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Semaphorins are important regulators of peripheral T and B-cell mediated immune responses in mice and
humans. Modulatory roles of semaphorins in T cell development are also being characterized. We care-
fully analyzed the gene expression and protein levels of semaphorins 4A, 4D, and 7A at various develop-
mental stages of T cell maturation in the thymus of C57BL/6 mice. Sema7a was expressed at very low
levels, while Sema4d was abundant at all developmental stages of mouse thymocytes. We found the most
interesting pattern of gene regulation and protein localization for semaphorin 4A. Both semaphorin 4A
mRNA and protein were clearly detected on the earliest progenitors and were downregulated through
thymic development. SEMA4A protein also showed a distinct cortico-medullary pattern of localization.
Our findings contribute to an understanding of the complex roles played by semaphorins in the network
of spatially and temporally regulated cues underpinning T cell development in the thymus.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Semaphorins are a family of molecules with well-characterized
roles in axon guidance in developing nervous systems [1] and reg-
ulatory functions in a surprisingly diverse array of physiological
and pathological processes ranging from cardiogenesis to cancer
[2–5]. In vertebrates, semaphorins are organized into five subclass-
es, III, IV, V, VI, and VII [6]. Except for class III members, which are
secreted, all semaphorins are membrane-associated [6]. Plexins
(subclasses A, B, C, and D) and neuropilins (1 and 2) are the pri-
mary semaphorin receptors, though there is evidence that a few
other surface proteins interact with semaphorins as co-receptors
or alternate receptors. For example, class III semaphorins typically
use neuropilins as obligate co-receptors with plexins, while mem-
brane-bound semaphorins signal through plexins directly. Un-
iquely, class III semaphorin 3E (SEMA3E) signals solely through
plexinD1, and class VII semaphorin 7A (SEMA7A) signals via inte-
grins in the nervous and immune systems. Class IV semaphorins
SEMA4D and SEMA4A interact with CD72 and TIM-2 (T-cell, immu-
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noglobulin and mucin domain protein 2), respectively, in the im-
mune system [6].

A growing subset of semaphorins and their receptors have
emerged as critical modulators of nearly every phase of peripheral
T and B-cell mediated immune responses in mice and humans [6].
While SEMA4A is essential for appropriate T cell priming [7], SE-
MA4D-mediated T cell-B cell interactions are necessary for robust
antibody responses [8]. SEMA4B negatively regulates basophil
functions through T cell-basophil contact [9], SEMA6D regulates
the late phase of the T cell memory response [10], and SEMA7A
plays a critical role in the negative regulation of T cell responses
[11] and in T cell-mediated cytokine production by monocytes
and macrophages [12]. Recently, modulatory roles of semaphorins
in T cell development have begun to be characterized. Secreted SE-
MA3A and SEMA3E are involved in human and murine thymocyte
migration [13–15], and Neuropilin 1 (NRP1) and Plexin D1
(PLXND1) have been shown to mediate subtle to severe disruptions
in thymocyte maturation in mice [13,16,15].

In this study, we asked whether the semaphorins important in
peripheral T cell function, SEMA4A, SEMA4D, and SEMA7A, are also
expressed and used by developing thymocytes. Gross defects in T
cell development have not been reported in mice engineered to
lack these semaphorins [7,17,12], however, early reports indicated
that at least SEMA4D and SEMA7A are present in the thymus
[18,19]. Here, we undertook a careful analysis of the gene
expression and protein levels of these semaphorins at various
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developmental stages of T cell maturation. We found that SEMA4D
is present on all subsets of developing thymocytes including CD8
and CD4 single positive cells, but its immune receptor, CD72,
[20] cannot be detected in thymic tissue. While Sema7a mRNA is
measurable in the thymus when probed at saturation, SEMA7A
protein is virtually absent in the tissue. Sema4a mRNA and protein,
on the other hand, are clearly detected on early thymocytes, specif-
ically on the CD117� subset of early thymocyte progenitors. How-
ever, the CD117+ progenitors and their progeny do not have
SEMA4A on their surface. Given the recently discovered role for SE-
MA3E in the development of the canonical T cell lineage in mice
[15], our findings contribute to an understanding of developmental
lymphocyte trafficking as a multifactorial process, with differential
semaphorin gene expression and protein abundance serving as
spatially and temporally relevant regulatory cues.
2. Materials and methods

2.1. Animals

C57BL/6 mice were purchased from Harlan Laboratories (India-
napolis, IN) and were housed in accordance with Macalester Col-
lege’s Institutional Animal Care and Use Committee guidelines.
All experiments were carried out with mice from 3 weeks to
13 months of age.

