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Abstract

Current advances in combined anti-retroviral therapy (cART) have rendered HIV infection a 

chronic, manageable disease; however, the problem of persistent immune activation still remains 

despite treatment. The immune cell receptor SLAMF7 has been shown to be upregulated in 

diseases characterized by chronic immune activation. Here, we studied the function of the 

SLAMF7 receptor in immune cells of HIV patients and the impacts of SLAMF7 signaling on 

peripheral immune activation. We observed increased frequencies of SLAMF7+ PBMCs in HIV+ 

individuals in a clinical phenotype-dependent manner, with discordant and long-term 

nonprogressor patients showing elevated SLAMF7 levels, and elite controllers showing levels 

comparable to healthy controls. We also noted that SLAMF7 was sensitive to IFN⍺ stimulation; a 

factor elevated during HIV infection. Further studies revealed SLAMF7 to be a potent inhibitor of 

the monocyte-derived proinflammatory chemokine CXCL10 (IP-10) and other CXCR3 ligands, 
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except in a subset of HIV+ patients termed SLAMF7 silent (SF7S). Studies utilizing small 

molecule inhibitors revealed that the mechanism of CXCL10 inhibition is independent of known 

SLAMF7 binding partners. Furthermore, we determined that SLAMF7 activation on monocytes is 

able to decrease their susceptibility to HIV-1 infection in vitro via down-regulation of CCR5 and 

up-regulation of the CCL3L1 chemokine. Finally, we discovered that neutrophils do not express 

SLAMF7, are CXCL10+ at baseline, are able to secrete CXCL10 in response to IFN⍺ and LPS, 

and are non-responsive to SLAMF7 signaling. These findings implicate the SLAMF7 receptor as 

an important regulator of IFN⍺-driven innate immune responses during HIV infection.

Introduction:

HIV infection is now widely regarded as a manageable disease; however, cART, which 

controls viremia, fails to effectively control many secondary HIV-associated pathologies (1, 

2). The universal mechanism believed to underlie the development of these diseases is 

chronic, global immune activation (3, 4). Known causes of which include increased gut 

permeability resulting in microbial translocation into systemic circulation (5) and 

constitutively elevated levels of proinflammatory cytokines and chemokines, including 

interferon alpha (IFN⍺) (6–9).

Sustained levels of detectable IFN⍺ in the plasma of cART-treated HIV patients results from 

persistent activation of plasmacytoid dendritic cells (pDCs) by HIV-antibody complexes (10) 

and causes a global type I interferon signature in circulating monocytes (11, 12). This 

induces monocyte transition from the classical subtype (CD14+CD16-) into the 

proinflammatory (CD14+CD16+) and non-classical (CD14lowCD16++) subtypes, as 

evidenced by upregulation of CD16 (13, 14). While beneficial in acute infections, these type 

I interferon-mediated effects on monocytes prove to be deleterious in chronic infections 

(15).

Some HIV+ individuals are known to have persistently elevated levels of CXCL10 (IP-10) 

and other proinflammatory cytokines and chemokines (9, 16). CXCL10 is produced 

primarily by monocytes and is of particular interest due to its ability to suppress T cell 

functions (17), induce neuronal apoptosis (18–20), and as a marker of systemic 

inflammation (21). During HIV infection some CD16+ monocytes become activated by 

IFN⍺, upregulate CCR5 (22), infected with HIV, and subsequently migrate across the blood-

brain barrier where they set up a viral reservoir and are capable of inducing 

neuroinflammation and neuronal apoptosis via secretion of high levels of CXCL10, TNF⍺, 

IL-6, and IL-1β (22, 23). Here we investigated the role of an immune-modulatory receptor, 

signaling lymphocytic activation molecule family member 7 (SLAMF7) (a.k.a. CRACC, 

CS-1, CD319), in the context of HIV infection and immune activation.

SLAMF7 is a member of the signaling lymphocytic activation molecules (SLAM) family of 

receptors and is expressed on numerous immune cell types (24, 25). SLAMF7, and other 

SLAM family receptors (except 2B4), function as homotypic receptors that, upon activation, 

recruit SLAM-associated protein (SAP) family of adaptors or other SH2 domain-containing 

proteins to their cytoplasmic immunoreceptor tyrosine-based switch motifs (ITSMs) (24). 

SLAMF7 is unique among SLAM receptors in that it is only able to recruit a single SAP 
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adaptor, EAT-2, to its tyrosine-phosphorylated ITSM (26). SLAMF7 receptor ligation in 

cells expressing EAT-2 results in activation of cellular immune responses (27), while 

SLAMF7 activation in the absence of EAT-2 results in cellular inhibition via recruitment of a 

number of inhibitory phosphatases (SHP1, SHP2, SHIP1, and csk) (26).

SLAMF7 is well known for being over-expressed on multiple myeloma (MM) cells (28), as 

an important regulator of NK cell function (25, 26, 29), and recently, as a critical factor in 

macrophage-mediated phagocytosis of tumor cells (30). Using a medium-sized cohort of 

middle-aged, HIV+ individuals, we sought to assess whether the SLAMF7 receptor was 

playing a role in the context of HIV infection in cART-treated patients. Our results implicate 

the SLAMF7 receptor as an important immunomodulatory receptor in human monocytes, 

and in the context of HIV-associated peripheral immune activation.

Materials and Methods:

Reagents used.

