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Abstract

The potent immune regulatory function of an agonistic B7-H4-Ig fusion protein (B7-H4Ig) has 

been demonstrated in multiple experimental autoimmune models; however, the identity of a 

functional B7-H4 receptor remained unknown. The biological activity of B7-H4 is associated with 

decreased inflammatory CD4+ T cell responses as supported by a correlation between B7-H4–

expressing tumor-associated macrophages and Foxp3+ T cells within the tumor microenvironment. 

Recent data indicate that members of the semaphorin (Sema)/plexin/neuropilin (Nrp) family of 

proteins both positively and negatively modulate immune cell function. In this study, we show that 

B7-H4 binds the soluble Sema family member Sema3a. Additionally, B7-H4Ig–induced inhibition 

of inflammatory CD4+ T cell responses is lost in both Sema3a functional mutant mice and mice 

lacking Nrp-1 expression in Foxp3+ T cells. These findings indicate that B7-H4Ig binds to 

Sema3a, which acts as a functional bridge to stimulate an Nrp-1/Plexin A4 heterodimer to form a 

functional immunoregulatory receptor complex resulting in increased levels of phosphorylated 

PTEN and enhanced regulatory CD4+ T cell number and function.

Since the initial identification of B7-family member proteins and their roles in positive and 

negative regulation of immune responses, efforts have continued to identify new B7-family 

members and their receptors and to determine how these proteins functionally regulate the 
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immune response. Confounding the identification process, each B7-family member receptor 

interacts with multiple functional ligands, leading to immune cell type–specific modulation 

of the overall immune response within the inflammatory microenvironment (1). One such 

example is that cross-linking of CD80 on B cells decreases B cell function and survival (2), 

whereas cross-linking CD80 on CD4+ T cells induces an increase in inflammatory cytokine 

secretion and increased CD4+ T cell survival (3). Blockade of costimulatory signals (e.g., 

with CTLA-4 Ig to block CD28-mediated signal 2 required for the activation of CD4+ T 

cells) has proven not to be the panacea for autoimmune disease therapy that was originally 

envisioned. However, mAb blockade of coinhibitory receptors (e.g., CTLA-4 and PD-1) has 

proven extremely useful for enhancing the immune response in cancer therapy (4, 5). Thus, 

it is critical to determine if signaling via coinhibitory receptors, such as B7-H4, would be 

useful in the opposing context for the regulation of autoimmune diseases.

B7-H4/B7-H4 receptor (B7-H4R) interactions negatively regulate inflammatory CD4+ T 

cells. Overexpression of a membrane-bound form of B7-H4 was found to be anti-

inflammatory (6, 7), and lack of B7-H4 expression during both experimental autoimmune 

encephalomyelitis (EAE) and type-1 diabetes is associated with increased disease severity 

and decreased numbers of regulatory CD4+ T cells (Tregs) (8). Overexpression of a soluble 

form of B7-H4 increased disease severity in collagen-induced arthritis, whereas treatment 

with a B7-H4-Ig fusion protein (B7-H4Ig) that cross-linked the B7-H4R decreased the level 

of disease severity in collagen-induced arthritis (7), PLP139–151-induced relapsing EAE (R-

EAE) in SJL/J mice and MOG35–55-induced chronic EAE (C-EAE) in C57BL/6 mice (9), 

and type-1 diabetes in NOD mice (10). Further, B7-H4Ig treatment of CD4+ T cell cultures 

is only inhibitory to the CD4+ T cell responses if B7-H4Ig is plate-bound, bead-bound, or 

added into cultures containing APCs, live or irradiated, expressing Fc receptors (9, 10). 

Although the identity of the B7-H4R remained unknown, these findings indicate that 

membrane-bound B7-H4/B7-H4Ig functions as a receptor agonist. In addition, B7-H4Ig has 

the unique property of specifically blocking the differentiation of naive mouse and human 

CD4+ T cells into inflammatory Th1 and Th17 cells while enhancing both the numbers and 

suppressive function of Tregs (9).

More recently, another family of proteins has also been shown to possess immune 

modulatory function. First described in axonal guidance, proteins in the semaphorin (Sema), 

neuropilin (Nrp), and plexin (Plxn) family are expressed in various adult tissues and play 

important roles in various physiological and pathological processes involving the immune 

system, organogenesis, vascularization, and some tumors (11). To date, 20 semaphorins have 

been described (12). Class 1 and 2 semaphorins are expressed only in invertebrates, whereas 

class 3, 4, 6, and 7 semaphorins are found exclusively in vertebrates, and class 5 

semaphorins are expressed in both. All semaphorins have an extracellular Sema domain and, 

depending on the subclass, contain specific additional sequence motifs in the C terminus. 

One secreted semaphorin is Sema3a, which is a focus of the present studies. Plexins are 

signaling receptors for semaphorins that bind directly to plexins, with the exception of class 

3 semaphorins (e.g., Sema3a), which binds to Nrp-1 and Nrp-2 and signals through PlxnA4 

and other PlxnA proteins (13, 14). Signaling through Nrp-1/PlxnA4 has recently been shown 

to increase CD4+ Treg number and function and secretion of IL-10 by increasing levels of 

phosphorylated PTEN to antagonize Akt signaling (15). Nrp-1 has been shown to be the 
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functional receptor for Sema3a on T cells (16, 17), and Sema3a modulates T cell responses 

by altering actin cytoskeleton reorganization and subsequent TCR distribution via PlxnA4-

mediated signaling (16, 18). Additionally, mice deficient in PlxnA4 display exacerbated 

EAE (18), and mice receiving Nrp1-deficient myelinspecific CD4+ T cells display 

exacerbated EAE, whereas those receiving T cells overexpressing Nrp-1 are resistant to EAE 

development (19). Interestingly, these published findings determining the role of Nrp-1/

PlxnA4 signaling and function strongly correlate with published data defining the functional 

mechanism by which hB7-H4Ig modulates both effector CD4+ T cell activity (9, 10) and 

increased Treg function (9). Therefore, the present studies sought to determine if B7-H4 may 

bind to Sema3a and thereby induce regulatory signaling through Nrp-1/PlxnA4 complex on 

Tregs.