2.2. Thymocyte isolation

Thymi were extracted and crushed through 70 lm strainers (BD
Bioscience, San Jose, CA). Isolated cells were either used immedi-
ately for flow cytometry analysis or pelleted and frozen in dry ice
and stored at �80 �C for later RNA purification. For flow cytometry
analysis of purified thymocyte sub-populations, immature CD3�-

CD4�CD8� cells were negatively selected using anti-biotin mag-
netic bead separation (Miltenyi Biotec, Auburn, CA) following
staining with biotinylated anti-CD3 (145-2C11), anti-CD4 (RM4-
5), and anti-CD8 (63-6.7) antibodies, all from BioLegend (San Die-
go, CA). Dr. Karen Laky (NIH/NIAID, Bethesda, MD) generously pro-
vided us with flow-sorted thymocytes subsets for qRT-PCR
analysis.

2.3. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated from thymocytes using the RNeasy Mini
Kit (Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. Messenger RNAs of interest were detected using the
One-step REDTaq RT-PCR Kit (Sigma–Aldrich, St. Louis, MO). In-
tron-spanning primers were designed using Primer 3 design soft-
ware (www.frodo.wi.mit.edu) [21] based on gene sequences from
GenBank (Table 1) and were verified using In Silico PCR at the
University of California-Santa Cruz Genome Bioinformatics site
Table 1
Primer sequences for b-actin, Sema3a, Sema4a, Sema4d, and Sema7a.

Gene Oligonucleotide Sequence

b-actin Forward primer 50-TGG GTC
Reverse primer 50-ACC AGA

Sema3A Forward primer 50-ATG ACC
Reverse primer 50-ATC ACC

Sema4A Forward primer 50-CAT GTA
Reverse primer 50-GGA CTG

Sema4D Forward primer 50-CCG ACC
Reverse primer 50-AGA CAA

Sema7A Forward primer 50-CCT CGA
Reverse primer 50-ACT GCA
(www.genome.ucsc.edu). Each 50 lL RT-PCR reaction contained
50 ng of RNA. Amplifications were performed in a 2720 Thermal
Cycler (Applied Biosystems, Foster City, CA) programmed at 50 �C
for 30 min for reverse transcription, 95 �C for 3 min for release of
DNA polymerase inhibition, and 40 amplification cycles of 95 �C
for 15 s, 60 �C for 30 s, and 72 �C for 60 s. PCR products were visu-
alized on a 2% agarose gel stained with 1% ethidium bromide. Band
sizes were determined using a 1 Kb Plus DNA Ladder (Invitrogen,
Carlsbad, CA).

2.4. Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted as described above and was reversed
transcribed using SuperScript III (Invitrogen) with random hexa-
mer primers according to the manufacturer’s instructions. Each
20 lL cDNA synthesis reaction contained 100 ng of RNA. Relative
mRNA abundance was measured with pre-designed TaqMan Gene
Expression Assay Primer/Probe sets (Applied Biosystems) with
TaqMan Gene Expression Master Mix (Applied Biosystems), and
fluorescence detection was carried out on a Bio-Rad iCycler (Bio-
Rad, Hercules, CA). The following ABI TaqMan Assays were used
to perform the amplifications: b-2 microglobulin (b2m),
Mm00437762_m1; Sema4a, Mm00443140_m1; Sema4d,
Mm01333046_m1; Sema7a, Mm00441361_m1. Twenty microliter
qRT-PCR reactions containing 8 lL of cDNA each were run in trip-
licate for every gene. Messenger RNA levels were normalized to
b2m and presented as fold-expression over whole thymus levels
using the Livak method [22].

2.5. Immunofluorescence staining

Whole thymic tissue was preserved at �80 �C in Optimal Cut-
ting Temperature Medium (Sakura Finetek USA, Torrance, CA).
Consecutive 6 lm sections were mounted on pre-cleaned, charged
glass slides and fixed in acetone for 5 min at room temperature
(RT). Tissue was rehydrated in 1X PBS for 5 min and blocked with
10% normal donkey serum (Jackson Immunoresearch, West Grove,
PA) for 1 h at RT. Tissue sections were stained with anti-SEMA4A
[KL-1 (eBioscience, San Diego, CA)], anti-SEMA4D [BMA-12 (eBio-
science)], or anti-SEMA7A [SKK-7 (Cosmo Bio Co., Tokyo, Japan)]
at a 1:100 dilution for 1 h at RT. Serial sections were stained with
either hematoxylin and eosin (H&E) or appropriate isotype con-
trols: Rat IgG (eBioscience) or whole mouse IgG (Jackson Immuno-
research). Tissue sections were stained with goat anti-rat IgG Alexa
Fluor� 488 (Invitrogen) or goat anti-mouse IgG Alexa Fluor� 488
(Invitrogen) at a 1:800 dilution for 45 min at RT. Slides were cov-
erslipped with hard-set mounting medium containing 40,6-diami-
dino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA) and
were imaged with an Olympus BX61 microscope (Olympus
America Inc., Melville, NY). Images were captured with a RT Slider
Spot 2.3.1 camera (Diagnostic Instruments, Sterling Heights, MI),
processed with Flowview 500 software (Olympus America Inc.),
Amplicon length

