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Neuron-specific SALM5 limits inflammation in the
CNS via its interaction with HVEM

Yuwen Zhu,1* Sheng Yao,1* Mathew M. Augustine,2 Haiying Xu,2 Jun Wang,1 Jingwei Sun,1 Megan Broadwater,2

William Ruff,2 Liqun Luo,1 Gefeng Zhu,1 Koji Tamada,2 Lieping Chen1,2†
The central nervous system (CNS) is an immune-privileged organ with the capacity to prevent excessive inflam-
mation. Aside from the blood-brain barrier, active immunosuppressive mechanisms remain largely unknown.
We report that a neuron-specific molecule, synaptic adhesion-like molecule 5 (SALM5), is a crucial contributor
to CNS immune privilege. We found that SALM5 suppressed lipopolysaccharide-induced inflammatory re-
sponses in the CNS and that a SALM-specific monoclonal antibody promoted inflammation in the CNS, and
thereby aggravated clinical symptoms of mouse experimental autoimmune encephalomyelitis. In addition,
we identified herpes virus entry mediator as a functional receptor that mediates SALM5’s suppressive function.
Our findings reveal a molecular link between the neuronal system and the immune system, and provide
potential therapeutic targets for the control of CNS diseases.
INTRODUCTION

The immune-privilege status of the central nervous system (CNS) was
considered exclusively as a function of the blood-brain barrier (BBB),
a unique structure largely consisting of endothelial cells and astrocytic
end feet surrounding all capillaries within the CNS. More recently, this
traditional view has been challenged by experimental findings that pe-
ripheral immune cells can cross the intact BBB and enter the CNS (1).
Supporting that, a recent study discovered that the brain is directly
connected to the immune system by lymphatic vessels (2). In addition,
residential neuronal and microglial cells within the CNS can actively
down-regulate ongoing inflammatory immune responses (3–5). Neurons
can also execute their immunoregulatory role through direct contact
with T cells (6, 7). A growing body of evidence reveals that certain
infiltrating immune cells can be neuroprotective even during neuro-
inflammation (8–10). Therefore, the CNS appears to have a unique micro-
environment that actively contains the spread of inflammatory immune
responses, thereby maintaining tissue integrity of the organ.

The presence of active immunosuppressivemechanisms contributes
tremendously to the establishment and maintenance of immune privi-
lege in the CNS. One such molecular mechanism that is known to pro-
tect neurons from attack by natural killer (NK) cells is the induced
expression of human leukocyte antigen (HLA)–G receptors that bind
NK inhibitory receptors, such as NK cell immunoglobulin (Ig)–like re-
ceptors (11). Astrocytes also play a role by up-regulating surface mole-
cules such as FasL and B7-H1 (PD-L1), which promote activated T cell
apoptosis by engaging Fas and PD-1 receptors, respectively (12, 13). In
addition, microglial cells can inhibit T cell proliferation by mediating
depletion of tryptophan via IDO (indoleamine 2,3-dioxygenase) (14).
Neurons can suppress the activation of microglial cells/macrophages
through several cell surface receptor–ligand interactions, including CD47/
SIRPa (signal regulatory protein a), CD200/CD200L, and fractalkine/
CX3CR1 (15). Furthermore, both neurons and astrocytes secrete trans-
forming growth factor–b (TGF-b), a powerful suppressor that prevents
the activation of T cells, NK cells, and macrophages (16, 17).

Here, we identify SALM5 (synaptic adhesion-like molecule 5) as a
potential contributor to immune privilege in the CNS. We show that
administration of a SALM5 monoclonal antibody (mAb) exacerbates
inflammation in the CNS. Finally, we also identified herpes virus entry
mediator (HVEM) (also known as TNFRSF14), a member of the tu-
mor necrosis factor receptor (TNFR) superfamily, as the responsible
counter-receptor for SALM5.
RESULTS