The potent immunoregulatory function of B7-H4/B7-H4R engagement has been 

demonstrated in multiple in vivo and in vitro systems. To facilitate the potential 

manipulation of this receptor/ ligand pair for the therapy of autoimmune disease and cancer, 

it is critical to define the functional B7-H4R, which has remained elusive (20). Consistent 

with the reports detailed above regarding the immunoregulatory properties of Nrp-1/PlxnA4 

signaling, we show in this study that hB7-H4Ig binds directly to Sema3a, which acts as a 

bridge to allow the B7-H4/Sema3a/Nrp-1/PlxnA4 receptor/ligand complex to form and 

signal to APCs and Tregs via PTEN. Functionally, hB7-H4Ig–induced regulation of EAE 

correlates with increased numbers and function of Tregs. The present results show that B7-

H4Ig regulatory activity is lost in both Sema3a functional mutant mice and mice lacking 

Nrp-1 expression in Foxp3+ T cells. Therefore, these studies indicate that members of the 

Sema/Nrp/Plxn family of proteins also function as a receptor complex for hB7-H4Ig.

Materials and Methods

Mice, CD4+ T cell isolation, and culture

Female SJL/J, C57BL/6 (Harlan Labs, Indianapolis, IN); C3H/HeJ, C3H/ HeJ Sema3a 

functional mutant (The Jackson Laboratory, Bar Harbor, ME); SJL-Foxp3/GFP (bred in-

house); Nrp-1fl/fl (wild-type, bred in-house); Nrp-1 conditional knockout; 

Nrp-1fl/fl×Foxp3Cre/YFP (kindly provided by D. Vignali, University of Pittsburgh, PA); 

PTEN conditional knockout; and PTENfl/fl×3Foxp3Cre/YFP (kindly provided by H. Chi, St. 

Jude Children’s Research Hospital) mice were housed under specific pathogen-free 

conditions in the Northwestern University Center for Comparative Medicine. Naive CD4+ T 

cells (CD4+ L-selectinhi) were purified using autoMACS Magnetic Bead cell separation 

technology (Miltenyi Biotec, Auburn, CA) from total lymph node cells isolated from 

unprimed mice with purity ranging from 98 to 99.9%. For in vitro activation, 5 × 105 naive 

CD4+ T cells were activated in the presence of plate-bound anti-CD3 (1 μg/ml) and soluble 

anti-CD28 (1 μg/ml) in the presence of induced Treg-promoting conditions (100 U/ml IL-2, 

25 ng/ml TGF-β1, 100 nM retinoic acid). After 3 d of culture, the T cells were collected and 

reactivated in the presence of plate-bound Control Ig (human IgG1) or human B7-H4Ig 

(human extracellular domain of B7-H4 plus human IgG1 Fc domain) (hB7-H4Ig) for 3 h. 

The cells were harvested and isolated, and the concentrations of β-tubulin, total Akt, 
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phosphorylated Akt, total PTEN, and phosphorylated PTEN were determined via multiplex 

Luminex LiquiChip (Millipore, Billerica, MA).

Human PBMC and human CD14+ monocyte cultures

PBMCs (106 cells per well) from healthy donors (LifeSource, Evanston, IL) or relapsing/

remitting multiple sclerosis (MS) patients (Rush University Multiple Sclerosis Clinic, 

Chicago, IL) were isolated and cultured in the presence of anti-CD3 (clone OKT3; 

eBioscience, San Jose, CA) or peptide (MBP85–96, or tetanus toxin [TT]830–843; Peptides 

International [Louisville, KY]) and purified by HPLC (purity of 96–99%) plus Control Ig or 

hB7-H4Ig (0–10 μg/ml) in the absence or presence of recombinant Nrp-1 (R&D Systems, 

Minneapolis, MN). Twenty-four hours postculture initiation, the wells were pulsed with 1 

μCi of [3H]-TdR, and the cultures were harvested on day 5, and [3H]-TdR incorporation was 

detected using a TopCount microplate scintillation counter. Results are expressed as the 

mean cpm of triplicate cultures. For cytokine analysis, replicate wells were harvested on day 

5 of culture, and cytokine secretion was determined via multiplex Luminex LiquiChip 

(Millipore). CD14+ monocytes from healthy human donors (n = 6) were purified via 

autoMACS Magnetic Bead cell separation technology and cultured in the presence of GM-

CSF (20 ng/ml) plus IL-4 or IL-10 (10 ng/ml). In wells that contained plate-bound Control 

Ig versus hB7-H4Ig (10 g/ml), the morphology of the cells was assessed on day 6 of culture.

Mouse monocyte cultures

Monocytes were magnetically separated (Miltenyi) from the bone marrow of unprimed 

SJL/J mice. Monocytes were cultured in the presence of complete RMPI medium plus IL-6 

(10 ng/ml) in the presence of either platebound Control Ig or B7-H4Ig (10 μg/ml) or in the 

absence or presence of anti–B7-H4 (clone 6H3), recombinant human Nrp-1, recombinant 

human PlexnA4, recombinant human Sema3a, or recombinant Nrp-1 plus recombinant 

Sema3a (10 μg/ml) (R&D Systems). The morphology of the cells was assessed on day 6 of 

culture.