AGA ACT CCT ATG-30 764 bp
CAG CAC TGT CTT GGC-30

GTC TTC CGG GAA C-30 441 bp
CAT TCT GAT CTC CTC-30

TCT GGG TAC CTC CAC-30 413 bp
TCA GGA CTT CTT TAA TTA-30

TGG AGC GTG TAT C-30 368 bp
ACT TCC TCC CCT TC-30

CCT GGC ATG TG-30 511 bp
GCA CTG ATC GTT G-30

http://www.frodo.wi.mit.edu
http://www.genome.ucsc.edu
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and merged using Adobe Photoshop (Adobe Systems Inc., San Jose,
CA).
2.6. Flow cytometry analysis

For DN1–4, DP, and SP whole population analysis, unfraction-
ated thymocytes or magnetic bead-sorted thymocyte subsets were
suspended in 1� PBS containing 1% FCS. Primary antibody was
added at previously determined appropriate dilutions by volume
to 1 � 106 cells and incubated on ice for 20 min. Cells were washed
and then stained with secondary antibody at a 1:100 dilution for
15 min. The antibodies and fluorochromes used were: anti-SE-
MA4A-FITC [KL-1 (eBioscience)], anti-SEMA4D-biotin [BMA-12
(eBioscience)], anti-CD4-PE-Cy5 [RM4-5 (BioLegend)], anti-CD4-
PE-Cy7 [RM4-5 (BioLegend)], anti-CD8-PE-Cy7 [53-6.7 (BioLeg-
end)], anti-CD25-APC [3C7 (BioLegend)], anti-CD44-PE [IM7 (Bio-
Legend)], Streptavidin APC-Cy7 (BioLegend), Streptavidin Alexa
Fluor� 750 (Invitrogen), and DAPI (Invitrogen). For DN1a–e analy-
sis, pooled thymocytes were magnetically depleted of mature
hematopoietic cells by using anti-CD3, CD4, CD8, CDllb, CD19,
and NK1.1-PE before further staining and analysis. The antibodies
and fluorochromes used were: anti-CD25 PE [PC61 (eBioscience)],
anti-CD3-PE [145-2C11 (BioLegend)], anti-CD4-PE [RM4-5 (BioLeg-
end)], anti-CD8-PE [53-6.7 (BioLegend)], anti-NK1.1-PE [PC136
(BioLegend)], anti-CDllb-PE [M1/70 (BioLegend)], anti-CD19-PE
[6D5 (BioLegend)], anti-CD117-APC [2B8, (BioLegend)], anti-
CD44-PE-Cy7 [IM7 (BioLegend)], anti-CD24-PE-Cy5 [(M1/69 (Bio-
Legend)], anti-CD45-APC-Cy7 [30-F11 (BioLegend)], and Streptavi-
din-FITC (eBioscience). Flow cytometry was performed using a BD
LSR II (Becton Dickinson, Franklin Lakes, NJ). Data were analyzed
using FlowJo 9.3.3 (TreeStar, Inc., Ashland, OR).
2.7. Data and statistical analysis

Data were analyzed using Microsoft Excel (Redmond, WA) and
JMP (SAS Institute Inc., Cary, NC) and graphed with GraphPad
PRISM 5.0 (La Jolla, CA). All data are presented as the mean ± SEM.
A one-way ANOVA was used to analyze statistical significances of
the qRT-PCR data, and a Tukey–Kramer post hoc test was per-
formed for comparisons between individual genes.
Fig. 1. Immune semaphorins Sema3a, Sema4a, Sema4d, and Sema7a are expressed in the
and Sema7a in the thymus of 6-week-old C57BL/6 mice. Intron-spanning primers ampli
pairs. b-Actin (764 bp) and a no RT sample were included as positive and negative contr
Sema4d, and Sema7a expression levels were assessed using qRT-PCR. Sema expression le
expressed as 2�DCt ± SEM. The asterisk represents statistically significant difference in e
independent experiments.
3. Results