SALM5 is a candidate associated with immune privilege
We used a bioinformatics approach to search for molecules that are se-
lectively expressed in immune-privileged tissues andorgans.Geneswith
elevated expression in the brain (1134), placenta (294), and testis (1925)
were identified using the Human Protein Atlas. Because the Ig super-
family (IgSF) is one of the largest families actively involved in immuno-
modulation, we selected 37 Ig-containing surface molecules from these
genes for further analysis (Fig. 1A).Wemanually examined the expres-
sion profiles of these 37 genes in several gene expression databases, in-
cluding BioGPS, the Immunological Genome Project (ImmGen), and
theHuman ProteomeMap (HPM). Then, we finally focused on 15 genes
with selective expression in human immune-privileged organs (fig. S1).
One noticeable observation is that 5 of these 15 genes belong to the
SALM gene family (Fig. 1B). SALMs, also known as LRFNs (leucine-rich
and fibronectin III domain–containing proteins), are a group of newly
characterized adhesion molecules predominantly expressed in the CNS.
The five members of the SALM family are type I transmembrane pro-
teins, with a typical extracellular structure composed of leucine-rich re-
peats (LRRs), an Ig-like domain, and a fibronectin type III (FN) domain.
Members of the SALM family are known for their involvement in neurite
outgrowth and synapse formation (18–20).

Ultimately, we selected SALM5 for further study because recombi-
nant SALM5-Ig fusion protein showed clear staining with several
types of immune cells, including CD4+ T cells, CD8+ T cells, and B cells
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(Fig. 1C). This result implied the presence of a putative counter-receptor
for SALM5 on these cells, and the SALM5-mediated interaction might
be involved in regulating immune responses within immune-privileged
tissues. As shown in Fig. 1D, SALM5 mRNA was only detected in the
brain, but not in other organs, including the heart, spleen, lung, liver,
and skeletal muscle. We then generated a SALM5 mAb (clone 7A10)
by immunization of a hamster, and demonstrated that this mAb is
highly specific to both mouse and human SALM5 (Fig. 1E). Immu-
nohistochemical analysis of mouse tissues with 7A10 demonstrated
that SALM5 protein is constitutively expressed in the brain and spi-
nal cord, but not in the spleen (Fig. 1F); the staining pattern was
similar to two commercially available SALM5 antibodies (fig. S2). In
addition, Western blot analysis of mouse tissues further demonstrated
that SALM5 is restrictively expressed in the brain (fig. S3). Our results
thus indicate that SALM5 is constitutively and selectively expressed in
the CNS.

SALM5 inhibits microglia/
macrophage-mediated neuroinflammation
To determine whether SALM5 is indeed involved in CNS inflamma-
tion, we administered lipopolysaccharide (LPS) systemically, which in-
duces CNS inflammation by activating microglial cells (21). In this
model, SALM5 mAb treatment significantly increased microglial cell
activation in the spinal cord, as evidenced by the intensified staining
of ionized calciumbinding adaptormolecule 1 (Iba-1), amarker specific
for activatedmacrophages and/ormicroglia (Fig. 2A). The treatment by
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SALM5mAbdid not affect LPS-triggered inflammation systemically, as
revealed by insignificant changes in inflammatory cytokines in the ser-
um in comparison with the control (fig. S4). This is consistent with the
CNS-restricted expression profile for SALM5. SALM5 fusion protein
bound directly to microglia cells isolated from wild-type mice, and
the SALM5 mAb effectively blocked this interaction (Fig. 2B), suggest-
ing that the effect of our SALM5mAbmight be to disrupt a suppressive
effect of SALM5 on microglia cells. To test whether SALM5 directly
suppresses microglia/macrophage activation, we used a cell culture sys-
tem in whichmacrophages were isolated from the peritoneal cavity and
were preincubated with SALM5- ormock-transfectedHEK293T cells for
12 hours before LPS activation. Proinflammatory cytokines interleukin-6
(IL-6) andTNFaweremeasured in cultured supernatants using a specific
sandwich enzyme-linked immunosorbent assay (ELISA). As shown in
Fig. 2C, the production of both IL-6 andTNFa from the culturedmacro-
phageswas significantly inhibited by SALM5+HEK293T cells. Therefore,
SALM5 directly suppressed macrophage activation, likely by engaging a
putative receptor on macrophages.