PLP139–151/CFA, OVA protein/CFA, and MOG35–55/CFA priming

Six- to seven-week-old female SJL/J, C57BL/6, C3H/HeJ, Sema3a functional mutant, 

Nrp-1fl/fl (wild-type), or Nrp-1 conditional knockout mice were immunized s.c. with 100 μl 

of an emulsion containing 200 μg of Mycobacterium tuberculosis H37Ra (BD Biosciences, 

San Jose, CA) and 50–200 μg of PLP139–151, OVA protein, or MOG35–55, respectively, 

distributed over three sites on the flank. MOG35–55/CFA–primed mice received pertussis 

toxin on day 0 and day 2 via i.p. injection (200 μl of 1 μg/ml). Mice were treated with PBS, 

Control Ig, anti-CD80 Fab (Bio X Cell, Lebanon, NH), or hB7-H4Ig either at the time of 

priming or beginning on day 20. Mice were treated with 100 μg per dose injections 3 times 

per wk for 2 wk via i.p. injection. Individual animals were observed at the indicated time 

points, and clinical scores were assessed in a blinded fashion on a 0–5 scale: 0, no 

abnormality; 1, limp tail; 2, limp tail and hind limb weakness; 3, hind limb paralysis; 4, hind 

limb paralysis and forelimb weakness; and 5, moribund. The data are reported as the mean 

daily clinical score.
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Delayed type hypersensitivity assay and ex vivo recall

Active C-EAE and whole OVA protein/CFA priming were conducted as described above. On 

day 11 or day 35 postpriming, mice were assayed for delayed type hypersensitivity (DTH). 

Mice were anesthetized by inhalation of isoflurane, and the thickness of both ears was 

measured using a dial thickness gauge. Ten micrograms of PLP139–151 (negative control) and 

OVA protein in 10 μl of PBS were injected into the left and right ear, respectively. The 

increase in ear thickness was determined after 24 h. Mice were then sacrificed, and single-

cell suspensions of spleens and draining lymph nodes were cultured (0.5 × 106 cells per 

well) in the presence of medium alone, OVA323–339, PLP139–151, or MOG35–55 (20 μg/ml) in 

the absence or presence of Control Ig or hB7-H4Ig (0–10 μg/ml). Twenty-four hours 

postculture initiation, the wells were pulsed with 1 μCi of [3H]-TdR, and the cultures were 

harvested on day 3. Results are expressed as the mean cpm of triplicate cultures. For 

cytokine analysis, replicate wells were harvested on day 3 of culture, and the level of 

cytokine secreted was determined via multiplex Luminex LiquiChip.

Flow cytometry

For cell analysis from primed mice, spleens were dissociated into single-cell suspensions 

and RBCs were lysed. For the CNS leukocytes, single-cell suspensions were prepared as 

previously described (21) from spinal cords of individual mice perfused with 20 ml of PBS. 

For B7-H4Ig binding analysis, cells were collected and treated with Cytochalasin D (Sigma-

Aldrich, St. Louis, MO) for 2 h at 37°C. The cells were washed in PBS, stained with LIVE/

DEAD Fixable Aqua Dead Cell Stain (Life Technologies, Grand Island, NY), and blocked 

with anti-CD16/32 (eBioscience) prior to incubating the cells with either directly conjugated 

Control Ig or hB7-H4Ig. Following incubation with Control Ig or hB7-H4Ig, the cells were 

washed and then stained with the indicated Abs: anti-CD3 (mouse clone 145–2C11; human 

clone OKT3), anti-CD4 (mouse clone RM4–5; human clone OKT4), anti-Foxp3 (clone 

FJK-16s), anti-Helios (clone 22F6) (eBioscience), anti-CD25 (clone PC61) (eBioscience), 

anti–Nrp-1 (mouse polyclonal sera; human clone no. 446921), anti-PlxnA4 (mouse clone no. 

707201; human clone no. 707206), and anti-Sema3a (mouse and human clone no. 215803) 

(R&D Systems). A total of 106 viable cells were analyzed per individual sample using a BD 

Canto II cytometer (BD Biosciences), and the data were analyzed using FlowJo version 

9.5.2 software (Tree Star, Ashland, OR).

Sema3a and Sema3a/hB7–H4Ig complex ELISA

Active R-EAE in SJL/J mice was conducted as described above. The mice were followed for 

clinical signs, and beginning at remission from acute disease, mice-were treated with PBS, 

Control Ig, or hB7-H4Ig (100 μg/dose; 3 times per wk; 2 wk) via i.p. injection. Serum 

samples were collected 2 h after the first treatment and 2 h after the sixth treatment. The 

concentration of total serum Sema3a was detected with a Sema3a-specific ELISA 

(Mybiosource.com, San Diego, CA), and Sema3a/B7-H4Ig complexes were detected via use 

of the same ELISA plates with an anti–B7-H4 biotin-detecting Ab instead of the anti-

Sema3a–detecting Ab. Color development was determined on a SpectraMax Plus microplate 

reader (Molecular Devices, Menlo Park, CA) at a wavelength of 405 nm.
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hB7-H4Ig–binding ELISA

ELISA plates were coated with recombinant human Nrp-1 (R&D Systems) and Sema3a 

(PeproTech, Rocky Hill, NJ) (10 μg/ml) in 13 PBS for 2 h at 37°C, and the wells were 

washed and blocked with 1× PBS containing 5% BSA for 1 h at 37°C. For the wells 

containing Nrp-1 plus Sema3a, Sema3a (10 μg/ml) was incubated in the wells for 1 h at 

37˚C, the wells were washed, and Control Ig biotin or hB7-H4Ig biotin (0–10 μg/ml) was 

incubated overnight at 4°C. The following day, the wells were washed, streptavidin–HRP 

(1:1000 dilution in PBS) incubated for 1 h at 37°C, and the wells developed with 1-Step 

Ultra TMB-ELISA Substrate Solution (Life Technologies). Color development was 

determined on a SpectraMax Plus microplate reader (Molecular Devices, Menlo Park, CA) 

at a wavelength of 405 nm.

Statistical analyses

Comparisons of the percentage of animals showing clinical disease were analyzed by Χ2 

using Fisher exact probability, and two-way ANOVA with a Bonferroni posttest was used to 

determine statistical differences between mean clinical disease scores. Single comparisons 

of two means were analyzed by Student t test.

