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Abstract

Although CD4 T-cells are a major target for HIV, recent work has demonstrated the ability of
macrophages despite expressing relatively low levels of CD4, to be a target of the virus. Our recent
study has found that the presence of growth factors not only play a role in the phenotype of these
monocyte-derived-macrophages, but also are an important aspect of the permissiveness of these
cells to infection. The work utilized cellular and biophysical methods to examine Siglec-1 on
macrophages as a primary receptor in HIV-1 infection. These findings support the notion that
Siglec-1 and macrophages and their interactions with the HIV-1 envelope should be considered in
HIV-1 vaccine development.
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Macrophages are terminally differentiated, non-dividing cells, and play an important role in
the innate and adaptive immune response. In addition to their phagocytic capabilities,
macrophages also act as professional antigen presenting cells (APC) by presenting pathogen
derived peptides via the MHC-II pathway to CD4+ T cells, activating CD8+ cytotoxic T-
cells (CTL) and dendritic cells (DC) by cross-presentation of HIV-1 antigens [1] and
exosomes [2, In humans, macrophages arise from circulating or resident monocytes and
their differentiation and effector functions are largely dependent on the surrounding
microenvironment 31 [4], Thus, the prevailing pattern of stimulation within the macrophage
microenvironment leads to considerable plasticity in the tissue macrophage phenotype [31.
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Once differentiated, macrophages exhibit marked phenotypic heterogeneity, and can become
long-lived cells with specialized functions.

Macrophages are present in various tissues (e.g. microglia in the brain, alveolar
macrophages in the lung, or Kupffer cells in the liver), and their life spans are largely
determined by their immunological roles and tissue localizations. Thus inflammatory
macrophages derived from circulating monocytes die after a few days [6], whereas microglia
or alveolar macrophages can live from several weeks up to years [71.

Macrophages are important targets of HIV-1, and represent specialized viral reservoirs, with
the ability to store HIV-1 particles in intracellular compartments [8 °], which can be
refractory to the effects of broadly neutralizing antibodies [19]. Thus, infectious HIV-1
within macrophages generally seems to be protected from neutralizing antibodies, further
complicating its eradication. Due to their dissemination over different tissues and their
capacity to infiltrate virtually all organs including the brain, macrophages could critically
contribute to the spread of HIV-1 and HIV-related pathologies [11]. Indeed, macrophages
have been implicated as key cells that influence mother-to-child transmission of HIV-1 [12],

CD4 molecules and chemokine receptors have been identified as major receptor/coreceptors
utilized by HIV-1 for infection of target cells. However, unlike CD4+ T cells, macrophages
and monocyte-derived macrophages express relatively low levels of CD4 on the cell surface
further confounding the role of this molecule in HIV-1 entry into macrophages. Recently, the
role of sialic acid-binding immunoglobulin-like lectin-1 (Siglec-1) in HIV-1 infection of
myeloid cells has been investigated, and shown to play an important role in HIV-1
pathogenesis in both dendritic cells [13: 141 and macrophages [15: 161,

This highlight will focus on (i) the effect of environmental milieu on Siglec-1 expression on
macrophages, (ii) the role of Siglec-1 in HIV-1 infection of macrophages, and (iii) the
interaction of Siglec-1 with the virus envelope.

Fifteen human Siglec receptors have been identified [17]. These are sialic acid specific type |
lectins that belong to the Ig superfamily. Human Siglec-1, a 175-185 kDa glycoprotein, also
known as sialoadhesin or CD169, selectively binds to 2,3-linked sialic acid residues.
Siglec-1 is unique among all Siglecs in having an extremely long 17 Ig-like C2 extracellular
domains which extends the V-set domains from the glycocalix of the cell thus facilitating
interaction with external ligands (#rans interaction) [181 [191 while other members of the
Siglec family contain a lower number of C2-type domains and interact with sialyated
molecules exposed on the same cell (c/s interaction) [20]. Siglec-1 also lacks the tyrosine
binding signaling motif within its cytoplasmic domain. While the primary role of Siglecs is
to serve as mediators of cell adhesion [20], it is being increasingly recognized that they can
also serve as receptors for pathogens [2], and as molecules that can deliver inhibitory signals
similar to killer cells immunoglobulin-like receptors (KIRs). In DCs, Siglec-1 serves as a
receptor for capturing HIV-1 through its Ig-like V set domain by binding to host-derived
glycosphingolipid (ganglioside GM3) that is incorporated in the membrane of HIV-1
particles. This interaction between Siglec-1 and GM3 is independent of the HIV envelope

Macrophage (Houst). Author manuscript; available in PMC 2017 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jobe et al.

Page 3

protein [22] while in macrophages the capture of HIV-1 is through the interaction of Siglec-1
and HIV-1 envelope protein [15. 16],

Studies have shown that Siglec-1 expression is influenced by the cytokines present in the
environmental milieu induced as a result of chronic inflammation [23: 241, Upregulation of
Siglec-1 on human and nonhuman primate monocytes after HIV-1 or SIV infection
respectively, has been demonstrated early after infection and then an increase as the disease
progresses to the chronic phase [2% 261, In our recent study, we have also shown that Siglec-1
expression on /n vitro monocyte-differentiated macrophages is impacted by the
environmental milieu [26]. Using multiple donors, the analyses of the number of Siglec-1
receptors per macrophage revealed that macrophages derived in culture media containing
macrophage colony stimulating factor (M-CSF) had 5.5-fold higher number of Siglec-1
receptors than their counterparts derived in culture media containing granulocyte
macrophage colony stimulating factor (GM-CSF). However, the relatively high expression of
Siglec-1 on M-CSF-derived macrophages was not static and was affected when the M-CSF-
derived monocyte derived macrophages (MDM) were transferred to an environment
containing GM-CSF. Indeed, exposure of M-CSF-derived MDM to GM-CSF resulted in a
gradual decrease in Siglec-1 expression (Figure 1).