The following antibodies were used: CD14-FITC (61D3), CD16-BV510 (3G8), SLAMF7-

PE (162), CD3-PE-Cy7 (OKT3), CD19-PE-Cy7 (SJ25C1), CD57-PE-Cy7 (TB01), CD66b-

APC (G10F5), CXCL10-PerCp-eFluor710 (4NY8UN), EAT-2-APC (LS-C240730), YY1-

Alexa647 (H-10), Blimp-1-DyLight650 (3H2-E8), CCR5-PerCp-eFluor710 (NP-6G4) and 

SLAMF7 (162.1) (used for cross-linking). The SLAMF7-Fc recombinant protein was 

designed and produced similar to mCRACC-Fc as previously described (25), with the 

following modifications: a human SLAMF7 extracellular domain was swapped for the 

murine SLAMF7 extracellular domain, the murine IgG Fc portion was switched to a human 

IgG4 domain to reduce Fc receptor binding and ADCC, and S228P and L235E mutations 

were made in the IgG4 domain to further reduce interactions with Fc receptors (31). 

Recombinant universal IFN⍺ (PBL Assay Bioscience) and Recombinant human IFNγ 
(ProSpec) were used at 100 IU/mL unless otherwise noted. SHP1/2 inhibitor (NSC87877) 

(Millipore Sigma) was used at 10μM. SHIP1 inhibitor (3AC) (Millipore Sigma) was used at 

5μM. CD45 inhibitor (CAS 345630–40-2) (Millipore Sigma) was used at 1μM. Bortezomib 

(EMD Millipore) was used at 100nM. All HDACi’s (Selleck chemicals) were used at 

concentrations indicated in relevant figure legends.

HC and HIV blood sample collection.

HC PBMCs were obtained from either buffy coats purchased from Gulf Coast Regional 

Blood Center, Texas, or from whole blood samples purchased from Stanford Blood Center, 

California. HIV+ blood samples were collected from donors enrolled in the Mid-Michigan 

HIV Consortium. Plasma was stored at −80°C until use. PBMCs were isolated with Ficoll-

Plaque Plus (GE Healthcare) as previously described (32).

In vitro cell culture and stimuli.

Cells were plated at 3×105 cells/well for PBMC and isolated monocyte experiments, and 

1×105 cell/well for isolated neutrophil experiments, in 96-well plates. Cells were cultured in 

complete RPMI (RPMI 1640, 10% FBS, 1X PSF). For cross-linking experiments 10μg/mL 

anti-SLAMF7 mAb or SLAMF7-Fc was added to a sterile, high-binding 96-well cell culture 
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plate O/N at 4°C. For all in vitro flow cytometry experiments cells were cultured in the 

presence of stimuli for 17–18h. In the monocyte maturation assay (Fig. 6E) the cells were 

stimulated with only 25 IU/mL IFN⍺ and for exactly 24h. Small molecule inhibitors were 

added 45–60min before IFN⍺ for all relevant experiments. For experiments involving 

intracellular staining, BD GolgiPlug was added for the final 5h. NK92 cells were purchased 

from ATCC and cultured as indicated by manufacturer.

BioPlex assay.

For analysis of cell culture supernatant and plasma samples 80μL of media or plasma was 

used, undiluted, and the assay was run per manufacturer’s instructions (Bio-Rad, Hercules, 

CA) via Luminex 100 technology. A 27-plex assay was run and analysis was performed on 

only those factors with detectable levels or contributing to the separation of Cluster 1 and 

Cluster 2.

Flow cytometry.

Cells were prepared and stained as previously described (25). Intracellular staining was 

performed using the BD fixation/permeabilization kit (BD Biosciences) per manufacturer’s 

instructions. Transcription factor staining was performed with the Transcription Factor 

Buffer Set (BD Pharmingen) per manufacturer’s instructions. Samples were analyzed on 

either a BD LSR II or BD FACSCanto. LIVE/DEAD staining with Aqua fixable stain 

(ThermoFisher) was included during initial experiments and cell viability was verified to be 

>90%. Monocyte and neutrophil gating strategy is shown in (Supplemental Fig. 1).

Monocyte and Neutrophil isolations.

CD14+ monocytes were isolated from PBMCs via positive selection using CD14 

Microbeads (Miltenyi Biotec) per manufacturer’s instructions. Purity was consistently >90% 

as assessed by flow cytometry. Neutrophils were isolated from whole blood using the 

MACSxpress Neutrophil isolation kit (Miltenyi Biotec) per manufacturer’s instructions. 

Purity was consistently >98% as assessed by flow cytometry.

qRT-PCR experiments.

Isolated monocytes were plated in 96-well plates at 3×105 cells/well and stimulated as 

indicated for 4h. Cells were harvested and placed into Trizol (ThermoFisher) and RNA was 

isolated per manufacturer’s instructions. RNA was reverse transcribed with SuperStrand 

First Strand Synthesis Kit III (Invitrogen) per manufacturer’s instructions and analyzed on a 

QuantStudio7 system (ThermoFisher). GAPDH was used as a housekeeping gene and the 

ΔΔCt method was used for analysis.

In vitro HIV-1 infection of monocytes.