Results

hB7-H4Ig binds Nrp-1 and PlxnA4, and recombinant Nrp-1 blocks B7-H4Ig function

The expression and signaling of Nrp-1 on Tregs has been shown to correlate with and 

enhance Treg suppressive function (9). To phenotypically address the ability of hB7-H4Ig to 

modulate Treg function, draining lymph node cells from PLP139–151/CFA–primed SJL/J 

mice and MOG35–55/CFA–primed C57BL/6 mice were collected on day 8, and total 

draining lymph node cells were cultured in the presence of PLP139–151 plus Control Ig or 

hB7-H4Ig. On day 3 of culture, the percentage and phenotype of the Tregs were assessed via 

flow cytometry. hB7-H4Ig treatment increased the percentage of Nrp-1+/Helioshi Tregs (Fig. 

1A). In contrast, the increase in the percentage of CD73hi Tregs does appear to be minimal; 

however, there was a statistically significant increase in the percentage of CD73hi Tregs in 

the C57BL/6 MOG35–55 reactivation cultures, but not in the SJL/J PLP139–151 reactivation 

cultures (Fig. 1B). Because our published and current data show hB7-H4Ig–induced 

modulation of Treg phenotype (i.e., increased IL-10) suppressor function (9), we sought to 

determine if a functional connection existed between hB7-H4Ig–induced suppression of 

CD4+ T cell function and the previously reported function of the Nrp-1/PlxnA4 pathway 

(15). To do so, the addition of exogenous recombinant Nrp-1 was shown to block the hB7-

H4Ig–induced inhibition of T cell proliferation of both human PBMCs from healthy human 

donors (Fig. 1C) and draining lymph node cells from PLP139–151/CFA–primed SJL/J mice 

(Fig. 1D). To extend the present and previously published data, we next determined if hB7-

H4Ig treatment was able to modulate activation of MS patients’ T cells in vitro. PBMCs 

isolated from relapsing/remitting MS patients were cultured in the presence of anti-CD3, 

MBP85–96, or TT830–843 plus Control human IgG1 or hB7-H4Ig for 5 d, and proliferation 

and secreted cytokine levels were assessed. hB7-H4Ig treatment decreased T cell 

proliferation and inflammatory cytokine (IFN-γ and IL-17) secretion while increasing the 

levels of IL-10 and IL-4 (Supplemental Fig. 1) in response to both anti-CD3 and, 
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importantly, to stimulation with MBP85–96 and TT830–843. These results are similar to our 

previously reported findings using both mouse-and healthy human donor–purified CD4+ T 

cells cultured in the presence of various activating stimuli in the presence of hB7-H4Ig 

versus Control Ig (9). Significantly, the addition of recombinant Nrp-1 reversed hB7-H4Ig–

induced regulatory function, suggesting a putative correlation between hB7-H4Ig function 

and Nrp-1 expression.

hB7-H4Ig binds Sema3a both in vitro and in vivo

To test the ability of hB7-H4Ig to bind Nrp-1, we performed hB7-H4Ig binding analyses 

using recombinant human Nrp-1. As shown in Fig. 1E, hB7-H4Ig only mildly interacted 

directly with Nrp-1. Therefore, we sought to determine if hB7-H4Ig may interact with Nrp-1 

via the cobinding of another soluble protein. hB7-H4Ig was found to bind Sema3a in a 

concentration-dependent manner, and the level binding was increased further if Sema3a was 

allowed to bind Nrp-1 prior to the incubation with hB7-H4Ig. We next sought to determine if 

hB7-H4Ig interacts with Sema3a in vivo. SJL/J mice were primed with PLP139–151/CFA and 

followed for relapsing/remitting EAE disease. On day 20 (disease remission), mice were 

randomly split into three treatment groups: receiving PBS, Control Ig, and hB7-H4Ig (100 

μg/dose; 3 times per wk; 2 wk) via i.p. injection. Serum samples were collected 2 h 

following both the first and last treatments to assess both the level of total Sema3a as well as 

the level of Sema3a bound to hB7-H4Ig present in the serum of the mice. hB7-H4Ig 

treatment significantly increased the level of total Sema3a in serum (Fig. 2A), and more 

importantly, Sema3a and hB7-H4Ig were found to be interacting within the serum of hB7-

H4Ig–treated mice (Fig. 2B). These results show that hB7-H4Ig directly binds to Sema3a 

both in platebound format as well as in vivo.

To determine if hB7-H4Ig binding to Tregs correlates with the expression of Sema3a/Nrp-1/

PlxnA4, we analyzed binding of hB7-H4Ig to Tregs from SJL-Foxp3/GFP mice. To do so, 

total lymph node cells from unprimed SJL-Foxp3/GFP mice were assessed for hB7-H4Ig 

binding via flow cytometry. The present data show that hB7-H4Ig binding to CD4+ 

Foxp3/GFP+ cells correlates with surface expression of Sema3a/PlxnA4 and Sema3a/Nrp-1/

PlxnA4 (Fig. 2B). This finding corroborates the direct binding of hB7-H4Ig to Sema3a as 

shown in Fig. 1E. Additionally, hB7-H4Ig binding to anti-CD3–activated human CD4+ T 

cells was also found to correlate with Sema3a and PlxnA4 surface expression (Supplemental 

Fig. 2). To further assess the functional linkage between hB7-H4Ig and the Sema3a/PlxnA4/

Nrp-1 complex, purified human CD14+ monocytes activated with GM-CSF plus IL-4 that 

express Nrp-1, as compared with monocytes activated with GM-CSF plus IL-10 that express 

Sema3a, Nrp-1, and PlxnA4, (Fig. 3A) were cultured in the presence of plate-bound Control 

Ig or hB7-H4Ig. Plate-bound hB7-H4Ig significantly altered the morphology of CD14 

monocytes activated with GM-CSF plus IL-10, but not CD14+ monocytes activated with 

GM-CSF plus IL-4 (Fig. 3B, 3C). Purified SJL/J bone marrow monocytes cultured in the 

presence of recombinant mouse IL-6 (10 ng/ml) were found to express Sema3a, Nrp-1, and 

PlxnA4. Similar to the data obtained with human monocytes, plate-bound hB7-H4Ig induced 

an increase in the number of cells and altered cellular morphology (Fig. 3D). Addition of 

exogenous anti–B7-H4, anti–Nrp-1, or anti–Sema3a plus Nrp-1 blocked the hB7-H4Ig–
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induced changes. Taken together, these findings indicate that Sema3a/Nrp-1 forms a 

functional B7-H4R complex.