Our work showed that anti-Siglec-1 antibody was able to completely inhibit HIV-1 infection
of both M-CSF and GM-CSF-derived macrophages, while the other anti-Siglec mAbs were
only able to partially inhibit (25-45%) the infectivity. Furthermore, HIV-1 infectivity in the
presence of anti-CD4 mAb or anti-CCR5 mAb was inhibited by 50% or 20%, respectively.
These data indicate that Siglec-1 is a primary receptor for HIV-1 infection in macrophages.

Our study demonstrated that M-CSF-derived MDM were more permissive to HIV-1
infection compared to the GM-CSF-derived MDM. These results were attributed to the
increased presence of Siglec-1 receptors in the M-CSF-derived MDM. Taken together, these
findings suggest a relationship between M-CSF, Siglec-1 expression, and HIV infection in
MDM. Using gRT-PCR to examine the association of viral RNA with MDM revealed that
masking the Siglec-1 receptor on the cells resulted in near complete inhibition of HIV-1
infection. Interestingly, such extensive degree of inhibition was not observed with either
CD4 or CCRS5, further highlighting the importance of Siglec-1 in permissiveness of MDM to
HIV-1.

The heavily glycosylated HIV-1 envelope is presumed to bind to Siglec-1 through
glycoprotein interactions with the receptor. Sialic acid residues are present in N-linked
glycosylation sites of the variable regions of the envelope glycoprotein. We demonstrated
that sialic acid, 2’,3’ sialyllactose (GM3), blocked Siglec-1 receptor and subsequently
modulated the infection of M-CSF-derived MDM.

Our study demonstrated that the V1V2 region of HIV-1 envelope bound to the Siglec-1
receptor on MDM. Biophysical measurements using SPR determined that both monomers
and trimers were able to bind to Siglec-1 at nano Molar affinity. We also observed that there
was a direct protein-protein interaction between the V1V2 region of HIV-1 envelope and
Siglec-1. These interactions were disrupted in the presence of competing sialic acid,
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indicating the importance of glycosylation on the interaction between the virus envelope and
the macrophage receptor. Indeed, pre-incubation of MDM with V1V2 envelope protein,
caused significant masking of the Siglec-1 receptor, with a resultant significant inhibition of
HIV-1 infection. Treatment of V1V2 envelope proteins with PNGase F to remove
sialyations, or neuraminidase A to remove glycans, abrogated the ability of the envelope
proteins to inhibit HIV-1 infection of MDM. Each treatment modulated the ability of the
protein to block inhibition of viral replication by 50%, highlighting the importance of
sialyation as well as glycosylation in the interaction between the HIV-1 envelope and
Siglec-1 on MDM.

In addition to CD4 T cells, macrophages, and more specifically M-CSF derived MDM serve
as additional targets for HIV-1 infection and replication through the Siglec-1 receptor. It is
possible that monocytes and tissue macrophages could also serve as reservoirs for HIV-1,
since Siglec-1 has been shown to be induced to high levels on blood monocytes early after
HIV-1 infection. The persistence of upregulated levels of Siglec-1 induced by elevated levels
of cytokines during HIV-1 infection could have a negative inhibitory effect on the immune
system and contribute to immune dysregulation seen in AIDS patients. In summary, our
work shows a comprehensive examination of the interactions between HIV-1 and Siglec-1
responsible for HIV-1 entry and replication.
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APC Antigen presenting cells
DC dendritic cells

GM-CSF  granulocyte macrophage colony stimulating factor

HIV-1 Human immunodeficiency virus-1
mAb monoclonal antibody
M-CSF macrophage colony stimulating factor

Siglec-1 Sialic acid-binding immunoglobulin-like lectin-1

gRT-PCR quantitative real time polymerase chain reaction
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Figure 1. Effect of M-CSF and GM-CSF on Siglec-1 expression on monocyte-derived
macrophages

Monocytes were differentiated into macrophages (MDM) following /n vitro culture in media
containing 50 ng/ml macrophage colony stimulating factor (M-CSF) for 5 days. The M-
CSF-derived MDM were subsequently exposed to 50 ng/ml granulocyte macrophage colony
stimulating factor (GM-CSF) for varying time periods. Cells were harvested, stained with
anti-Siglec-1 (CD169)-APC, and then analyzed for Siglec-1 expression by flow cytometry
on a FACSCalibur. Data analysis was performed on gated CD14+ cells using FlowJo 8.8.6
software. The histograms show the effect of GM-CSF on Siglec-1 expression. M-CSF-
derived MDM in the absence of GM-CSF (black); M-CSF-derived MDM exposed to GM-
CSF for 18 h (brown), for 36 h (green), for 48 h (blue), and for 72 h (red). Values in the
histogram plot represent the MFI of Siglec-1 expression under the respective conditions.
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