Isolated primary human monocytes from two HC’s were plated at 2×105 cells/well in a 96-

well high-binding cell culture plate. SLAMF7 activation was induced by antibody cross-

linking the same as in IFN⍺ stimulation experiments. Monocytes were isolated by positive 

selection with CD14 Microbeads (Miltenyi Biotec) per manufacturer’s instructions. Purity of 

monocyte samples used in (Fig. 6D) was 95.5% and 92.6% for donors A and B, respectively. 
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Cells were cultured for 24h before addition of HIV-1Ba-L-GFP (a kind gift from Dr. Young-

Hui Zheng, Michigan State University) at a final concentration of 190 pg/mL. HIV-1Ba-L-

GFP virus stock concentration was determined by p24 ELISA (HIV-1 p24 Quantikine 

ELISA, R&D Systems) per manufacturer’s instructions. HIV-1Ba-L-GFP was generated by 

replacing the gene coding for nef with GFP (Young-Hui Zheng, unpublished, personal 

communication). Cells were washed 4h following infection and collected at indicated time 

points post-infection for assessment of infectivity via FACS analysis. Cells were stained for 

CD14, CD16, and viability (LIVE/DEAD Violet) and GFP+, living, CD14+ cells were 

analyzed with FlowJo. The CCR5 blocking mAb (2D7) (BD Biosciences) was added at a 

concentration of 10 μg/mL at the start of cell culture (24 hrs before HIV-1Ba-L-GFP 

infection) and was replenished at each media change.

Clustering and statistical analysis.

k-means and hierarchical clustering were performed using SPSS (IBM). Statistical analysis 

was performed in GraphPad Prism 7.0 as indicated. The heatmap from (Fig. 3B) was 

generated using the z-score normalized values of plasma biomarkers calculated in SPSS. 

The violin plots in (Fig. 1) were generated using the ggplot2 package in R. The gene 

expression heatmap from (Fig. 5B) was generated using the gplot package in R. MFI refers 

to “median fluorescence intensity” in all instances.

Study approval.

Informed consent from all HIV patients was obtained prior to their enrollment in the study 

and approved by the MSU IRB (IRB#: 11–202). Patient data was de-identified and complies 

with all HIPAA regulations.

Results:

HIV+ individuals have increased expression of SLAMF7 on their peripheral blood 
mononuclear cells (PBMCs).

The SLAMF7 receptor functions as a self-ligand, therefore, global receptor levels across the 

complete spectrum of PBMCs will impact the function of all SLAMF7+ cells. To investigate 

if HIV infection alters SLAMF7 expression we screened 81 HIV patients and 58 healthy 

controls (HCs) for global expression of SLAMF7 across all peripheral immune cells (Fig. 

1A). Subjects were grouped according to their clinical phenotype: cART concordant (CD4 

count >250 with no decrease in CD4 count over 6 months), cART discordant (CD4 count 

<250 with undetectable viral load and no improvement in CD4 count over 6 months), long-

term nonprogressor (LTNP), or elite controller (EC). We observed that SLAMF7 levels were 

minimally increased in concordant patients while discordant and LTNP patients had 

significantly higher SLAMF7 levels (Fig. 1A). Interestingly, elite controllers had global 

SLAMF7 levels comparable to HCs (Fig. 1A). Assessment of SLAMF7 expression on CD4 

and CD8 T cells revealed SLAMF7 to be significantly up-regulated on CD8 T cells from 

concordant and discordant patients (Fig. 1B and C). Expression of SLAMF7 on 4 subsets of 

NK cells (CD56brightCD16-, CD56dimCD16+, CD56-CD16+, and NKT cells) showed 

comparable expression between HCs and HIV patients (Fig. 1D). Interestingly, HIV patients 
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had significantly more SLAMF7+ cells in the CD56brightCD16- regulatory NK cell subset, as 

compared to other NK cell subsets (Fig. 1D).

SLAMF7 is upregulated in response to IFN⍺ in total PBMCs and monocytes from HIV+ 
individuals.

To examine whether SLAMF7 upregulation may be the result of chronic immune activation 

we stimulated PBMCs from HIV+ patients with IFN⍺; known to be chronically elevated in 

HIV+ patients (6). We observed a minor, but significant increase in the percent of SLAMF7+ 

PBMCs following IFN⍺ stimulation (Fig. 1E and F). To identify if a specific cell type was 

responsible for this increase in SLAMF7+ cells we gated on the SLAMF7high peak present in 

IFN⍺ samples and not in mock treated and looked at various cell markers. We observed that 

>95% of the cells in this SLAMF7high peak were CD14+ monocytes (Fig. 1G-I). Looking at 

just CD14+ monocytes we found they showed the most robust SLAMF7 response to IFN⍺ 
(Fig. 1J and K). Since monocytes play a critical role in type I interferon responses and are 

implicated in the pathogenesis of a number of secondary HIV-associated pathologies (22), 

we next assessed what role SLAMF7 may be playing in monocytes.

SLAMF7 activation on monocytes of HCs inhibits IFN⍺-mediated CXCL10 production.

Monocytes are the primary source of CXCL10, especially in response to type I and II 

interferons (33). Therefore, we examined the effect of SLAMF7 signaling on IFN⍺ and 

IFNγ-stimulated PBMCs from HCs. Activation of SLAMF7 during IFN⍺ (Fig. 2A and B) 

and IFNγ-stimulation (Supplemental Fig. 2A) resulted in robust inhibition of CXCL10 

production from monocytes. To confirm this effect was specific to monocytes we isolated 

primary CD14+ monocytes and repeated the previous experiment noting the same effect 

(Fig. 2C and D). To verify that CXCL10 inhibition was SLAMF7-specific we activated 

SLAMF7 via cross-linking with a recombinant version of the SLAMF7 extracellular 

domain, SLAMF7-Fc (Fig. 2C and D, final condition). Monocytes were also treated with 

soluble SLAMF7-Fc in vitro confirming that binding of cell surface SLAMF7 to an 

immobilized SLAMF7 extracellular domain was necessary for inhibition (Supplemental Fig. 

2D and E). Furthermore, we confirmed that activation of SLAMF7 resulted in reduced 

secretion of CXCL10 from IFN⍺-stimulated PBMCs into the culture supernatant via 

BioPlex assay (Fig. 2E). However, it is important to note that SLAMF7 activation did not 

robustly reduce supernatant levels of CXCL10 to the degree we observed with flow 

cytometry, suggesting the putative involvement of another cell type(s).

