophages stimulated
a cascade of inflammatory cytokine production that was further amplified by autocrine TNF. Macrophages from patients
with inflammatory bowel disease or COVID-19 also expressed a transcriptional profile of dysfunctional SLAMF7-driven
activation that was correlated with disease activity, demonstrating that SLAMF7-associated macrophage activation
occurs during both acute and chronic human inflammatory diseases.
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