HVEM is the counter-receptor for SALM5
To identify the counter-receptor for SALM5, we screened a receptor-
ligand proteome with a human SALM5-Ig fusion protein (22, 23). In
addition to the wells containing FcR and OCLN (occludin) as internal
positive controls, we found one positive hit for SALM5 binding, which
we determinedwasHVEM (Fig. 3A and fig. S5A). The specificity of this
interaction was further verified by flow cytometry (Fig. 3B). mSALM5
Fig. 1. Identifying SALM5 as a gene specifically expressed in the CNS. (A) Strategy used to identify molecules with Ig-like domains that are enriched
in immune-privileged organs. (B) Expression profile of the SALM family in different human organs or cell types. (C) Staining of lymphocytes (as indicated
from normal mice) for SALM5 fusion protein binding by flow cytometry. (D) SALM5 mRNA expression in different mouse tissues determined by reverse
transcription polymerase chain reaction (RT-PCR). (E) SALM5 mAb (clone 7A10) staining of human embryonic kidney 293T (HEK293T) cells transfected with
mouse SALM5 (mSALM5) full-length (right panel) or control (left panel) plasmid. (F) Expression of SALM5 in normal tissues. Paraffin-embedded naïve
mouse tissues (as indicated) were stained using a biotin-labeled SALM5 mAb.
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fusion protein bound strongly to HEK293T cells transfected with
mHVEM, but not to control cells, and inclusion of an HVEM mAb
completely blocked this interaction. Using hHVEM-Ig fusion pro-
tein to screen the library, we further validated the specificity of this
interaction between SALM5 and HVEM. Besides LIGHT, B and T
lymphocyte attenuator (BTLA), and CD160, which are all known
counter-receptors for HVEM (24–26), the only other well that con-
tained a strong positive signal was thewell containing human SALM5
(Fig. 3C and fig. S5B). The HVEM-Ig screening did not generate any
positive signal in the wells containing the other four SALM family
members, though members of the SALM family share about 50% ho-
mology in their protein sequences. These interactions were further
validated in both humans and mice by flow cytometry (Fig. 3, D
and E). Inclusion of the SALM5 mAb 7A10 completely blocked the
binding of mHVEM-Ig to mSALM5-transfected cells (Fig. 3F), indi-
cating that this SALM5 mAb is a blocking antibody for the SALM5-
HVEM interaction.

SALM5 interacts with the HVEM CRD1 region through
its LRR domain
The HVEMmolecule uses four cysteine-rich domains (CRDs) to inter-
act with its counter-receptors (27, 28). BothBTLA andCD160 belong to
the IgSF and have been shown to bind the HVEM CRD1 region,
whereas LIGHT, a TNF superfamily member, binds the CRD2 and
CRD3 regions without interfering with BTLA or CD160 binding (29).
Todissect the interactionsof SALM5withotherHVEMcounter-receptors,
we first preincubated an HVEM transfectant with BTLA, CD160, or
LIGHT fusion protein and subsequently stained cells with biotin-labeled
SALM5 protein. The addition of BTLA or CD160 protein completely
Zhu et al. Sci. Adv. 2016; 2 : e1500637 8 April 2016
blocked the binding of SALM5 to the HVEM transfectant, whereas pre-
inclusion with LIGHT protein had a marginal effect on SALM5 binding
(Fig. 4A). Our data indicate that SALM5 binds HVEM via the CRD1
domain. To further confirm this interaction, we used site-directed mu-
tagenesis to construct an HVEM deletion mutant that lacked the CRD1
domain (DHVEM), and a series of HVEM point mutations within the
CRD1 region, which have proven to be important for the BTLA-HVEM
interaction (30, 31). HEK293T cells were transfected with plasmids
harboring wild-typeHVEM,DHVEMwithout CRD1, andCRD1muta-
tions. Polyclonal HVEM antibody staining confirmed similar levels of
HVEM surface expression (Fig. 4B, upper panel). Deleting the CDR1
region of HVEM completely eliminates SALM5 binding, demonstrating
that the CDR1 domain of HVEM is essential for the HVEM-SALM5
interaction. In addition, Y61A and V74A point mutations largely lost
their ability to bind SALM5, whereas a K64A mutant only had a
marginal effect on the SALM5-HVEM interaction (Fig. 4B, lower panel).
Meanwhile, this same K64Amutation significantly affected the CD160-
HVEM interaction butminimally affected the BTLA-HVEM interaction
(fig. S6). Together, these data demonstrate that SALM5 interactswith the
CRD1domain onHVEMvia an overlapping binding site for bothBTLA
and CD160.