3.1. Sema4a, Sema4d, Sema7a genes are expressed in the mouse
thymus at different levels

Given the established roles of SEMA4A, SEMA4D, and SEMA7A
in peripheral T cell functions [6], we investigated whether the
mRNAs encoding these molecules are also expressed in whole thy-
mocytes during T cell development. Reverse-transcription (RT)-
PCR analysis in thymocytes from four to six-week old C57BL/6
mice confirmed expression of Sema3a, one of the class 3 semapho-
rins previously shown to be expressed in both human and mouse
thymus (Fig. 1A). Our RT-PCR analysis further revealed expression
of Sema4a, Sema4d, and Sema7a genes (Fig. 1A).

We next compared the levels of thymic gene expression of Se-
ma4a, Sema4d, and Sema7a by quantitative (q)RT-PCR analysis. In
thymic tissue, the expression of Sema4d was 1.44-fold higher than
Sema4a and 12.1-fold higher than Sema7A (Fig. 1B). Sema4d mRNA
levels were significantly higher (p < 0.05) than that of both Sema4a
and Sema7a. Altogether, our molecular data provide the first evi-
dence of Sema4a mRNA expression in thymocytes and corroborate
earlier reports of Sema4d [18] and Sema7a [19] expression in early
murine thymic populations. Therefore, these three immune sem-
aphorins, known for their roles in peripheral T cell function, are
also expressed in developing thymocytes.
3.2. Immunohistochemical analysis is congruent with mRNA
expression and reveals the localization of SEMA4A, SEMA4D, and
SEMA7A proteins in thymic tissue

We performed immunohistochemical analysis to confirm
whether mRNA levels of Sema4a, Sema4d, and Sema7a were con-
gruent with actual protein abundance in the thymic tissue. We also
asked whether SEMA4A, SEMA4D, or SEMA7A proteins showed dis-
tinct patterns of localization within the thymus. We observed that
SEMA4A protein was found primarily in the thymic medulla and
was particularly concentrated around the corticomedullary bound-
ary (Fig. 2A). SEMA4D protein appeared to be ubiquitously and
abundantly present across all thymic tissue compartments
(Fig. 2B). In contrast, SEMA7A protein was barely detectable and
had no clear pattern of localization across the thymic tissue
murine thymus. (A) RT-PCR analysis shows expression of Sema3a, Sema4a, Sema4d,
fied products of 441 (Sema3a), 413 (Sema4a), 368 (Sema4d), and 511 (Sema7a) base
ols. The 500 bp band of the 1 Kb ladder is boxed for reference. (B) Relative Sema4a,
vels were normalized to whole thymus b-2 microglobulin levels, and the results are
xpression from Sema4a (p < 0.05). These results are representative of at least three



Fig. 2. Semaphorin 4A, 4D, and 7A proteins are differentially localized in the thymus. Thymic tissue from 2–6 month old C57BL/6 mice was embedded in OCT, sectioned at
6 lm, and stained with anti-SEMA4A (A), anti-SEMA4D (B), or anti-SEMA7A. (C) Immunofluorescent stains alone (i) or merged with DAPI (iii) were visualized at 40�
magnification. Alternate serial sections were stained with H&E (ii) and visualized at 20�magnification. The approximate medullary boundary is indicated with a dotted line.
SEMA4A protein was primarily localized in the thymic medulla and along the cortico-medullary boundary. While SEMA4D protein was ubiquitously found throughout the
thymus, SEMA7A protein was barely detectable.
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(Fig. 2C). For each of the proteins analyzed, control antibodies of
the appropriate isotype showed little to no detectable fluorescence
(Supplementary Fig. 1). Given the intriguing localization pattern of
SEMA4A protein expression, we asked whether this molecule was
differentially expressed across the developmental stages of thymo-
cyte maturation, which might account for the pattern we observed
in the thymus as a whole.

3.3. Semaphorin 4A mRNA and protein levels are progressively down-
regulated in the developmental subsets of CD4�CD8� thymocytes

SEMA4A shows a clear medullary pattern of localization, pri-
marily around the corticomedullary boundary. The most immature
thymocyte progenitors enter the thymus through the corticome-
dullary boundary before migrating cortically. Late stage single po-
sitive CD4+ and CD8+ T cells, on the other hand, complete their
maturation in the medulla and then leave the thymus through
the corticomedullary boundary [23]. We, therefore, hypothesized
that Sema4a may be expressed during the earliest and/or latest
stages of T cell maturation in the thymus. To test these alternative
hypotheses, we first examined the expression of Sema4a by qRT-
PCR in sorted CD4�CD8� double negative (DN) 1–4 early thymo-
cyte progenitors. As previously described by Godfrey et al., the
DN1 population is CD44+CD25�, DN2 is CD44+CD25+, DN3 is
CD44�CD25+, and DN4 is CD44�CD25� [24].