Treg expression of Nrp-1 and functional Sema3a is required for hB7-H4Ig function in vitro

We next tested if the immunoregulatory function of hB7-H4Ig required Nrp-1 expression by 

Tregs. Splenocytes from mice in which Nrp-1 is conditionally knocked out within Foxp3 

cells (Nrp-1fl/fl × Foxp3Cre/YFP) were activated in vitro with anti-CD3 plus various 

concentrations of Control Ig or hB7-H4Ig. Treg expression of Nrp-1 was required for 

maximal hB7-H4Ig function, as demonstrated by the inability of hB7-H4Ig to regulate 

cellular proliferation (Fig. 4A) and secretion of IFN-γ (Fig. 4B) and IL-10 (Fig. 4D) and, to 

a lesser extent, IL-17 (Fig. 4C). Given that the data presented in Fig. 1E shows that hB7-

H4Ig only weakly bound Nrp-1 but more readily bound to Sema3a and Sema3a/Nrp-1 

complexes, we next determined if functional Sema3a is required for hB7-H4Ig function in 

vitro. Splenocytes from Sema3a functional mutant mice (i.e., mice in which a mutation 

contained within exon 3 of Sema3a allows for the expression of Sema3a while there is a 

functional loss of Sema3a-induced signaling through Nrp-1) (22, 23) were assessed in vitro 

in the presence of hB7-H4Ig addition. The present data show that hB7-H4Ig 

immunoregulatory function was lost in Sema3a functional mutant splenocytes; however, 

hB7-H4Ig functionality was restored upon addition of recombinant Sema3a to the cultures 

(Fig. 4E–L). Collectively, these results show that hB7-H4Ig binds Sema3a, and both Treg-

expressed Nrp-1 and functional Sema3a are required for functional hB7-H4Ig 

immunoregulatory function.

Our previously published data showed that hB7-H7Ig treatment increased both the number 

and function of Tregs (9). Similarly, signaling through Nrp-1/PlxnA4 has been shown to 

increase the regulatory function of Tregs via an increase in PTEN phosphorylation (15). 

Thus, to further address the bioactivity of the hypothesized Sema3a/Nrp-1/PlxnA4 B7-H4R 

complex, we determined if hB7-H4Ig induced the activation of PTEN (15). PLP139–151–

sensitized lymph node cells were activated in vitro in the presence of PLP139–151 for 3 d. 

The cells were collected and recultured for 3 h in the presence of plate-bound Control Ig or 

hB7-H4Ig. hB7-H4Ig treatment induced a significant increase in the level of phosphorylated 

PTEN (Ser380) (Supplemental Fig. 3A). In additional experiments, naive CD4+ T cells from 

SJL-Foxp3/ GFP mice were cultured in the presence of induced Treg, promoting culture 

conditions, and recultured for 3 h in the presence of plate-bound anti-CD3 (1 μg/ml) and 

either plate-bound Control Ig or hB7-H4Ig. hB7-H4Ig cross-linking again induced a 

significant increase in the level of phosphorylated PTEN concomitant with a significant 

decrease in the level of phospho-Akt (Ser473) (Supplemental Fig. 3B). We next tested if the 

immunoregulatory function of hB7-H4Ig required PTEN expression by Tregs. To do so, 

splenocytes from mice in which PTEN is conditionally knocked out within Foxp3+ cells 

(PTENfl/fl × Foxp3Cre/YFP) (24) were activated in vitro with anti-CD3 plus various 

concentrations of Control Ig or hB7-H4Ig. Treg expression of PTEN was required for 

maximal hB7-H4Ig function, as demonstrated by the inability of hB7-H4Ig to regulate 

cellular proliferation (Supplemental Fig. 3C) and secretion of IFN-γ (Supplemental Fig. 

3D), IL-10 (Supplemental Fig. 3E), and IL-17 (Supplemental Fig. 3F). Thus, hB7-H4Ig 
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induces an increase in phosphorylated PTEN, and the loss of PTEN expression by Foxp3+ 

cells inhibits the ability of hB7-H4Ig to modulate anti-CD3–activated splenocytes.

Treg expression of Nrp-1 and functional Sema3a expression is required for 
immunoregulatory hB7-H4Ig function in vivo

The above findings indicate that Tregs are the major target of hB7-H4Ig functional activity 

in in vitro splenocyte cultures, and this conclusion is supported by our previous finding that 

hB7-H4Ig– induced inhibition of Th1 and Th17 cell differentiation is significantly less 

effective in CD4+ T cell cultures from which Tregs have been depleted (9). To determine if 

the Sema3a/Nrp-1/PlxnA4 complex is required for hB7-H4Ig function in vivo, we compared 

the ability of hB7-H4Ig to regulate established MOG35–55/CFA–induced C-EAE in wild-

type versus Nrp-1fl/fl × Foxp3Cre/YFP conditional knockout mice. Mice were treated (100 μg/

dose; 3 times per wk; 2 wk) with Control Ig, hB7-H4Ig, or anti-CD80 Fab (as a positive 

control) (3) beginning on day 20 postpriming. As previously reported (3), anti-CD80 Fab 

treatment significantly decreased disease severity (Fig. 5A, 5B) and the number of CNS-

infiltrating immune cells in both wild-type and Nrp-1 conditional knockout mice (Fig. 5C–

F). In contrast, hB7-H4Ig treatment was not effective in regulating EAE in mice lacking 

Nrp-1 expression on Tregs. Additionally, the hB7-H4Ig–induced increase in the number of 

splenic Tregs was lost in Nrp-1 conditional knockouts (Fig. 5G–J), and the normal hB7-

H4Ig induced a decrease in IFN-γ (Supplemental Fig. 4A, 4D) and IL-17 (Supplemental 

Fig. 4B, 4E), and an increase in IL-10 (Supplemental Fig. 4C, 4F) was also lost. Thus, the 

expression of Nrp-1 by Tregs is required for hB7-H4Ig– induced regulatory function in vivo.