The extracellular domain of SALM5 contains an LRRdomain, an Ig-
like domain, and an FN domain. To identify the binding domainwithin
the SALM5-HVEM interaction, we generated a series of SALM5 chi-
meras for analysis by replacing each SALM5domainwith a correspond-
ing portion fromSALM3 (Fig. 4C). As expected,HVEM interactedwith
the HEK293T/SALM5-transfected cells, but not the SALM3 transfec-
tant. The LRR domain, but not the Ig or FN domain from SALM5, is
sufficient to endow the binding capacity toHVEM(Fig. 4D). Consistently,
Fig. 2. SALM5 mAb treatment enhanced inflammation in the CNS. (A) Mice treated with SALM5 mAb or control antibody were intravenously injected
with LPS. Twenty-four hours later, mice were sacrificed and their spinal cords were stained to detect the expression of Iba-1. Data are representative of
three experiments with three mice in each group. (B) Isolated microglia from naïve B6 mice were stained using biotin-conjugated mSALM-Ig, which was
preincubated with control or anti-SALM5 mAb. (C) Peritoneal macrophages were isolated and cultured overnight with irradiated SALM5+ HEK293T cells or
control HEK293T cells. LPS was added to the culture at the indicated doses for 8 hours. The culture medium was then harvested and tested for cytokines.
Data are representative of two independent experiments. *P < 0.05 (unpaired Student’s t test).
3 of 9



R E S EARCH ART I C L E
our SALM5-blocking mAb (clone 7A10) bound to the LRR domain of
SALM5 (fig. S7). This interaction revealed another type of domain struc-
ture that HVEM can bind. To our knowledge, this is the first molecular
evidence that a TNFR member binds an LRR domain structure.

Blocking the SALM5-HVEM interaction using SALM5 mAb
aggravates experimental autoimmune encephalomyelitis
Finally, we tested the effect of this SALM5-blocking mAb in mouse ex-
perimental autoimmune encephalomyelitis (EAE), an animal model of
CNS inflammation. We treated wild-type and HVEM−/− mice with
SALM5 mAb or control antibody 10 days after MOG (myelin oligo-
dendrocyte glycoprotein) immunization, whenmice start to show clinical
symptoms.Notably, EAEwas relativelymore severe inHVEM−/−mice in
comparisonwithwild-typemice (Fig. 5A), which is consistentwith a pre-
vious report (32). The SALM5mAb was not effective in HVEM−/−mice,
whereas the identical treatment of wild-type mice with this mAb aggra-
vated EAE in terms of both disease onset and peak severity (Fig. 5A).
About 30% of the mice treated with SALM5 mAb died, whereas all of
the mice treated with the control antibody survived. We thus conclude
that the effect of SALM5 mAb on EAE is dependent on endogenous
Zhu et al. Sci. Adv. 2016; 2 : e1500637 8 April 2016
HVEM, and the role of this mAb in vivo is to block the SALM5-HVEM
interaction.

We further analyzed spinal cord sections fromwild-typemice treated
with control or SALM5 mAb by hematoxylin and eosin (H&E), and
immunohistochemical staining. Mice treated with SALM5 mAb devel-
oped extensive inflammation that was characterized by a massive infil-
tration of mononuclear cells (Fig. 5B, arrows). Immunohistochemical
staining determined that these inflammatory cells in the spinal cord
were predominantly CD3+ T cells and MAC3+ macrophages (Fig. 5B).
Mononuclear cells were isolated from the CNS of EAE mice and were
analyzed by flow cytometry. There were approximately four times as
many infiltrating CD45+ cells in mice that were treated with SALM5
mAb compared with control mice (Fig. 5C). Of those CD45+ cells,
the increase in CD4+ T cells and CD11b+CD45hi macrophages ac-
counted for most of the total increase in cell number observed in the
SALM5mAb–treatedmice, whichwas consistent with the observed im-
munohistochemical staining (Fig. 5D).