We found that Sema4a gene expression was steadily down-reg-
ulated in CD4�CD8� DN1–DN4 thymocyte subpopulations. Specif-
ically, DN1 cells showed a 4-fold higher level of Sema4a mRNA
expression compared to whole thymus expression levels. The
DN2, DN3, and DN4 subpopulations showed progressively decreas-
ing levels of Sema4a mRNA, with DN4 cells expressing approxi-
mately equivalent Sema4a mRNA levels to unfractionated, whole



Fig. 3. Semaphorin 4A gene expression and protein levels continuously decrease throughout DN thymocyte maturation. (A) Relative Sema4a expression levels were analyzed
in purified DN1–4 subsets using qRT-PCR. Subset Sema4a expression levels were normalized to b-2 microglobulin and expressed in reference to the average whole thymus
Sema4a expression level. The results are expressed as 2�DDCt ± SEM and are the average of at least three experiments. The asterisk represents a statistically significant
difference in Sema4a expression compared to DN1 cells (p < 0.05). (B–D) Surface protein levels of SEMA4A in CD4 and CD8-depleted cells were assessed by flow cytometry.
Double negative thymocyte subsets were gated based on low to negative surface CD4 and CD8 levels (B) and were further subdivided based on CD44 and CD25 levels. (C)
SEMA4A levels are high on DN1 cells and steadily decrease thereafter. (D) Plots are representative of at least three independent experiments.
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thymocytes and significantly lower Sema4a mRNA levels (p < 0.05)
compared to the DN1 subset (Fig. 3A).

As the qRT-PCR data indicated that Sema4a expression de-
creased as the DN thymocytes matured, we examined surface pro-
tein abundance in these populations by flow cytometry.
Thymocytes expressing CD4 and/or CD8 (including double positive
CD4+CD8+ and single positive CD4 or CD8 cells) were removed by
magnetic bead depletion (Fig. 3B). The CD4�CD8� DN population
was analyzed for CD25 and CD44 expression (Fig. 3C). Fig. 3D
shows that the protein levels of SEMA4A in the DN1–DN4 subpop-
ulations correlated with the mRNA expression pattern. SEMA4A
was most abundant on DN1 cells and steadily decreased through
DN2–DN4 stages (Fig. 3D). These findings are in accordance with
our previous immunohistological observations (Fig. 2A) that thy-
mic SEMA4A protein expression was primarily medullary and con-
centrated in the corticomedullary boundary where the earliest
thymic immigrants are found.
3.4. SEMA4A protein is present on the surfaces of the CD117� subset of
DN1 cells in the thymus

It has been known for some time that the CD4�CD8� DN1 thy-
mocytes are not a homogenous population [25]. Therefore, we fur-
ther analyzed surface abundance of SEMA4A protein on subsets of
DN1 thymocytes by flow cytometry. Strictly lineage-depleted DN1
thymocytes have been subdivided into 3–5 populations based on
the co-expression of CD24 and CD117 [25,26]. CD117+ sub-popula-
tions appear to contain the canonical T cell progenitors, while the
CD117� cells remain more multipotent and can possibly give rise
to thymic NK (tNK; [25]) or thymic dendritic cells (DC; [27]). We
found that the CD117�CD24+ and CD117�CD24� subsets of DN1
thymocytes were SEMA4A+, while the CD117+ DN1 thymocytes
had no surface SEMA4A (Fig. 4A–D). Among the two SEMA4A posi-
tive populations, the CD117�CD24� had slightly higher levels of
this protein on the surface. We also found that upon stringent
depletion of mature lineages, the overall intensity of SEMA4A on
the DN1 thymocyte subset was lower (Fig. 4C) than on thymocytes
simply depleted of CD4 and CD8 expressing cells.
3.5. Sema4a mRNA levels increase in single positive CD4 and CD8
thymocytes before they enter the circulation, but SEMA4A protein is
not detected on their surface

Mature single positive (SP) thymocytes, ready to enter the cir-
culation, are also found in the corticomedullary region. Sema4a
mRNA and protein levels steadily decline through the DN1-4 stages
of thymic maturation, however, SEMA4A has been shown to be
abundantly present and critically important for T cell function in
the periphery [6]. Therefore, we analyzed Sema4a mRNA and pro-
tein levels on CD4+CD8� and CD4�CD8+ SP thymocytes to deter-
mine whether their levels begin to increase while these cells are
still in the thymus.