It has been previously reported that a Sema3a Ig fusion protein, which would allow for 

Nrp-1/PlxnA4 cross-linking similar to our proposed hB7-H4Ig/Sema3a complex, 

downregulates T cell activation (17, 25–27). Therefore, we tested the ability of hB7-H4Ig 

treatment to modulate CD4+ T cell responses in vivo in the absence of functional Sema3a. 

To do so, wild-type and Sema3a functional mutant C3H/HeJ mice were primed with OVA 

protein/ CFA and treated with Control Ig or hB7-H4Ig (100 μg/dose; 3 times per wk; 2 wk) 

beginning on the day of priming. Treatment with hB7-H4Ig decreased both in vivo OVA-

specific DTH responses (Fig. 6A) as well as ex vivo recall responses in wildtype C3H/HeJ 

mice (Fig. 6B–I); however, this immunoregulatory function of hB7-H4Ig was lost in Sema3a 

functional mutant mice. Therefore, the in vivo expression of functional Sema3a is required 

for hB7-H4Ig to modulate OVA/CFA–induced responses in vivo.

Discussion

FunctionalstudiesusingB7-H4transfectantsandimmobilizedhB7-H4Ig fusion proteins 

demonstrate that B7-H4 signals inhibit TCR-mediated CD4+ and CD8+ T proliferation, cell 

cycle progression, and IL-2 production. Further support of the inhibitory role of B7-H4 

comes from studies in which the blockade of B7-H4 by a blocking mAb against B7-H4 

promoted alloreactive CTL activity in a parental to F1 graft-versus-host disease model (6). 

Additionally, a B7-H4–blocking mAb has been shown to enhance disease progression in an 

EAE model of MS (28). In agreement with these data, B7-H4 knockout mice develop severe 

autoimmunity inversely correlated to the levels of B7-H4 expression (8). The broad and 
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inducible expression of B7-H4, together with functional studies, suggests that B7-H4 

downregulates immune responses in peripheral tissues and that B7-H4 promotes T cell 

tolerance. Although the ability of B7-H4 signals to both increase the number and function of 

Tregs (9), the loss of B7-H4 expression does not block Treg development and function 

altogether (29). Similarly, signaling through Nrp-1/PlxnA4 has been shown to enhance Treg 

function while not being strictly required for Treg development and function (15). Therefore, 

these two pathways have both been shown to increase Treg function/ activity while not being 

directly required for Treg development.

We previously showed that the immunoregulatory activity of hB7-H4Ig on inflammatory 

CD4+ T cell responses is mediated both by direct inhibition of effector CD4+ T cells and via 

increasing the number and function of Tregs (9). Although the utility of hB7-H4Ig–mediated 

immunoregulatory function has been demonstrated in multiple experimental autoimmune 

models, the identity of a functional B7-H4R has remained unknown (30). The current data 

show that hB7-H4Ig binds Sema3a (Fig. 1E), a soluble Sema family member, and that hB7-

H4Ig binding to CD4+ T cells and hB7-H4Ig–induced alterations in both mouse and human 

monocyte morphology is associated with Sema3a/PlxnA4/Nrp-1 coexpression (Fig. 2D, 

Supplemental Fig. 2) and a significant increase in the level of phosphorylated PTEN 

concomitant with a significant decrease in the level of phospho-Akt (Supplemental Fig. 3). 

Critically, following hB7-H4Ig treatment of SJL/J mice during PLP139–151/CFA– induced R-

EAE, Sema3a was found bound to the fusion protein (Fig. 2B). Together, these findings 

show that hB7-H4Ig directly interacts with Sema3a, and that the results from the in vitro 

hB7-H4Ig/Sema3a binding analyses are not an artifact of the recombinant Sema3a protein. 

Additionally, the functionality of hB7-H4Ig treatment is lost in Sema3a functional mutant 

mice (Fig. 6) and in mice lacking Nrp-1 or PTEN expression in Foxp3+ Tregs, correlating 

with the hB7-H4Ig–induced increase in the number and function of Tregs within the spleen 

and CNS of EAE mice (Figs. 5, Supplemental Figs. 3C–F, 4).

Our finding that hB7-H4Ig functionally interacts with and signals through a multiprotein 

complex has been recently reported for another B7-family member protein, PD-L2, which 

interacts with repulsion guidance molecule b (RGMb) (31). The identification of this 

additional receptor for PD-L2 supports the use of nonclassical receptors and receptor 

complexes for B7-family member proteins, such as the Sema3a/Nrp-1/PlxnA4 complex for 

binding B7-H4 described in this article. In the case of PD-L2:RGMb interaction, these 

proteins are thought to form a protein complex that interacts with the other proteins within a 

multimeric protein complex (i.e., bone morphogenetic protein [BMP] and neogenin) which 

serve as the signaling component of the PD-L2:RGMb/ BMP/neogenin complex (31). These 

two findings serve to illustrate alternatives to the previously defined one-to-one protein 

interaction for B7-family member proteins with associated functional receptors. These 

findings also further illustrate the multifunctionality of B7-family member proteins. For 

example, although PD-L1 and PD-L2 have a shared receptor (i.e., PD-1) there are functional 

differences induced by the two different ligands. These differences may be due to the higher 

affinity of PDL2 for PD-1 as compared with PD-L1 and/or PD-L1 interacting with CD80 

versus PD-L2 interacting with RGMb/BMP/neogenin. To further confound the study of B7-

family member proteins, the resultant functionality of a specific B7-family member protein 

or specific-Ab treatment may also be dependent upon the immune cell type targeted (2, 3, 
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32). Therefore, multiple aspects must be considered when studying B7-family member 

proteins, such as B7-H4 and its potential receptors.

In addition to effects on Tregs, receptor ligation by the immune modulatory molecules, such 

as B7-H4, have been suggested to directly alter the phenotype of CD4+ T cells (6, 33). 