A subset of HIV+ patients are non-responsive to SLAMF7 inhibitory signaling.

We next examined if this effect was conserved in HIV+ individuals. The same experiment 

performed in (Fig. 2A and B) was repeated with freshly isolated PBMCs from HIV+ 

patients. We noted a dichotomous response in HIV+ patients with some responding the same 

as HCs (referred to hereafter as “SLAMF7 responsive”) and some showing a failure to 

inhibit CXCL10, which we termed “SLAMF7 silent” (SF7S) (Fig. 2F and G). As an internal 

control to verify that these differences were not due to experimental variability we included 

HCs alongside HIV+ samples in each experiment and noted in each case that all HCs did 

respond to SLAMF7 activation. Defining SLAMF7 as an inhibitory receptor in monocytes, 

and identifying a subset of HIV+ patients with a defect in SLAMF7 signaling led us to 
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examine if there was any correlation to clinical biomarkers associated with chronic immune 

activation.

SLAMF7 responsive and SF7S patients have distinct peripheral immune activation 
signatures.

The plasma levels of six proinflammatory cytokines and chemokines implicated in chronic 

immune activation (3) during HIV infection were evaluated. Hierarchal and k-means 

clustering was used to identify patients with similar peripheral immune activation profiles. 

Hierarchal clustering identified two distinct clusters and (Fig. 3A) shows the results of k-

means clustering. Cluster one was characterized by low levels of all six proinflammatory 

factors, while Cluster two showed patients with elevated levels of all six proinflammatory 

factors. A heatmap of plasma cytokines and chemokines shows Cluster one patients 

exhibiting a similar profile to that of HCs, while Cluster two patients have a markedly 

different cytokine profile (Fig. 3B). Comparison of demographics and clinical characteristics 

showed the two clusters to be otherwise well balanced (Table I). Interestingly, we found that 

Cluster 2 patients are all SF7S while Cluster 1 patients are predominantly SLAMF7 

responsive (Fig. 3C). These results suggest that dysfunction of the SLAMF7 receptor may 

result in in vivo manifestations.

Monocytes from SF7S and SLAMF7 responsive patients do not differ in expression levels 
of the SLAMF7 receptor or EAT-2 adaptor.

To determine the mechanism behind this defective SLAMF7 function in SF7S patients we 

assessed levels of SLAMF7 expression across all monocyte subsets in HCs, SF7S, and 

SLAMF7 responsive patients. We noted that a small percentage of classical monocytes 

(~5%) express SLAMF7 at baseline, while a significantly higher percentage of both 

intermediate (~60%) and non-classical monocytes (~70%) express SLAMF7 (Fig. 4A and 

B). Critically, we did not notice a difference in SLAMF7 expression between SF7S and 

SLAMF7 responsive patients (Fig. 4B). Since it has been well established that the presence 

or absence of the SLAM family adaptor EAT-2 can dramatically alter SLAMF7 signaling 

and govern the activating function of SLAMF7 (26), we next looked to the levels of EAT-2 

across all three monocyte subsets in HCs, SF7S, and SLAMF7 responsive individuals (Fig. 

4D). However, we first examined whether monocytes from HCs express any EAT-2 at all. 

Comparison of EAT-2 mRNA levels between monocytes and a human NK cell line known to 

express EAT-2 (NK92), showed that monocytes have little to no EAT-2 (Fig. 4C). This result 

confirms previous findings (34) and partially explains why SLAMF7 acts in a purely 

inhibitory manner in monocytes. Comparison of EAT-2 at the protein level via flow 

cytometry showed that all HIV+ individuals have slightly increased EAT-2 expression over 

HCs (Fig. 4D). We did not, however, observe any differences in EAT-2 expression between 

SF7S and SLAMF7 responsive patients. Together, these results suggest that the mechanism 

underlying the loss of SLAMF7 inhibitory activity in monocytes may be independent of 

SLAMF7 and EAT-2 expression levels.
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SLAMF7 signaling in monocytes selectively inhibits IFN⍺-mediated production of alpha 
chemokines over other interferon-stimulated genes (ISGs) and host restriction factors.

We then investigated if the robust inhibition of CXCL10 was conserved across other alpha 

chemokines and ISGs. We noted that the inhibition of CXCL10 was conserved at the mRNA 

level and that this effect was consistent across CXCL9, CXCL11, and CXCL12 (Fig. 5A). 

Surprisingly, a number of other interferon stimulated genes and HIV-associated, interferon-

modulated, host restriction factors including: BST2, OAS1, Trex1, and STAT1 showed only 

minor, or no inhibition following SLAMF7 activation (Fig. 5B).

SLAMF7-mediated inhibition of CXCL10 production in monocytes may be independent of 
SHP1, SHP2, SHIP1, or CD45.

To better understand the mechanism behind SLAMF7’s inhibitory functions in monocytes, 

we evaluated a number of inhibitory phosphatases previously shown to interact with 

SLAMF7 and mediate its inhibitory functions (26, 35). In an effort to continue using 

primary human monocytes, we tested a number of small molecule inhibitors targeting SHP1, 

SHP2, and SHIP1. Pre-treatment with either a small molecule inhibitor of SHP1/2 

(NSC87877) (Fig. 5A and C) or SHIP1 (3AC) (Fig. 5C) did not result in recovery of 

CXCL10 expression in monocytes stimulated with IFN⍺ and SLAMF7 cross-linking. We 

then hypothesized that SLAMF7’s inhibitory function might be mediated by CD45, as CD45 

has been previously implicated in SLAMF7’s ability to propagate inhibitory signals in NK 

and multiple myeloma cells (35). Pre-treatment with a small molecule inhibitor specific for 

CD45 (CAS 345630–40-2) in the presence of IFN⍺ and SLAMF7 cross-linking also failed 

to rescue CXCL10 production (Fig. 5D). Finally, we speculated that SLAMF7 might prevent 

CXCL10 production by a mechanism that involves CXCL10 proteasomal degradation. 