RT-PCR analysis of diseased CNS tissues revealed up-regulation of
the proinflammatory cytokines IL-6 and TNF after SALM5mAb treat-
ment (Fig. 5E). Immunohistochemistry of the SALM5 mAb–treated
Fig. 3. Identification of HVEM as the counter-receptor for SALM5. (A) A library of human transmembrane genes was screened using purified recom-
binant SALM5 fusion protein. Graphic views of individual wells with positive hits for SALM5-Ig are shown. (B) HEK293T cells transfected with mouse HVEM
(mHVEM) were stained by mSALM5-Ig in the presence of control mAbs (left panel) or HVEM mAb (right panel). (C) HVEM counter-receptors were screened
by CDS. A three-dimensional illustration of the results from one 384-well plate is shown; all positive hits for HVEM-Ig are indicated. (D) Human HVEM
(hHVEM) interacted with four counter-receptors. HEK293T cells were transiently transfected to express human genes, as indicated, and were stained with
hHVEM-Ig (open histograms) or control Ig (filled histograms). (E) mHVEM interacted with mouse counter-receptors. HEK293T cells were transiently trans-
fected to express mLIGHT, mCD160, or mSALM5, and were stained with mHVEM-Ig (open histograms) or control Ig (filled histograms). (F) Anti-SALM5 mAb
(clone 7A10) blocked the SALM5-HVEM interaction. HEK293T cells were transiently transfected with the plasmid encoding mSALM5 (open) or the control
plasmid (close). HEK293T transfectants were preincubated with control antibody or anti-SALM5 mAb before being stained with mHVEM-Ig.
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CNS sections from mice showed an increased expression of Iba-1 (Fig.
5F) (33, 34). Consistent with these results, microglial cells from CNS in
SALM5 mAb–treated mice expressed higher levels of major histo-
compatibility complex (MHC) class II and CD80 (Fig. 5G), which
may explain the increased numbers of CD4+ T cells in the CNS seen
in SALM5 mAb–treated mice. We also examined the ability of freshly
isolated CNS microglia/macrophages to produce proinflammatory cy-
tokines upon SALM5 mAb treatment ex vivo. Microglia/macrophages
were purified from SALM5 mAb– or control mAb–treated mice and
cultured for 12 hours without any stimulation; the cultured superna-
tants were measured using sandwich ELISA. The cultures from SALM5
mAb–treatedmice produced significantly higher levels of proinflamma-
tory cytokines, including IL-6, TNF-a, and IL-10, than those from con-
trol mAb (Fig. 5H). Collectively, our results support an important role
for SALM5mAb in the activation ofmicroglia/macrophages in theCNS
and implicate a suppressive role for SALM5-expressing neuronal cells in
microglia/macrophage-mediated neuroinflammation.

Although HVEM is expressed in T cells and accumulated T cells were
found in the CNS of SALM5 mAb–treated mice with EAE, our studies
suggest that SALM5 does not directly regulate T cell functions in EAE.
First, coated SALM5 did not costimulate T cells in the presence of CD3
mAb (fig. S8A). Second, the expression of membrane-bound SALM5 on
theKb-OVAtransfectanthadnoeffect onOT-ITcell proliferation, asmea-
Zhu et al. Sci. Adv. 2016; 2 : e1500637 8 April 2016
sured by the dilution of carboxyfluorescein diacetate succinimidyl ester (fig.
S8B). Finally, in an adoptive transfer EAE model where purified HVEM-
deficient 2D2 transgenic T cells were transferred to induce disease, the
treatment of SALM5 mAb still exacerbated EAE (fig. S8C). Together,
we conclude that SALM5 interactswithHVEMto limit inflammation in
the CNS and therefore indirectly affects CNST cell infiltration in EAE.
DISCUSSION

Here, we identify and characterize an organ-specific pathway, which
modulates inflammatory immune responses in the CNS. In this path-
way, SALM5, a molecule mainly found in neuronal cells, interacts with
HVEM in myeloid cells to suppress neuroinflammation in the CNS.
Our findings uncover the molecular mechanism for this negative reg-
ulation and control of neuroinflammation, and also provide an expla-
nation for the long-standing puzzle and the source of immune privilege
in the CNS. Our findings provide potential therapeutic targets for the
treatment of inflammatory neurological diseases.