We found that, while CD4+CD8+ double positive (DP) thymo-
cytes had very low levels of Sema4a mRNA, these levels increased
slightly but significantly (p < 0.05) in CD4+ and CD8+ SP mature
thymocytes to 1.5-fold compared to the Sema4a expression level
of whole, unfractionated thymocytes (Fig. 5A). We then analyzed
CD4+CD8+ DP and CD4+ and CD8+ SP populations (Fig. 5B) by flow
cytometry for SEMA4A cell surface protein (Fig. 5C). We detected
little to no SEMA4A protein on the surface of these cells (Fig. 5D).



Fig. 4. SEMA4A protein is present on CD117� DN1 thymocytes. (A–E) SEMA4A surface protein on whole DN1 and on DN1 subsets was characterized in lineage-depleted cells
by flow cytometry. DN1 cells were gated based on surface CD45 (A) and on CD44 and CD25 staining (B). (C) Whole DN1 SEMA4A levels in lineage-depleted samples were
compared to unstained cells. (D) DN1 cells were further subdivided based on CD24 and CD117 levels. (E) Levels of SEMA4A were highest on CD117� cells, while CD117+ cells
had no surface SEMA4A protein. Plots are representative of two independent experiments.
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We concluded, therefore, that Sema4A protein is not present on ma-
ture thymocytes when they leave the thymus. Taken together, these
experiments also clarify that, while SEMA4A plays an important role
in peripheral T cell function, in the thymus, canonical T cell develop-
ment relies on SEMA3E/PLXND1 signaling, while SEMA4A remains
restricted to the non-canonical developmental pathway.
4. Discussion

We detected Sema4a, Sema4d, and Sema7a mRNAs in the murine
thymus (Fig. 1A). To date, we are the first to report the presence of
Sema4a mRNA in mouse thymocytes. Our results also show thymo-
cyte subset expression of Sema4d and Sema7a, expanding upon ear-
lier studies reporting Sema4d mRNA and protein expression as well
as Sema7a mRNA expression [18,19]. Moreover, our data show that
Sema4a and Sema4d mRNA are significantly more abundant than
Sema7a mRNA in murine thymocytes populations (Fig. 1B). Our
findings encouraged us to examine the expression and localization
of these semaphorins in murine thymus, as the differential abun-
dance of these proteins might be associated with their dynamic
regulation during T cell development.

We found that SEMA4A protein was primarily localized to the
thymic medulla and was concentrated around the corticomedul-
lary junction region (Fig. 2A), the site of entry and exit of the most
immature and mature developing thymocytes. Our results show
that among CD4�CD8� cells as a whole, DN1 (CD44+CD25�) cells
have the highest level of Semaphorin 4A mRNA and protein, and
that these levels steadily decline in DN subpopulations as they pro-
gress along the T cell developmental pathway (Fig. 3A and D).
The DN1 sub-population within CD4�CD8� thymocytes has a
bimodal distribution of surface SEMA4A (Fig. 3D). Upon strict
depletion of mature lineages, this bimodality becomes more
blunted, and the overall intensity of surface abundance of SEMA4A
on the DN1 thymocytes decreases (Fig. 4C). These changes are
likely due to the removal of mature, non-T lineage cells in the thy-
mus (including tNK, thymic DC, and thymic B lineage cells) that
may also have surface SEMA4A. The strong medullary signal for SE-
MA4A seen by immuno-fluorescent staining in the thymus (Fig. 2)
may also be a result of the presence of this protein on non-T line-
age cells in the thymic medulla.

However, the lineage depleted cells in the DN1 compartment
retain surface SEMA4A protein, and, upon further analysis of the
CD24 and CD117 bearing subsets, we show that SEMA4A expres-
sion is confined to the CD117� cells (Fig. 4E). The heterogeneity
of the DN1 compartment based on co-staining with antibodies
against CD24 and CD117 has been previously described [25,26],
and it has been shown that the CD117� DN1 cells are the ‘‘non-
canonical’’ progenitors that can give rise to T cells but retain the
capacity to produce cells of other lineages including natural killer
cells [25] and thymic dendritic cells [26]. Thus, non-canonical T cell
progenitors, and possibly non-T lineage cells in the thymus have
surface SEMA4A protein, while canonical T progenitors do not.
Returning to conventionally developing T cell precursors, we find
that expression of Sema4a mRNA is low in DP thymocytes but in-
creases slightly in both CD4+ and CD8+ SP thymocytes (Fig. 5A). De-
spite this increase, none of these three populations has detectable
SEMA4A protein on the surface (Fig. 5C). Taken together, this is the
first systematic characterization of Sema4A expression in early and
late murine thymocyte subsets.