Addition of the proteasome inhibitor Bortezomib did not result in recovery of CXCL10 

expression in SLAMF7-stimulated cells, and actually further decreased CXCL10 production 

(Supplemental Fig. 2B). Interestingly, we also noted that Bortezomib acted synergistically 

with IFN⍺ to upregulate SLAMF7 expression on monocytes (Supplemental Fig. 2C).

SLAMF7 inhibits monocyte infection with HIV-1 in vitro.

HIV+ patients are known to have increased levels of circulating inflammatory monocytes 

(CD14+CD16+ and CD14lowCD16++) which promote peripheral immune activation (36, 37), 

can become infected with HIV virus (22), and induce HIV-associated neurocognitive 

disorder (HAND). We next looked to see if SLAMF7 activation could affect the ability of 

monocytes to transition into pro-inflammatory subtypes (CD16+), as well as monocyte 

susceptibility to HIV virus infection. Monocyte infection with HIV occurs via CCR5 (38, 

39), which is known to be upregulated following IFN⍺ stimulation (40). We discovered that 

activation of SLAMF7 on monocytes from HIV+ individuals could down-regulate CCR5 

both in the presence and absence of IFN⍺ (Fig. 6A and B). Further supporting SLAMF7’s 

utility as a means to prevent monocyte infection by HIV-1, we noted that activation of 

SLAMF7 in the presence of IFN⍺ significantly upregulated the CCL3L1 chemokine (Fig. 

6C), a chemokine that binds to CCR5 and directly prevents HIV infection of monocytes (41, 

42). Based on these findings we hypothesized that SLAMF7 activation in human monocytes 

might prevent HIV infection. Therefore, we performed an in vitro infection of isolated 
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primary human monocytes from 2 HCs to determine if SLAMF7 activation could prevent 

HIV-1 infection. As a control, we also included a CCR5 blocking antibody. As expected, 

pre-treatment of human monocytes with anti-CCR5 mAb prevented HIV infection (Fig. 6D). 

Critically, infection of monocytes with HIV-1-Ba-L-GFP in the presence of SLAMF7 cross-

linking resulted in dramatically reduced percentages of HIV-1 infected cells (Fig. 6D). To 

determine if SLAMF7 signaling affected CD16 expression on monocytes we utilized a 

previously described, IFN⍺-driven monocyte maturation assay (13). We observed a 

significant down-regulation of CD16 on monocytes with SLAMF7 activation both in the 

presence and absence of IFN⍺ stimulation (Fig. 6E) suggesting that SLAMF7 signaling can 

prevent induction of inflammatory monocyte subsets.

Neutrophils constitutively express CXCL10 and do not express SLAMF7.

Upon further review of our in vitro data we noticed a peculiar discrepancy between our flow 

cytometry and BioPlex results. Comparing (Fig. 2B and E) we noted that while we observed 

near complete inhibition of CXCL10 from IFN⍺-stimulated monocytes following SLAMF7 

activation on FACS analysis, we saw just an ~50% reduction in CXCL10 concentration in 

the culture supernatant. While this could have been from residual buildup of CXCL10 in the 

supernatant that occurs before SLAMF7 inhibition takes effect, we had determined that 

SLAMF7 begins to exert its inhibitory effects within a very short time frame (<4h), based on 

isolated monocyte experiments (Fig. 2D). This suggested that another cell type may also be 

responsible for CXCL10 production and may not be responding to SLAMF7 activation. We 

identified neutrophils (CD66b+ CD3- CD19- CD57- CD16++ CD14low/-) as being SLAMF7- 

and CXCL10+ at baseline in cART treated HIV individuals (Fig. 7A and B).

Neutrophils are unable to upregulate SLAMF7 in response to IFNα and SLAMF7 activation 
does not inhibit proinflammatory cytokine and chemokine release from neutrophils.

SLAMF7 expression on neutrophils in the presence and absence of IFN⍺ stimulation was 

assessed by flow cytometry. We observed that neutrophils are unable to upregulate SLAMF7 

in response to IFN⍺ (Fig. 7C). This, combined with the knowledge that they are CXCL10+ 

at baseline, suggested that following appropriate stimulation, they should constitutively 

release CXCL10 regardless of the presence of SLAMF7 activating mAbs. We tested this via 

BioPlex analysis utilizing freshly isolated neutrophils from both HCs and HIV+ patients. We 

discovered that IFN⍺ by itself can induce CXCL10 release from neutrophils, that this effect 

is enhanced by addition of LPS, and that addition of SLAMF7 cross-linking mAbs very 

minimally decreases CXCL10 release (Fig. 7D). Consistent with this result, we noted a 

similar pattern in regards to TNF⍺ and IL-6 release from IFN⍺ and LPS co-stimulated 

neutrophils (Fig. 7E and F, respectively).