Coculture of CD4+ T cells with IL-10/TGF-β–treated macrophages expressing B7-H4 

decreased CD4+ T cell proliferation and increased the number of Foxp3+ CD4+ T cells (34). 

Published data show that hB7-H4Ig binds to CD4+ T cells in an activation-dependent 

manner, indicating that B7-H4 may function as a coinhibitory (negative costimulatory) 

molecule for CD4+ T cells (6, 8, 9). This is supported by our previous findings showing that 

hB7-H4Ig can downregulate IL-17 and IFN-γ production of mouse T cells in the absence of 

Tregs (9). Similarly, B7-H4 expression by tumor cells is a putative mechanism by which 

these cells evade antitumor immune responses. In the majority of breast and ovarian cancers, 

B7-H4 mRNA is expressed at ~2-fold or greater than the level expressed within normal 

tissue (35) and has a role in pulmonary metastases, and B7-H4 protein is present in half of 

early stage and two thirds of late stage ovarian tumors (36–38). The expression of B7-H4 

within the tumor microenvironment either by the tumor cells and/or by infiltrating 

monocytes is hypothesized to promote immune evasion. In support of this hypothesis, we 

showed that hB7-H4Ig treatment of mice during EAE increased the number and function of 

Tregs (9). Considered with the fact that signaling via Nrp-1/PlxnA4 increases the stability of 

Tregs (15), expression of B7-H4 on either the tumor cells and/or tumor-infiltrating 

leukocytes would potentially increase the number, function, and stability of tumor-associated 

Tregs.

To our knowledge, our findings are the first to show that a B7-family member protein 

interacts with the Sema/Nrp/Plxn family of proteins. Although the majority of B7-family 

member proteins interact with CD28-like proteins, there is precedence for a B7-family 

member protein to interact with non-CD28–like proteins (i.e., B7-H6 interacts with NKp30) 

(39). A commonality among CD28-like proteins, NKp30, and Sema3a is that each of these 

proteins contains a canonical Ig protein domain (40–42). In the present circumstance, there 

is the varied biological activity of Sema3 proteins to consider. Although Sema3a binds to 

Nrp-1, it has also been reported to bind to PlxnA4, PlxnA1, and PlxnA2 (13, 14). In fact, we 

show that hB7-H4Ig can bind to activated T cells expressing Sema3a/PlxnA4 in the absence 

of Nrp-1, similar to a previous report showing Sema3E/PlxnD1 signaling did not require 

neuropilins (43). Therefore, further studies are required to determine if B7-H4 may also 

interact with other members of the Sema/Nrp/Plxn family of proteins.

In summary, the characterization of a functional B7-H4R, as identified in these studies, has 

extended our knowledge about the potential roles that Sema3a/Nrp-1/PlxnA4 may play in 

controlling both inflammatory immune responses and in regulating tumor cell growth. These 

findings further suggest that targeting the B7-H4/ Sema3a/Nrp-1/PlxnA4 pathway may 

provide important therapeutic benefits both in autoimmune disease following ligation of the 

B7-H4R using agonistic infusion of hB7-H4Ig and in cancer following blockade of B7-H4 

or the B7-H4R with an antagonistic therapeutic such as blocking mAbs.
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FIGURE 1. 
hB7-H4Ig binds Sema3a. SJL/J mice (n = 5) and C57BL/6 mice (n = 4) were primed with 

PLP139–151/CFA or MOG35–55/CFA, respectively, and on day 8 postpriming, the draining 

inguinal lymph nodes were collected. A total of 0.5 × 106 cells per well in a 96-well plate 

were cultured in the presence of PLP139–151 or MOG35–55 (10 μg/ml) plus Control Ig or 

hB7-H4Ig (10 μg/ml), and on day 3 of culture, the percentage of Tregs (gated as singlet, live 

cells, CD3/CD4+, and CD25/Foxp3+) positive for (A) Nrp-1/Helios and (B) CD73 were 

assessed via FACS. (C) Total PBMCs from healthy human donors (n = 3) were activated in 

the presence of anti-CD3 (0.5 μg/ml), or (D) draining lymph node cells from PLP139–151/

CFA–primed SJL/J mice (n = 3) were activated in the presence of PLP139–151 (10 μg/ml) for 

3 d in the presence of Control Ig or hB7-H4Ig (0–10 μg/ml) in the absence or presence of 

recombinant human Nrp-1 (1 or 2.5 μg/ml), and proliferation was determined via [3H]-TdR 

incorporation. (E) hB7-H4Ig binding to recombinant human Nrp-1, Sema3a, and Nrp-1 plus 

Sema3a was assessed via ELISA. All wells were coated singly with recombinant human 

Nrp-1 or Sema3a, washed, and blocked with PBS containing 5% BSA. For the wells 

receiving Nrp-1 plus Sema3a, the wells received an additional Sema3a binding step, the 

wells were washed, and then Control Ig biotin or hB7-H4Ig biotin was added to the wells as 

indicated. One representative experiment of three is presented. Asterisks indicate a 

statistically significant difference in proliferation and cytokine production by cells from 

hB7-H4Ig–treated cultures in comparison with Control Ig. *p < 0.05, **p < 0.01.
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FIGURE 2. 
hB7-H4Ig binds Sema3a+ mouse Tregs. The amount of hB7-H4Ig biotin-bound was detected 

via streptavidin–HRP, and the OD (450 nm) was determined. SJL/J mice (n = 5 per group) 

were primed with PLP139–151/CFA and treated with PBS, Control Ig, or hB7-H4Ig (100 μg/

dose; 3 times per wk; 2 wk) via i.p. injection. At 2 h after the first injection and 2 h after the 

sixth injection, serum samples were collected, and the concentration of (A) total Sema3a and 