Fig. 5. SEMA4A protein is not detected on CD4+ and CD8+ mature thymocytes. (A) Relative Sema4a expression was quantified in sorted CD4+CD8+, CD4+, and CD8+ thymocyte
subsets using qRT-PCR. Subset Sema4a expression levels were normalized to b-2 microglobulin and whole thymus Sema4a levels, and the results are expressed as
2�DDCt ± SEM. The results represent the average of at least three independent experiments. The asterisks indicate statistically significant differences in Sema4a expression
compared to CD4+CD8+ cells (p < 0.05). (B–C) Surface protein levels of SEMA4A on CD4+CD8+, CD4+, and CD8+ thymocyte subsets were assessed by flow cytometry. There is
very little detectable protein on CD4+ and CD8+ subsets.
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Sema4a, Sema4d, and Sema7a gene-deficient mice have been
generated, and the functional consequences of these deficiencies
have been thoroughly explored in peripheral immune responses
[6]. However, no detailed analyses of thymic progenitor subsets
in these semaphorin-deficient mice have been reported. Kum-
anogoh and colleagues showed that the relative proportions of
DN, DP, CD4+, and CD8+ SP subsets in Sema4a�/� mice were not dif-
ferent from wild-type controls [7]. Thymocytes in the Sema4d�/�

and Sema7a�/� mice have been described as normal, but detailed
characterization of numbers or spatio-temporal distribution of
thymocyte subsets undergoing maturation has not been reported
[17,12].

SEMA4A is known to signal through Plexin D1 (PLXND1) in the
nervous and vascular systems [28,29] and through T cell immuno-
globulin and mucin domain containing 2 (TIMD2) in the immune
system [30]. We did not detect Timd2 expression in the thymus
by qRT-PCR (Supplementary Fig. 2) or immunohistochemistry
(data not shown). However, PLXND1 has been reported to form a
clear gradient in the thymus, with the highest expression in the
subcapsular region of the thymic cortex and the lowest expression
at the corticomedullary junction [15]. Additionally, SEMA3E is
most highly expressed by cells in the thymic medulla, and
PLXND1-SEMA3E signaling is required for the DP to SP transition
and for maintaining the integrity of the corticomedullary junction
[15]. We have also confirmed the presence of PlexinD1 mRNA in the
thymus in our experiments (Supplementary Fig. 2).

Our findings, together with that of Choi and colleagues, suggest
that the restriction of surface SEMA4A to the non-canonical pro-
genitors, with considerable spatio-temporal precision, may clear
the slate for SEMA3E-mediated PLXND1 signals that are critical
for migration and development of the canonical T cell progenitors.
Plxnd1�/� mice show a disrupted corticomedullary junction archi-
tecture and lack of appropriate DP to SP transition [15]. Sema4a�/�

mice, on the other hand, show normal distributions of DN, DP, and
SP cells [7,30]. However, the effects of Sema4a deficiency on the
migration and developmental potential of the non-canonical T cell
progenitors have not been studied.

Current understanding of thymic DC development suggests that
CD117� DN1 progenitors that yield thymic DCs may migrate into
the medulla from the corticomedullary junction in contrast to
the cortical migration undertaken by the CD117+ progenitors. This
preferential medullary migration of CD117� cells is dependent on
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CCR4 and CCR7 on the DC-primed progenitors [27]. Sema4a defi-
ciency may have an effect on the thymus homing capacity of the
non-canonical CD117� DN1 subpopulations and may additionally
have an impact on their migration and subsequent development
into thymic dendritic cells or tNK cells. Deficits in thymic dendritic
cell development, for instance, may have subtle effects on the
selection of T cells in the thymic medulla that may yield normal
numbers but slightly altered functional capacities of the peripheral
T cell pool. Also, while the contribution of these non-canonical pro-
genitors into the conventional T cell pool may be small or absent
during steady state, it is also possible that under certain conditions
of T cell deficiency or with age, these contributions become more
significant. These are potential areas where a closer analysis of
the non-canonical thymocytes progenitors in Sema4a�/� mice
may be warranted. Future studies may be designed to look in
greater detail at the thymocytes subpopulations of Sema4a�/� mice
to uncover subtle but important changes in the phenotype of thy-
mus-derived hematopoietic cells. It is not unusual to find an imme-
diate obvious lack of phenotype in vivo resulting from a gene
deficiency in all the contexts in which the protein encoded by
the gene may have a function. We hope that our studies character-
izing the precise expression of Sema4a in thymic progenitors will
contribute to targeted studies that can identify the contributions
of this molecule to thymocyte development.