Our competitive binding and mutagenesis studies revealed several
important features of the interaction between SALM5 and HVEM. First,
the SALM5-HVEM interaction is highly specific and is species-conserved.
The SALM family has five molecules that have been characterized. The
Fig. 4. Binding sites in the SALM5-HVEM interaction. (A) Competitive binding of SALM5 with other HVEM counter-receptors. HEK293T cells transfected
with mHVEM were incubated with mBTLA, mCD160, or mLIGHT recombinant fusion proteins before being stained by biotin-labeled mSALM5-Ig. (B) Iden-
tification of the interacting domain on HVEM. Full-length HVEM [wild-type (WT)], HVEM without the CRD1 domain, or HVEM mutants with point mutation,
as indicated, were individually expressed in HEK293T cells and stained with SALM5-Ig (lower panels). The expression of WT and mutated HVEM was
verified by HVEM polyclonal antibody staining (upper panels). (C and D) Identification of the binding domain on SALM5 for HVEM. Each extracellular
domain for SALM5, including LRR, Ig, and FN, was swapped with the corresponding domain on SALM3 using PCR cloning and fused to a C-terminal
enhanced green fluorescent protein (EGFP). These chimeric mutants were transiently expressed in HEK293T cells and stained using mHVEM-Ig. A summary
of the binding assay by flow cytometry (D), positive binding to mHVEM (+), or negative binding to mHVEM (−) was indicated (C).
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sibling SALM family members, though sharing ~50% protein sequence
identity with SALM5, do not bindHVEM, indicating a specific interaction.
The second important feature is that SALM5 interacts with a “suppressive
domain” on HVEM. HVEM interacts with multiple molecules to execute
various immunomodulatory functions, from lymphocyte costimulation to
T cell suppression. The functional diversity of this molecule relies on the
interactions between its different domains and its distinct ligands. The
CRD1 domain interacts with BTLA and CD160 to inhibit T cell responses
(25, 26), though the directionality of the signaling underlying these interac-
tions has yet to be elucidated. On the other hand, the CDR2/3 domains of
HVEM bind LIGHT and LTa, and transmit a costimulatory signal to T
cells (35, 36). Our studies unambiguously demonstrate that SALM5 inter-
Zhu et al. Sci. Adv. 2016; 2 : e1500637 8 April 2016
acts with the CRD1 domain of HVEM and competes with the binding of
BTLA andCD160, but does not interfere with the LIGHT interaction. Be-
cause SALM5, BTLA, and CD160 all have inhibitory functions, HVEM’s
CRD1 domain appears to be exclusively suppressive. The third feature is
the unique HVEM binding domain within the SALM5 molecule. Despite
competing with two Ig superfamily molecules (BTLA and CD160) for
HVEM binding, SALM5 interacts with HVEM through its LRR domain
rather than its IgC-like domain. To the best of our knowledge, this is the
firstmolecular evidence that a TNFRmember binds an LRRdomain. It ap-
pears that HVEM has the flexibility to interact with various molecular
motifs, but it remains to be seen whether this phenomenon applies to
other TNFR superfamily members.
Fig. 5. SALM5 interacts with HVEM to inhibit EAE. (A) Aggravation of EAE induced by blocking of the SALM5-HVEM interaction. WT and HVEM-
knockout mice (HVEM−/−) were immunized with MOG(35–55) peptide to induce EAE. SALM5 mAb or control antibody was given on days 10, 14, and
17 after MOG immunization (n = 7). Clinical scores of EAE were measured daily. Representative results from three independent experiments are
shown. *P < 0.05 (unpaired Student’s t test). (B) Pathology of spinal cord sections from mice on day 19 after EAE induction. Inflammatory infiltrates in
spinal cords were revealed using H&E staining. The infiltrates were further visualized by staining with mAb against CD3 for T cells or with mAb
against MAC3 for macrophages. (C and D) Quantification of infiltrating mononuclear cells in the CNS. The mouse brains and spinal cords were
prepared and extracted on day 19 after EAE induction. Total numbers of mononuclear cells (C), as well as the respective numbers of CD4+ T cells,
CD8+ T cells, B cells, macrophages, and microglia (D) in the CNS were counted using flow cytometry. Data are representative of three independent
experiments with five mice in each group. *P < 0.05 (unpaired Student’s t test). (E) RT-PCR detection of the proinflammatory cytokine mRNA levels in
the spinal cords of naïve mice or mice treated with SALM5 mAb or control antibody after EAE induction. (F) Immunohistochemical staining of
activated microglia by Iba-1 expression in the spinal cords of mice with EAE. The folds of amplification in the micrograph are shown on the right.
(G) Expression of MHC class II and CD80 in microglia cells isolated from the CNS after EAE induction with SALM5 mAb (open histogram) or control
antibody (shaded histogram) treatment. Data are representative of two independent experiments with three mice in each group. (H) Levels of
proinflammatory cytokines secreted by microglia/macrophages. The microglia/macrophages were isolated from the CNS of naïve, control antibody,
or anti-SALM5 mAb–treated mice 16 days after immunization. Cells were cultured without further stimulation, and the supernatants were harvested
after 12 hours. Different cytokine levels were measured using the BD Cytometric Bead Array (CBA) mouse inflammatory cytokine kit. Data are
representative of three independent experiments with three mice in each group. *P < 0.05 (unpaired Student’s t test).
6 of 9
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Our studies support that the role of our SALM5 antibody is to dis-
rupt the SALM5-HVEM interaction. The SALM5 mAb binds to the
LRR domain of SALM5 and blocks the SALM5-HVEM binding com-
pletely (Fig. 3F and fig. S7). The effect of this antibody on EAEwas fully
dependent on the presence of HVEM in vivo (Fig. 5A). Similar to the
parental antibody, treatment of SALM5 F(ab′)2 fragment significantly
aggravated EAE, further excluding its in vivo effect as a depleting anti-
body (fig. S9).