Discussion:

The discovery that global levels of SLAMF7+ PBMCs are increased in HIV infected patients 

in a clinical phenotype-dependent manner suggests that SLAMF7 receptor functions may 

play a role in modulating peripheral immune activation. Supporting the idea that SLAMF7 is 

a marker of elevated type I interferons are reports showing SLAMF7 to be upregulated in 

systemic lupus erythematosus (43), rheumatoid arthritis (44), and multiple sclerosis (45). 
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While we focused on the effects of IFN⍺ on SLAMF7 expression, it is well known that LPS 

can also up-regulate SLAMF7 through a NF-κB-dependent mechanism (34). HIV+ patients 

are known to have elevated levels of LPS in their blood as a result of a “leaky gut” (5); we 

cannot exclude this as an additional possible reason for elevated SLAMF7 levels. The 

findings that discordant patients have extremely elevated SLAMF7 levels and that elite 

controllers have levels of SLAMF7 comparable to healthy controls supports the idea that 

assessing SLAMF7 expression levels on peripheral immune cells could be an effective 

gauge of a patients’ immune-activation status.

The finding that SLAMF7 activation can specifically inhibit CXCL10 and other alpha 

chemokines in monocytes is consistent with a previous study showing SLAMF7 has 

inhibitory effects in LPS-stimulated monocytes (34). Interestingly, SLAMF7 activation 

minimally reduced HIV restriction factors, thus pharmacological modulation of SLAMF7 in 

the context of HIV infection could be beneficial in reducing peripheral immune activation, 

and preventing monocyte infection without affecting important viral restriction factors. 

However, this approach may only be effective in some HIV patients, since we identified a 

subset of HIV+ individuals, SF7S, who show a lack of response (or inverse response) to 

SLAMF7 activation. It is possible that the underlying mechanism to this paradoxical lack of 

SLAMF7 response is due to either genetic differences between patients, differential 

alterations in circulating cytokines or chemokines, or from specific interactions with HIV 

viral proteins.

Our small molecule studies suggest that there are yet other, unidentified inhibitory factor(s) 

which can interact with SLAMF7, or SLAMF7 may propagate its signals through ITSM-

independent mechanisms (30). Supporting this is the fact that most of the studies regarding 

the interaction of SLAMF7 with inhibitory phosphatases were performed in mice or human 

cell lines (26, 27, 35), thus it is possible that some of those findings are not entirely 

translatable to primary human cells. Regardless, SLAMF7 activation in monocytes may 

prove to be a useful method of preventing pathological activation of the CXCR3 receptor 

since it inhibits all CXCR3 ligands.

Both clinical and pre-clinical attempts at CXCL10 neutralization and/or CXCR3 receptor 

blockade have largely failed thus far (46–50). Reasons for this include: failure of CXCL10- 

specific mAbs to inhibit all CXCR3 ligands, inability of anti-CXCL10 mAbs to compete 

with the high synthesis and turnover rate of CXCL10, and inability of some anti-CXCL10 

mAbs to bind the glycosaminoglycan (GAG) bound form of CXCL10 (the active form of 

CXCL10). Importantly, SLAMF7-mediated inhibition of alpha chemokines has the ability to 

overcome all of these limitations and may find itself to be a useful therapeutic modality in 

diseases where over-expression of CXCL10 has been linked to pathogenesis including: 

rheumatoid arthritis (51), type I diabetes mellitus (52), systemic lupus erythematous (53), 

multiple sclerosis (54), ulcerative colitis (55), and primary biliary cirrhosis (56).

It is well established that patients with HIV or a number of other diseases (57–59) have 

elevated levels of CD16+ monocytes and that these pro-inflammatory cells have been 

implicated in the pathogenesis of these conditions. To our knowledge there are currently no 

methods to reduce the number of circulating CD16+ monocytes in these individuals, except 
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for a single in vitro report studying one of the components of cannabis, THC (13). It would 

be interesting to see if SLAMF7-mediated down-regulation of CD16 is consistent in vivo 
and, if so, if there is any resultant effect on pathology in pre-clinical animal models.

Similar to its effect on CD16, the down-regulation of CCR5 on monocytes by SLAMF7 

signaling could have potential benefits in the setting of HIV infection (60). While there have 

been numerous attempts at either blocking/down-regulating CCR5 (notably, Maraviroc) or 

increasing the levels of chemokines, such as CCL3L1, (or engineered chemokines) specific 

for CCR5 for the treatment of HIV infection (61), there have not been any attempts to 

simultaneously apply both approaches. Activation of SLAMF7 on monocytes is unique in 

that it can accomplish this and potentially inhibit HIV-1 infection of monocytes and other 

CCR5-expressing immune cells.

We found that neutrophils are SLAMF7- and CXCL10+ at baseline and are able to respond 

to stimulation by type I interferons, but not to SLAMF7 activation. The role of neutrophils in 

the context of HIV infection is complex and understudied (62). Specifically, whether or not 

neutrophils contribute to peripheral immune activation in cART-treated individuals is unclear 

(62). Our results suggest that neutrophils likely do contribute to peripheral immune 

activation. Additionally, neutrophils are also known to play an important role in 

neuroinflammation (63) and have recently been discovered to be present in high levels in the 

brain at steady state (64). While the role of neutrophils in the CNS of HIV+ individuals and 

in HAND is unknown, our results suggest that if they do play a role, it is likely one that 

cannot be modulated through the SLAMF7 receptor. The discovery that neutrophils were 

able to secrete CXCL10 following IFN⍺ and LPS stimulation highlights the need to 

consider the effects neutrophils are playing in diseases characterized by chronic type I 

interferon activation.