In vivo functional studies with these rare progenitors are tech-
nically challenging. However, given the restriction of SEMA4A pro-
tein to the CD117� subset of early thymocytes progenitors, we
think it would be particularly informative to use sorted popula-
tions of these progenitors in permissive OP9-DL1 bone marrow
stromal co-culture experiments [30] with and without addition
of anti-SEMA4A antibodies [27], or using other targeting strategies
such as viral transduction of Sema4a deficiency, or RNA interfer-
ence, to ask whether these manipulations change the previously
described developmental potential of these cells [25,30]. In addi-
tion, CD117� thymic progenitors from Sema4a�/� mice can be used
in these types of assays to ask similar questions that may elucidate
subtle but important functional consequences of SEMA4A defi-
ciency in thymocyte development.

Additionally, the effects of overexpressing Sema4a in all thymo-
cytes have also not been studied. We show that SEMA4A is largely
absent in early and late thymic immigrants in the canonical T cell
lineage. If Sema4a is expressed in these canonical progenitors, SE-
MA4A-PLXND1 signaling could disrupt thymocyte development by
interrupting important PLXND1-SEMA3E interactions. CD117�

progenitors with SEMA4A on their surface may encounter low
PLXND1 signals in the corticomedullary junction [15], and this
may modulate their migration and development in subtle ways
that have not yet been studied. Once again, overexpressing Sema4a
in all subsets of maturing thymocytes may disrupt the fine-scale
regulation of early thymic maturation and further aid in elucidat-
ing the contributions of semaphorin signaling therein.

Although SEMA4A is not seen on the surface of SP cells that are
ready to leave the thymus, or on resting T cells [7,30], it is essential
for appropriate T cell priming for Th1 differentiation [31]. In preli-
minary observations, we have found that Sema4a mRNA is abun-
dant in the lymph node follicles where B and T cells are present
(Chalasani and Matthes, unpublished). The slight upregulation of
Sema4a mRNA that we observed in mature thymocytes ready to
enter the circulation may indicate the beginning of regulated tran-
scription in preparation for mRNA translation and protein engage-
ment in the periphery.

SEMA4D protein is abundantly present on many hematopoietic
cells [12]. In our study, we found that semaphorin 4D protein levels
and gene expression was ubiquitously localized across all thymic
tissue compartments (Supplementary Fig. 3 and 2). However, we
did not detect expression of CD72, the known immune receptor
for SEMA4D, in the thymus (Supplementary Fig. 2). Again, while
Sema4d�/� mice do not have gross developmental disruptions in
the T cell lineage, the possibility of subtle effects of SEMA4D signal-
ing, through a yet unknown receptor, in the thymus cannot be ex-
cluded given its steady presence throughout T cell maturation. We
also found that SEMA7A was detected at very low levels with no
distinct pattern of thymic localization, supporting our Sema7a
qRT-PCR results that show Sema7a expression at levels lower than
Sema4a and Sema4d (Fig. 1B). Given that we, and others [19], have
detected Sema7a mRNA in whole thymus, a more detailed exami-
nation of expression and use of this molecule in the thymus may
be of future interest.

The chemokine receptors CCR7, CCR9, and CXCR4, as well as
their corresponding ligands, have been shown to drive the intricate
choreography of the developmental migration of thymocytes re-
viewed in [32]. Mutations in chemokine receptors, such as these,
do not often result in profound developmental phenotypes, in part
because of the overlapping functions of chemokine-chemokine
receptor pairs and ‘‘multivectorial’’ inputs [33] in critical homeo-
static systems. Semaphorins have emerged as new players in thy-
mocyte migration and development and might have important
roles in the built in redundancies that modulate canonical and
non-canonical thymocyte development. To date, the published lit-
erature on the role of semaphorins in the thymus has focused on
the modulation of migration by secreted Class III semaphorins in
humans and mice reviewed in [33,34]. We demonstrate that SE-
MA4A, SEMA4D, and SEMA7A, the three membrane-associated
semaphorins important in T cell activation in the periphery, are
also differentially expressed in thymocytes and show distinct pat-
terns of protein localization across the thymic compartments. Ta-
ken together, receptor-ligand expression patterns of these
semaphorins in the thymus, and in the immune system at large,
elegantly illustrate how promiscuous receptor ligand combinations
with overlapping signaling functions can be regulated with tempo-
ral and spatial specificity to produce complex choreographies of
cellular migration and function.
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