One surprising finding in our study is that the SALM5 mAb aggra-
vates EAE without directly affecting T cell functions. The systemic ad-
ministration of SALM5mAbdoes not affect T cell activation outside the
CNS (fig. S4). This finding might be explained, in part, by the lack of
SALM5 expression in the peripheral lymphoid organs. However, other
factors may also be involved because in vitro SALM5 engagement of
naïve or activated T cells, which do constitutively express HVEM, did
not affect T cell activation (fig. S8). SALM5 does not appear to affect T
cell functions, but instead appears to be targeting macrophages andmi-
croglial cells. In contrast to the monomer formation of BTLA and
CD160, SALM5 forms a dimer, which could endow itself a unique role
in HVEM signaling (fig. S10). Constitutive expression of SALM5 in
neuronal cells should allow this interaction to take place because mi-
croglial cells constitutively express HVEM (fig. S11). On the basis of
the constitutive expression of SALM5 in neuronal cells and HVEM in
microglial cells, our results support that the SALM5-HVEM interaction
serves as a default pathway that provides the suppressive mechanism
responsible for maintaining immune privilege in the CNS. However,
our results do not exclude a possibly immunosuppressive effect of
SALM5 signal through neuron cells. Because SALM5 is known to reg-
ulate neurite growth, it is intriguing to further evaluate the effect of
SALM5 signal on neuron cells upon HVEM ligation.

In conclusion, our study identified a new organ-specific pathway,
which limits inflammation and contributes to the immune privilege
in the CNS. In this pathway, SALM5, a surface molecule in neuronal
cells, interacts with HVEM in myeloid cells to suppress inflammation
in theCNS during ongoing neuroinflammation.Our findings uncover a
molecular mechanism for the negative regulation and control of neuro-
inflammation, and provide potential therapeutic targets for the treat-
ment of inflammatory neurological diseases.
MATERIALS AND METHODS

Bioinformatics
Genes enriched in immune-privileged organs, including the brain, pla-
centa, and testis, were selected using the Human Protein Atlas (www.
proteinatlas.org), andwe further selected genes that encodemembrane-
bound proteins containing Ig-like domains. The enriched expression
profiles of these genes in immune-privileged organs were further veri-
fied by other gene expression databases, including BioGPS, ImmGen,
and HPM.Mouse orthologs of the final gene candidates were identified
via the National Center for Biotechnology Information (NCBI)
database, and their bindings to immune cells from normal C57BL/6
mouse splenocytes were validated by flow cytometry.

Animals, antibodies, and recombinant proteins
Female C57BL/6mice aged 6 to 10 weeks were purchased from the Na-
tional Cancer Institute, National Institutes of Health (NIH) (Frederick,
MD). The HVEM−/− mice with a C57BL/6 background have been pre-
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viously described andwere provided byW.W.Hancock (37). All fusion
proteins were generated by fusing the extracellular domain of eachmol-
ecule with either mouse or human Fc tags (38). Hamster mAbs against
mSALM5 were generated by immunizing a hamster with mSALM5-Ig
fusion protein. All antibodies for flow cytometry staining, if not speci-
fied, were purchased from BD Biosciences or eBioscience.

Receptor array technology
The detailed methods used in our high-throughput screening cellular
detection system (CDS) have been reported previously (22). Briefly,
plasmids containing more than 2300 human transmembrane genes
were diluted by Opti-MEM medium and placed individually into five
384-well plates at 60 ng per well. Lipofectamine 2000 was added to each
well andmixedwith plasmids for 30min. Ten thousandHEK293T cells
were added subsequently to each well to perform transient transfection.
Eight hours after transfection, 50 ng of human SALM5-Ig or HVEM-Ig
and 50 ng of anti-human Ig or anti-mouse Ig FMAT blue secondary
antibody were added into each well. The plates were read 24 hours after
transfection using the Applied Biosystems 8200 Cellular Detection Sys-
tem and analyzed using the CDS 8200 software. Each plate had a well
that contained the human Fc receptor as an internal positive control for
screened fusion proteins. Because OCLN expressed on transfected
HEK293T cells directly interacted with the secondary antibodies that
we used for screening, it was included in each plate as an indication
for a successful transfection.