In summary, we determined that SLAMF7 is up-regulated globally in HIV patients who 

have high levels of peripheral immune activation and that SLAMF7 functions to both 

prevent HIV viral infection of monocytes, and inhibit CXCL10 from monocytes stimulated 

with type I and II interferons, except in a subset of HIV patients. We also discovered that 

neutrophils fail to express SLAMF7, constitutively express CXCL10, and are non-

responsive to SLAMF7 activation, implicating them as potential propagators of chronic, 

peripheral immune activation in type I interferon-mediated diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Abreviations:

cART combined anti-retroviral therapy

SF7S SLAMF7 silent

pDCs plasmacytoid dendritic cells

SLAM signaling lymphocytic activation molecules

ITSMs immunoreceptor tyrosine-based switch motifs

SAP SLAM-associated protein

ADCC antibody-dependent cell-mediated cytotoxicity

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

PSF penicillin, streptomycin and fungizone

LTNP long-term nonprogressor

EC elite controller

HC healthy control

ISGs, interferon stimulated genes

HAND HIV-associated neurocognitive disorder

MM multiple myeloma
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Figure 1. 
HIV+ individuals have increased expression of SLAMF7 on their PBMCs and SLAMF7 is 

upregulated by IFN⍺. HIV+ patients and healthy controls (HC) were screened for total 

SLAMF7 expression across all peripheral immune cell types (A). SLAMF7 expression was 

assessed on CD4 T cells (B), CD8 T cells (C), and NKT cells (D). The n is indicated along 

the x-axis (A) and the blue diamonds indicate the mean. The n for (B and C) is: HC: 10, 

Concordant: 28, Discordant: 5, LTNP: 3, EC: 4. The n for (D) is: HC: 14, HIV: 26. The 

effect of IFN⍺ (100 IU/mL) on SLAMF7 expression on total peripheral blood mononuclear 

cells (PBMCs) (E and F), and monocytes (J and K) was assessed in vitro. (F and K) n=46 

and 26, respectively and data is pooled from 5 independent experiments. (G and H) CD14 

expression on SLAMF7high cells from IFN⍺ stimulated total PBMCs. (I) Comparison of 

SLAMF7 expression on CD14+ and CD14- cells following IFN⍺ stimulation showing only 

CD14+ monocytes up-regulate SLAMF7. Groups compared using 1-way ANOVA with 

Tukey’s multiple comparison test (A) and paired two-tailed T test (C and E). *P<0.05, 

****P<0.0001. LTNP: long-term nonprogressor, ns: not significant.

O’Connell et al. Page 17

J Immunol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Activation of the SLAMF7 receptor on monocytes inhibits their IFN⍺-mediated production 

of CXCL10. (A and B) PBMCs from healthy controls were stimulated in vitro with IFN⍺ 
and the SLAMF7 receptor was activated by cross-linking where indicated. Expression of 

CXCL10 was measured by intracellular staining on flow cytometry. (C and D) The same 

experiment in (A) was carried out with isolated CD14+ monocytes. Cross-linking with a 

recombinant protein comprised of the extracellular domain of SLAMF7 fused to a modified 

IgG4 Fc fragment (SLAMF7-Fc) was performed to confirm that inhibition is SLAMF7 

specific (C and D, last condition). (E) The levels of secreted CXCL10 in the supernatant 

from (A) was assessed by BioPlex assay. (F and G) PBMCs from HIV+ donors were 

isolated and the same experiment as in (A) was carried out. HIV patients failing to respond 

to SLAMF7 activation were classified as SLAMF7 silent (SF7S). (B and E n=7). (D) n=4 

technical replicates from a single donor, representative of 3 independent experiments. (B and 

E) Data is presented as pooled results of 2 independent experiments, representative of 7 total 

experiments. (F and G) Data presented is pooled from 2 independent experiments. 3–4 HCs 

were run alongside HIV samples in all experiments to verify that assay worked. SF7S and 

SLAMF7 responsive groups are compared using 2-way ANOVA with Sidak’s multiple 

comparison test. Data in (B, D, and E) presented as mean ± SEM. Groups compared using 
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1-way ANOVA with Tukey’s multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001.
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Figure 3. 
SLAMF7 silent patients have elevated plasma levels of proinflammatory factors and cluster 

distinctly from SLAMF7 responsive patients. Plasma from HIV patients and HCs was 

assessed by BioPlex assay for 6 proinflammatory cytokines and chemokines known to be 

involved in HIV-associated immune dysfunction (CXCL10, MIP-1β, IL-6, IL-8, G-CSF and 

MCP-1). (A) k-means clustering was performed with all 6 factors and plots depicting all 

relationships are shown. Previous hierarchal clustering identified two distinct clusters (data 

not shown). Red dots indicate cluster 1 (n=28) and blue dots indicate cluster 2 (n=12). (B) 

Heatmap of z-score normalized plasma cytokine and chemokine values. (C) Breakdown of 

percentages of SF7S and SLAMF7 responsive patients per cluster. Number of patients per 

group, per cluster indicated inside bars.
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Figure 4. 
Monocytes from SF7S and SLAMF7 responsive patients do not differ in expression levels of 

SLAMF7 or EAT-2. (A) Expression of SLAMF7 on monocyte subsets. (B) Comparison of 

SLAMF7 expression between SF7S, SLAMF7 responsive, and HCs on all monocyte 

subsets. (C) We assessed the levels of EAT-2, a known SLAM family receptor adaptor, in a 

human cell line known to express EAT-2 (NK92) and isolated primary monocytes by qRT-

PCR. (D) Analysis of EAT-2 protein levels in monocytes between SF7S and SLAMF7 

responsive individuals by intracellular staining on flow cytometry. (C) Results are technical 
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replicates from a single donor compared with unpaired 2-tailed T test. Groups in (B and D) 

compared using 1-way ANOVA with Tukey’s multiple comparison test as well as a 2-way 