(B) Sema3a bound to hB7-H4Ig was assessed via ELISA. (C) Total lymph node cells from 

unprimed SJL-Foxp3/GFP mice (n = 5) were collected, and hB7-H4Ig binding on various 
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Treg populations was assessed. Live CD4+/CD25+/Foxp3-GFP+ single cells were gated into 

the PlxnA4 versus Nrp-1 contour plots for each of the fluorescence minus one (FMO), 

Control Ig, and hB7-H4Ig binding FACS samples. The expression of Sema3a versus hB7-

H4Ig binding was assessed on the PlxnA4+/Nrp-1−, PlxnA4+/Nrp-1+, PlxnA4−/Nrp-1−, and 

PlxnA4−/Nrp-1+ populations. One representative experiment of three is presented. Asterisks 

indicate a statistically significant difference in the level of Sema3a and Sema3a/B7-H4Ig 

complex present following hB7-H4Ig treatment in comparison with cells cultured in the 

presence of Control Ig treatment. *p < 0.05, ***p < 0.001.
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FIGURE 3. 
Recombinant Nrp-1 blocks hB7-H4Ig–induced monocyte morphology change. Purified 

CD14+ monocytes from healthy human donors (n = 6) were cultured in the presence of GM-

CSF (20 ng/ml) plus IL-4 or IL-10 (10 ng/ml). (A) The levels of Nrp-1, PlxnA4, and 

Sema3a were assessed on day 6 of culture on the resultant live cells via FACS. (B) The 

morphology of the cells was assessed on day 6 of culture in wells that contained plate-bound 

Control Ig versus hB7-H4Ig (10 g/ml). (C) Higher magnification images of the gated region 

from the micrographs presented in (B) are present. (D) Monocytes were sortpurified from 

the bone marrow of SJL/J mice and cultured in the presence of IL-6 (10 ng/ml) in the 

presence of either plate-bound Control Ig or plate-bound hB7-H4Ig plus anti–B7-H4, 

recombinant human Nrp-1, recombinant human PlxnA4, recombinant human Sema3a, or 

recombinant human Sema3a plus Nrp-1 (10 μg/ml) as indicated. Micrographs were taken on 

day 6 of culture (original magnification × 200). One replicate experiment of two is 

presented.
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FIGURE 4. 
Nrp-1 expression and functional Sema3a are required for hB7-H4Ig function in vitro. (A–D) 

Splenocytes (0.5 × 106 cells per well in a 96-well plate) from mice in which Nrp-1 is 

conditionally knocked out within Foxp3+ cells (Nrp-1fl/fl × Foxp3Cre/YFP) versus wild-type 

mice (n = 2) were cultured in the presence of anti-CD3 (1 mg/ml) plus Control Ig or hB7-

H4Ig (0–10 mg/ml) for 3 d, and the level of cellular proliferation was assessed via (A) 

tritiated thymidine incorporation and the secretion of (B) IFN-γ, (C) IL-17, and (D) IL-10. 

(E–L) Splenocytes from wild-type C3H/HeJ and C3H/HeJ Sema3a functional mutant mice 

(n = 5) were cultured in the presence of anti-CD3 (1 μg/ml) plus Control Ig or hB7-H4Ig (0–

10 μg/ml) in the absence or presence of exogenous recombinant Sema3a (0, 3, and 10 μg/ml) 

for 3 d, and the level of cellular proliferation was assessed via (E and I) tritiated thymidine 

incorporation and the secretion of (F and J) IFN-γ, (G and K) IL-17, and (H and L) IL-10. 

One replicate experiment of three is presented. Asterisks indicate a statistically significant 

difference in proliferation and cytokine production by cells from hB7-H4Ig–treated cultures 

in comparison with cells cultured in the presence of Control Ig. *p < 0.05, **p < 0.01, ***p 
< 0.001.
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FIGURE 5. 
Treg-expressed Nrp-1 is required for hB7-H4Ig function in vivo. (A and B) Wild-type 

C57BL/6 mice and Nrp-1fl/fl × Foxp3Cre/YFP mice (n = 5 per group) were primed with 

MOG35–55/CFA and treated beginning on day 20 with Control Ig, hB7-H4Ig, or anti-CD80 

Fab (100 μg/dose; 3 times per wk; 2 wk). The mice were followed for disease, and the data 

are presented as the mean clinical score. (C–J) On day 35 postinduction of disease, the CNS 

and spleens from each mouse were collected, and (C, D, G, and H) the number of total 

CD45hi and CD4+ T cells were enumerated via FACS, as well as (E, F, I, and J) the number 

Podojil et al. Page 21

J Immunol. Author manuscript; available in PMC 2019 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Tregs that were positive or negative for Nrp-1 and Helios. One replicate experiment of 

two is presented. Asterisks indicate a statistically significant difference in the cellular 

populations between the Control Ig–treated mice as compared with the mice receiving either 

hB7-H4Ig or anti-CD80 Fab treatment. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6. 
Functional Sema3a is required for hB7-H4Ig function in vivo. Wild-type and Sema3a 

functional mutant C3H/HeJ mice (n = 5) were primed with OVA/CFA and treated with 

Control Ig or hB7-H4Ig (100 μg/dose; 3 times per wk; 2 wk) beginning on the day of 

priming. On day 11 postpriming, (A) the in vivo DTH responses to challenge with OVA 

protein, and ex vivo recall responses of splenocytes and draining lymph node cells (0.5 × 106 

cells per well in a 96-well plate) to PLP139–151 (10 μg/ml), anti-CD3 (1 μg/ml), and OVA 

protein (10 μg/ml) were determined. (B and F) Two replicate sets of wells were set up such 

that one was collected for cytokine production, and the second set was pulsed with 1 mCi of 

tritiated thymidine at 24 h, and both cytokine wells and proliferation wells were collected at 

72 h postculture setup. (C and G) IFN-γ, (D and H) IL-17, and (E and I) IL-10 production 

was assessed at 72 h. One representative experiment of two is presented. Asterisks indicate a 

statistically significant difference in proliferation and cytokine production by cells from 

hB7-H4Ig–treated mice in comparison with cells collected from Control Ig–treated mice. 

***p < 0.001.
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