Plasmids for mHVEM and mSALM5 mutants
Mouse DHVEM was made using a PCR method similar to what was
previously described (25). HVEM point mutations were selected as de-
scribed (30, 31). HVEM and SALM5 mutants were generated via PCR.

EAE model
C57BL/6 mice aged 8 to 12 weeks were immunized subcutaneously on
day 0 with 100 mg of MOG(35–55) peptide emulsified in complete
Freund’s adjuvant (Difco). Pertussis toxin (400 ng) (Sigma) in 200 ml
of phosphate-buffered saline (PBS) was injected twice, on days 0 and
2. Each mouse was injected intraperitoneally with 200 mg of SALM5
mAb or control antibody on days 10, 14, and 17. Disease severity was
scored on the following scale: 0, no disease; 1, tail paralysis; 2, para-
paresis; 3, paraplegia; 4, paraplegia with forelimb weakness or paralysis;
5,moribund or dead, as previously described (39). In some experiments,
~2 × 106 naïve 2D2-transgenic T cells fromwild-type orHVEM−/−mice
were transferred intravenously into mice 24 hours before immunization.

LPS administration
C57BL/6mice treatedwith pertussis toxin on days 0 and 2were injected
with 200 mg of SALM5mAbor control antibody intracranially on day 1.
On day 5, each mouse received a single intravenous dose of LPS
(0.5 mg/kg) 24 hours before being sacrificed and stained for Iba-1 by
immunohistochemistry.

Isolation of CNS mononuclear cells
Sacrificedmice were perfused with cold PBS before the brains and spine
cords were dissected. The tissues were homogenized and digested with
collagenase D and deoxyribonuclease I at 37°C for 45min. After centri-
fugation, the pellets were resuspended in 30%Percoll and carefully layered
on top of a 70% Percoll solution. The Percoll gradient was centrifuged at
room temperature at 1000g for 30 min without brake. Mononuclear cells
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at the 30% and 70% Percoll interphase layers were harvested and washed
with complete RPMI 1640 before FACS (fluorescence-activated cell sort-
ing) staining or in vitro culture. Microglia/macrophages were isolated by
removing nonadherent cells after 2 hours in culture at 37°C.

Histology and immunohistochemistry
Tissues were removed from naïve mice or mice with EAE and em-
bedded in paraffin. Tissues were cut into 5-mm-thick sections and
stained with H&E to reveal inflammatory infiltrates. For immunohisto-
chemistry, deparaffinized sections were stained with anti-CD3 (AbD
Serotec, clone CD3-12), anti-MAC3 (AbD Serotec, clone M3/84), and
anti–Iba-1 (WakoPureChemical Industries) according to themanufac-
turer’s protocols. For SALM5 staining, tissues were deparaffinized and
rehydrated before Ag retrieval in citrate buffer. Tissues were then
stained with different SALM5 antibodies, followed by incubation with
Amplification System (K1500, DakoCytomation). After horseradish
peroxidase staining, slides were visualized with 3,3′-diaminobenzidine
(Sigma-Aldrich).

Statistical analysis
Student’s t test was used for statistical analysis, and P values reflect com-
parisonwith the control sample. P values less than 0.05were considered
statistically significant. The error bars in figures represent SD.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1500637/DC1
Supplementary Materials and Methods
Fig. S1. Expression profile of 15 genes enriched in immune-privileged organs.
Fig. S2. Immunostaining of SALM5 in normal mouse brain sections by different mSALM5
antibodies.
Fig. S3. Expression of SALM5 protein in mouse tissues.
Fig. S4. Effect of SALM5 mAb on LPS-induced systemic inflammation.
Fig. S5. CDS screening of a library of transmembrane proteins.
Fig. S6. Binding of the mouse BTLA and CD160 binding by mHVEM mutants.
Fig. S7. Identification of the binding domain on mSALM5 for mSALM mAb.
Fig. S8. SALM5 did not directly affect T cell proliferation.
Fig. S9. Administration of F(ab′)2 of SALM5 mAb aggravates EAE.
Fig. S10. SALM5, but not CD160, inhibits microglia inflammation.

Fig. S11. HVEM is highly expressed in resting lymphocytes and microglia.
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