ANOVA with Sidak’s multiple comparison. (B) n=6 for HCs, 8 for SLAMF7 responsive, 

and 5 for SF7S. (D) n=3 for HCs, 2 for SLAMF7 responsive, and 5 for SF7S. Data presented 

as mean ± SEM. ***P<0.001.
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Figure 5. 
SLAMF7 activation on monocytes is selective for alpha chemokines and may not be 

mediated by any of the inhibitory phosphatases known to interact with SLAMF7. (A and B) 

We assessed the effects of SLAMF7-mediated inhibition of other alpha chemokines (A) and 

ISGs (B) in isolated monocytes from HCs at the mRNA level by qRT-PCR. (C) The effects 

of SHP1/2 and SHIP1 on SLAMF7-mediated inhibition of CXCL10 was assessed via small 

molecule inhibitors (SHP1/2: NSC87877, 10μM) (SHIP1: 3AC, 5μM). SHP1/2 effects on 

alpha chemokines were also assessed at the mRNA level (A). (D) The role of CD45 in 

SLAMF7-mediated inhibition of CXCL10 was assessed via a small molecule inhibitor (CAS 

345630–40-2, 1μM). (A and B) representative of 4 independent experiments. Groups in (A, 

B, C, and D) were compared using 1-way ANOVA with Tukey’s multiple comparison test. 

Data presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 6. 
SLAMF7 activation inhibits monocyte infection with HIV-1 in vitro and down-regulates 

CD16. (A and B) PBMCs from HIV+ individuals (n=6) were stimulated in vitro with IFN⍺ 
and the SLAMF7 receptor was activated by cross-linking where indicated. Surface 

expression of CCR5 was measured by flow cytometry. (C) mRNA expression of CCL3L1 

was assessed by qRT-PCR from the same samples in (Fig. 5A and B). (D) Isolated 

monocytes from 2 HCs (labeled “A” and “B”) were infected with HIV-1-Ba-L-GFP and 

infectivity was assessed at the indicated time points by FACS. Two technical replicates for 

each HC were analyzed. A CCR5 blocking mAb (10 μg/mL) was included as a positive 

control. (E) PBMCs from a single HC were stimulated in vitro as indicated for 24 hours 

before analysis by flow cytometry. This experiment used 25 IU/mL IFN⍺. Percent indicated 

on y-axis is from all cells in FSC-A/SSC-A “monocyte” gate. (B and C) Groups compared 

using a 1-way ANOVA with Tukey’s multiple comparison test. (D and E) Groups compared 

using a 2-way ANOVA with Tukey’s multiple comparison test. Data presented as mean ± 

SEM and are representative of 1 experiment (B and C) or 2 independent experiments 

showing similar results (D and E). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7. 
Neutrophils are SLAMF7- and CXCL10+ and do not respond to SLAMF7 activation. 

Baseline SLAMF7 and CXCL10 expression was examined on CD14+CD16- monocytes and 

neutrophils by flow cytometry (A). (B) Quantification of results from (A) focusing on 

CXCL10+ cells. Color-coded quadrants in (A) correspond to dot colors in (B). (C) 

Neutrophils do not increase SLAMF7 expression in response to IFN⍺ stimulation. (D-F) 

Isolated neutrophils from HCs and HIV patients were stimulated in vitro with IFN⍺, LPS, 

and SLAMF7 as indicated and supernatants were assessed by BioPlex assay for indicated 

cytokines/chemokines. (B) n=30. (C) n=3 independent donors from a single experiment. (D-

F) Data presented is pooled from 2 independent experiments with n=10 donors. (B) Groups 

are compared using 2-way ANOVA with Sidak’s multiple comparison test. Groups in (C) 

compared using 2-tailed T test. Groups in (D-F) compared using 1-way ANOVA with 

Tukey’s multiple comparison test. Data presented as mean ± SEM. *P<0.05, ****P<0.0001.
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Table I.

Cluster characteristics

Cluster 1 Cluster 2

n 28 12

Median age, (IQR) 51 (17.25) 54 (6.25)

Median BMI, (IQR) 28.5 (5.78) 28.75 (12.9)

Race- n, (%)

Caucasian 17 (60.7) 7 (58.3)

African 8 (28.6) 3 (25)

Hispanic 3 (10.7) 1 (8.3)

Unknown 0 1 (8.3)

Sex- n, (%)

Male 21 (75) 10 (83.3)

Female 7 (25) 2 (16.7)

Median CD4 count (cells/μL), (IQR) 591.5 (500) 688 (402)

Median CD4/CD8 ratio, (IQR) 0.61 (0.96) 0.45 (0.82)

CD4 nadir (cells/μL)-n, (%)

<50 7 (25) 4 (33.3)

 50–100 5 (17.9) 0

100–200 5 (17.9) 4 (33.3)

200–350 3 (10.7) 1 (8.3)

350–500 1 (3.6) 2 (16.7)

>500 7 (25) 0

Unknown 0 1 (8.3)

Clinical phenotype-n, (%)

Concordant 20 (71.3) 8 (66.7)

Discordant 3 (10.7) 3 (25)

Elite Controller 4 (14.3) 0

LTNP 1 (3.6) 1 (8.3)

Viral load (copies/mL)-n, (%)

ND 20 (71.3) 8 (66.7)

20–1000 5 (17.9) 3 (25)

1000–25000 2 (7.1) 1 (8.3)

Unknown 1 (3.6) 0

Median length of infection (years), (IQR) 16.5 (17.25) 14 (22.75)

Current MJ use- n, (%)

Yes 9 (32.1) 6 (50)

No 18 (64.3) 6 (50)

Unknown 1 (3.6) 0
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